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Perineuronal nets and the neuronal extracellular matrix can be imaged by genetically encoded
labeling of HAPLN1 in vitro and in vivo
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Abstract

Neuronal extracellular matrix (ECM) and a specific form of ECM called the perineuronal net
(PNN) are important structures for central nervous system (CNS) integrity and synaptic
plasticity. PNNs are distinctive, dense extracellular structures that surround parvalbumin (PV)-
positive inhibitory interneurons with openings at mature synapses. Enzyme-mediated PNN
disruption can erase established memories and re-open critical periods in animals, suggesting
that PNNs are important for memory stabilization and conservation. Here, we characterized the
structure and distribution of several ECM/PNN molecules around neurons in culture, brain slice,
and whole mouse brain. While specific lectins are well-established as PNN markers and label a
distinct, fenestrated structure around PV neurons, we show that other CNS neurons possess
similar extracellular structures assembled around hyaluronic acid, suggesting a PNN-like
structure of different composition that is more widespread. We additionally report that
genetically encoded labeling of hyaluronan and proteoglycan link protein 1 (HAPLN1) reveals a
PNN-like structure around many neurons in vitro and in vivo. Our findings add to our
understanding of neuronal extracellular structures and describe a new mouse model for

monitoring live ECM dynamics.

Introduction

Neuronal long-term synaptic plasticity requires both intracellular and extracellular
changes that contribute to memory persistence in the brain over time 1. ECM is present
throughout the CNS; it protects neurons and synapses, maintains tissue integrity, and
contributes to homeostasis and communication in ways that are not yet completely understood
5. ECM structures can be durable and contain molecules that are especially long-lived,
persisting through normal protein turnover and CNS changes that occur during development 7.
The ECM is composed of assorted proteoglycans including chondroitin sulfate proteoglycans

(CSPGSs), HAPLNSs, and Tenascin R, all of which are produced and secreted in the developing
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CNS and remain relatively unorganized until critical period closure when they crosslink to form a
net-like structure around cells 8.

ECM functions both in general structural support in the CNS and more directly in
synapse formation, signaling, and stability. It controls plasticity by restricting excessive
synaptogenesis and remodeling in adult mammals °. Chemically, negative charges on CSPGs
influence proximal ion and growth factor concentrations in the extracellular space, and localized
matrix metalloproteinase (MMP) secretion during synapse strengthening can erode these
structures by cleaving CSPGs at defined sites within the core protein, creating space for
synaptic molecules to accumulate and exposing cryptic motifs that influence cell signaling 1°.
Studies using the bacterial-derived enzyme chondroitinase ABC (ChABC) to digest specific
polysaccharides attached to proteoglycans in vivo have erased long-term memories, reopened
developmental critical periods, and enhanced wound repair and synaptic plasticity in animal
models 112,

PNNs are a specific form of neuronal ECM that surrounds the soma and proximal
dendrites of parvalbumin (PV)-positive inhibitory interneurons in the CNS, and are important in
memory encoding and retention °, 13, Similar to broader ECM, traditionally defined PNNs are
composed of CSPGs, HAPLNSs, and Tenascin R, organized around hyaluronic acid (HA) chains
that are anchored to the cell surface by the transmembrane hyaluronan synthase (HAS) (Fig
1A) 31415 Camillo Golgi and Ramon y Cajal first defined this pericellular structure around certain
neurons, and speculated that they may insulate neurons from the surrounding environment .
PNN imaging in recent years has shown distinctive fenestrated structures that wrap around
neurons and have holes filled by mature synapses "*°. PNN has been widely imaged using
plant-derived Wisteria floribunda agglutinin (WFA) and Vicia villosa agglutinin (VVA); these
lectins tightly bind to n-acetylgalactosamine linkages in GAGs and can be directly labeled with
fluorophores. WFA/VVA are primarily useful in fixed samples, not live tissue 2°, and in living

tissue may interfere with dynamics of learning-induced PNN modification. Additionally, CSPG
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expression and extracellular localization varies throughout the brain, and different CSPGs are
differentially glycosylated, resulting in varying degrees of lectin binding and thus labeling 421,
Imaging of ECM/PNN structures has been done using protein-specific antibodies, however
antibodies are relatively large molecules that may not easily access epitopes in tight intercellular
and perisynaptic spaces and can mainly be used in fixed samples.

Recent experiments using ChABC to disrupt PNN structures in vivo suggest that PNNs
regulate experience-dependent synaptic plasticity 111222 and stabilize drug addiction memories
23, Abnormal PNNs are correlated with deficits in memory; PNNs are disrupted in brain regions
affected by Alzheimer’s disease and intact PNNs can protect neurons when they are exposed to
toxic B-amyloid 242, Brain tissue samples from schizophrenia and seizure patients show PNN
reduction in affected regions 2627, PNN integrity and remodeling appears to be essential to
normal brain function 2, similar to what is known about the broader ECM.

Based on the long-lived nature of some ECM/PNN molecules 2°2°, we examined activity-
dependent ECM/PNN changes in living tissues, hypothesizing that this stable and long-lived
structures around neurons enables memories encoded in synapses to persist over time 22°. To
better characterize these structures, we first examine cultured neurons using both antibodies to
proteoglycans and a HA-binding protein, used previously to study hyaluronan synthesis during
neuronal development 3. We then attempted genetically encoded labeling; CSPGs are difficult
targets for genetically encoded reporters due to their extensive posttranslational
glycosaminoglycan modifications, however we tested fluorescent protein (FP) fusions to several
other ECM proteins and identified the link protein HAPLN1 (also called Crtll) as a useful target
for genetically labeling HAPLN1-containing extracellular structures both in vitro and in vivo.
HAPLNL1 is structurally and functionally important for ECM throughout the body, not just in the
CNS. Our results describe ECM/PNN structure and establish a mouse model for imaging live

ECM/PNN changes to better understand memory and the brain.
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Results
WFA, aggrecan, and HA coat dendritic processes and surround synapses.

ECM/PNNSs are known to densely form around certain mature cultured cortical neurons
(Fig 1A), so to first test basic structural labeling we used rat neurons grown in culture to image
GAGs with WFA, HA with hyaluronic acid binding protein (HABP), and aggrecan with an anti-
aggrecan antibody 2. Each label revealed a similar extracellular structure around neuronal
soma and processes that had openings at PSD95-positive puncta, suggesting that these
structures have the expected “holes” that were filled by mature synapses (Fig 1B-D). Cortical
neurons in culture are a heterogeneous population, and only a fraction of neurons present
possess extracellular aggrecan and WFA while the majority have some HA.

The well-known PNN label WFA is associated with structures that incorporate the
heavily GAG-modified aggrecan 33, providing lots of binding sites for labeling, and we examined
WFA labeling in adult mouse brain slices. The cortex showed a subset of heavily labeled
neurons in cortical layers II-1V and VI, while in the cerebellum, WFA labeling appeared primarily
in the granular layer of the folia. Several densely WFA-labeled neurons appear in the
hippocampal CA2 region (Fig 2A). This observations are consistent with studies examining WFA
labeling in mouse brain tissue 34. We found that aggrecan similarly surrounds a subset of
neurons in cortical layers 1I-IV and VI, many Purkinje neurons in the cerebellum, and a larger
subset of neurons in the hippocampus than those labeled with WFA (Fig 2B). There is some
overlap between neurons positive for aggrecan and WFA in the cortex, and little detectable
overlap between the cerebellum and hippocampus, considering the limitations of comparing
different exogenously applied labels (Fig 2C). Together these data indicates that both WFA and
aggrecan label individual neurons throughout the brain, and that these subsets overlap but are
not identical.

Given that all PNNs are organized around an HA matrix, we expected HA to be a

broader marker of both diffuse ECM/PNNs around neurons. It is known that the hippocampus
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contains less aggrecan and more versican and brevican?t, which have fewer glycosyl
modifications compared to other CSPGs and therefore may not be as strongly labeled with
WFA. Using HA binding protein (HABP) in brain slices, we found that all brain regions express a
dense layer of extracellular HA around neuronal soma and processes (Fig. 2D), suggesting that

the extracellular structure visualized with WFA may appear in similar forms throughout the brain.

HAPLN1-Venus is expressed, secreted, and integrated extracellularly around neurons.

To investigate ECM/PNN involvement in plasticity and memory, we needed a method to
monitor structural changes in living tissue. CSPGs are both difficult to label with FPs and
differentially distributed in the brain, so we instead labeled the small HAPLN proteins that link
CSPGs to HA via loop domains in their secondary structures . There are four known link
proteins, HAPLN1-4, however HAPLN3 has little to no expression in brain tissue. HAPLNL1 is the
best characterized in animals; it is upregulated during critical period closure, present in all
PNNs, and essential for proper PNN structure &3¢, Knocking out HAPLNL1 in adult animals
results in abnormal PNNs and memory deficits in adult mice, which makes it a functionally
relevant target for neuronal ECM labeling %37, We fused HAPLN1, HAPLN2, and HAPLN4 to
the FP Venus % and expressed fusions in primary cultured neurons (Fig 3A). HAPLN2 and
HAPLN4 Venus fusion proteins were restricted to the cytosol, suggesting secretion was
impaired following fusion to Venus. HAPLN1-Venus fusion protein however was produced,
secreted, fluorescent, and integrated extracellularly around neurons.

We then monitored HAPLN1-Venus over time. By days in vitro 7 (DIV7), the fusion
protein is expressed and bound extracellularly around neurons (Fig 3B) and localization is more
uniform around neurons by DIV16 (Fig 3C, D). We confirmed that HAPLN1-Venus was not
drastically overexpressed by Western blot (Fig 3E). Finally, we demonstrated HAPLN1-Venus

secretion into the culture medium by transferring conditioned media from HAPLN1-Venus
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expressing neurons to untransfected neurons and observing extracellular HAPLN1-Venus
integration around naive neurons (Fig 3F, G).

To confirm that HAPLN1-Venus binds ECM in a HA-dependent manner, we treated
neurons expressing HAPLN1-Venus with hyaluronidase, a bacterially derived enzyme that
degrades HA, and monitored structural changes over time. HAPLN1-Venus fluorescence was
diminished around neurons over a 10 h period after hyaluronidase treatment (Fig. 4A). We then
co-labeled HAPLN1-Venus expressing neurons with a PSD95 antibody and found that HAPLN1-
Venus surrounds PSD95 puncta, suggesting synaptic “holes” of similar structure as those found
with WFA labeling and confirming that HAPLN1-Venus expression and integration permitted
normal synapse formation (Fig 4B) and effectively allowed us to monitor dynamics of
extracellular structures in culture.

We then asked whether HAPLN1-Venus fusion could label ECM in vivo. We generated a
HAPLN1-Venus mouse knock-in (KI) via Crispr/Cas9 genome editing (Janelia) (Fig 5A-G).
These KI animals show Venus fluorescence in all tissues that endogenously contain cartilage
and connective tissue (Fig 5A-C). HAPLN1-Venus is clearly expressed in the brain (Fig 5D, E)
and exhibits a dense, fenestrated structure characteristic of PNNs around many neurons (Fig
5F, G). This HAPLN1-Venus KI model can be used to further study ECM and PNN in vivo and

may help us better understand the functions of extracellular changes at synapses over time.

Discussion

For as long as PNNs were thought to be primarily around PV+ inhibitory interneurons in
the cortex 3, it was hard to imagine a wider role in learning and memory. Here we imaged
traditional PNN structures using lectin labeling, but additionally showed that an HA-based, PNN-
like ECM is more widespread and present around many neurons in the CNS, consistent with
how information is stored in areas throughout the brain. We describe the HAPLNL link protein

as a target for genetically encoded labeling, elucidating structures around both traditional PNNs
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and the broader ECM, and describe an animal model for monitoring the dynamics of these
extracellular structures in living animals using microscopy.

Genetically encoding reporters into the ECM/PNN via HAPLN is a helpful strategy
because it enables us to track these structures in living brain tissue. Previously, lectin labeling in
vivo had little success and was restricted to imaging specific points in time 2°. Genetically
encoded labeling was a logical next step, however CSPGs are post-translationally modified,
making them difficult targets for fusions “°. HAPLN1 fusions are a more straightforward way to
target ECM/PNN in live tissues, based on how HAPLN1-Venus can be produced, secreted, and
integrate extracellularly in cultured neurons and in vivo. Further studies using our HAPLN1-
Venus knock-in animal for monitoring structural changes in combination with genetically
encoded reporters such as miniSOG or APEX2 for correlated light and electron microscopy #+43
will be invaluable in understanding how the ECM/PNN is involved in memory encoding and
consolidation. Considering how HAPLN1 is expressed in ECM throughout the body and also
appears within cartilage, our mouse model may prove to be a useful tool for a broader field of
studies on ECM structure and integrity throughout the body.

HAPLNL1 is emerging as an important extracellular molecule implicated in memory,
independent of our use as a target for genetically encoded labeling in the ECM. Disrupting
PNNs in a HAPLN1 (Crtl1) mouse knock-out model rendered fear memories susceptible to
erasure *. HAPLN1 turnover was found to be relatively rapid in PNNs and at synapses “°, and
viral-mediated HAPLN1 delivery into mouse cortex showed that HAPLNL1 is both necessary for
PNN maturation in mice and when overexpressed can accelerate PNN and memory engram
formation #6. Further studies on HAPLN1 modulation in the brain will help understand how it may
function in memory encoding and persistence.

We hypothesized that synaptic changes made to store a long-term memory should be
independent of the need to copy information repeatedly 22. Many intracellular proteins face

relatively rapid turnover, being synthesized and degraded on the scale of hours to several days
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4748 These are susceptible to cellular or brain-wide disruptions that do not necessarily affect
memory, including seizure, barbiturate overdose, or metabolic stress, and we speculate that
they may be unreliable substrates for very long-term information storage. Several synaptic
proteins have recently been implicated in memory maintenance, including PKMC, CPEB,
CaMKIl, and Arc/Arg2.1, but these proteins have only been examined in relatively short-term
memory models and turn over on the time scale of hours to days “9%2, ECM molecules can be
much more stable than intracellular proteins and remain sequestered away from intracellular
ubiquitin and enzyme-mediated degradative processes, and thus are thought to be less
susceptible to disruption. 3047

Our results allow us to now ask new questions about ECM/PNN in the brain. How stable
are extracellular structural changes produced when a synapse is strengthened? How is the PNN
modified at synapses modulated by learning and memory extinction? Are they modified when a
memory is recalled? We have yet to understand the significance of variations in ECM/PNN
density and composition, which may be understood better using genetically encoded labeling
and imaging in the extracellular space. It is now possible to experimentally address these
guestions in living animals using our HAPLN1-Venus mouse model.

Here we report a new tool for monitoring dynamics of the ECM/PNN, extracellular
scaffolds that may be differentially composed but nevertheless exist in some form around all
neurons. Further studies combining labeling and imaging methods to visualize dynamics in

living animals will help us better understand the role of these elusive structures in the brain.

Materials and Methods

Reagents. Mouse HAPLN1 cDNA was purchased (Origene, Rockville, MD) and cloned as a
fusion to Venus into the pCAGGS mammalian expression plasmid, which drives expression via
a cytomegalovirus (CMV) enhancer fused to a chicken beta-actin promoter. This construct was

generated using standard molecular biology techniques; PCR, restriction enzyme digestion, and
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ligation. All subcloned fragments were fully sequenced to confirm successful construction.
Primary antibodies used were mouse monoclonal anti-PSD95 (Pierce, Rockford, IL), rabbit
polyclonal anti-Aggrecan (Millipore, Darmstadt, Germany), rabbit polyclonal anti-Synapsin |
(Millipore), mouse monoclonal anti-GFAP (Sigma-Aldrich, St. Louis, MO), rabbit polyclonal anti-
HAPLN1 (GeneTex, Irvine, CA). For immunoblotting, primary antibodies were used at 0.1-0.4
pMg/mL. HRP-conjugated mouse secondary antibody (Cell Signaling, Danvers, MA) and HRP-
conjugated rabbit secondary antibody (BioRad, Irvine, CA) were used at 0.4 ug/mL. For
immunofluorescence, primary antibodies were used at 0.5-1 ug/mL. Alexa Fluor 568-conjugated
mouse secondary antibody and Alexa Fluor 647-conjugated goat secondary antibody (Life
Technologies, Carlsbad, CA) were used at 0.5 yg/mL. Streptavidin Alexa Fluor 488, Streptavidin
Alexa Fluor 647, and unlabeled Streptavidin (Life Technologies) were used at 2 pg/mL.
Fluorescein-conjugated Wisteria floribunda agglutinin and Vicia villosa agglutinin (Vector Labs,
Burlingame, CA) were used at 10 ug/mL. Biotinylated hyaluronic acid binding protein (Millipore)

was used at 10 pyg/mL. For time lapse imaging, hyaluronidase (Sigma) was used at

Cell culture. All cell culture reagents were obtained from Life Technologies unless otherwise
indicated. Cortical neurons were dissociated by papain from postnatal day 2 (P2) Sprague
Dawley rats of either sex, transfected by Amaxa electroporation (Lonza, Basel, Switzerland),
then plated on poly(D-lysine)-coated MatTek glass-bottom dishes (MatTek Corporation,
Ashland, MA) and cultured in Neurobasal A medium with B27 supplement, 2 mM GlutaMAX, 20
U/mL penicillin, and 50 pug/mL streptomycin as previously described 3. All neuron experiments
described were performed in cultured neurons matured to between 14 and 18 days in vitro (DIV)
unless otherwise specified. All animal procedures were approved by the Institutional Animal

Care and Use Committee of the University of California, San Diego.
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Immunoblotting. For analysis of the expression level of HAPLN1-Venus, transfected neurons
were plated and maintained in six-well cell culture plates. At DIV14, neurons were rinsed quickly
with ACSF (in mM): 125 NacCl, 2.5 KCI, 1 MgCl,, 2 CaCl,, 22 D-glucose, and 25 HEPES (pH
7.3) and resuspended in lysis buffer (20 mM Tris-HCI, 1% Triton detergent, 10% glycerol, 2 mM
EDTA, 137 mM NaCl, and Roche EDTA-free protease inhibitor, pH 7.4). Cells were
homogenized and protein content assessed by Bradford assay. SDS loading buffer was added
to lysate, then immunoblotting was performed. Briefly, lysates were run on NuPage 4-12%
Novex Bis-Tris SDS polyacrylamide gels (Life Technologies). Proteins were transferred onto
polyvinylidene fluoride membranes (Life Technologies) by electroblotting, and membranes were
then blocked with 10% non-fat dried milk in Tris-buffered saline with 0.1% Tween-20 (TBST),
incubated in primary overnight in 5% BSA in TBST at 4°C, washed in TBST to remove excess
primary antibody, incubated in HRP-conjugated secondary antibody in TBST for 1 h at room
temperature, and finally rinsed 3 times for 15 min each in TBST. Proteins were visualized by
chemiluminescence using SuperSignal West Pico Chemiluminescent Substrate (Thermo

Scientific) and film (Blue Devil, Genesee Scientific).

Time-lapse microscopy. Neurons were imaged on an Olympus FluoView 1000 Confocal LSM
equipped with a stage-top environmental chamber with temperature set to 37°C and 5% CO.,
using a 40x oil objective. For confocal imaging, the following settings were used: excitation with
a 488-nm argon-ion laser line at 0.5% power, scan resolution 800 x 800 pixels, scanning speed
2 usec/pixel, photo-multiplier voltage 700 V, digital gain of 1. A stack of optical sections at 1-uym
intervals through each neuron was obtained at each position and time point and then flattened
in a maximum intensity projection. Analysis was performed on an Apple Macintosh notebook
using the US National Institutes of Health ImageJ program. Immunofluorescence and time lapse

images of related conditions were matched for laser power, gain, and offset.
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Immunofluorescence in cultured cells. Neurons were fixed by addition of one culture volume
of 4% paraformaldehyde and 4% sucrose for 10 minutes at room temperature (RT), then
washed with phosphate-buffered saline (PBS), blocked in PBS with 5% non-immune goat serum
(Sigma), and probed for PSD95 following standard procedures. Specificity of secondary
antibodies was confirmed in control samples without primary antibody. Images were obtained on
an Olympus FluoView 1000 Confocal Laser Scanning Microscope (LSM) using a 40x oil
immersion lens. A stack of optical sections with 1024 x 1024 resolution at 1-uym intervals
through each neuron was obtained and then flattened into a maximum intensity projection.
Analysis was performed on an Apple Macintosh notebook using the National Institutes of Health
ImageJ Program. Immunofluorescence images of related conditions were matched for laser

power, gain, and offset.

Immunohistochemistry. Male FVB mice aged 6 months were anesthetized by intraperitoneal
administration of Ketamine (100 mg/kg; Ketaset, Pfizer, New York, NY) supplemented with
Midazolam (100 mg/kg; Midazolam, Akorn, Lake Forest, IL) and transcardially perfused first with
50 mL of oxygenized Ringer’s solution and then 100 mL of 4% PFA in DPBS. The brain was
dissected and post-fixed in 4% PFA for 1 h at 4°C, then cryoprotected in DBPS buffer containing
30% sucrose overnight. Brain tissue was embedded in O.C.T. (TissueTek, Radnor, PA) then cut
on a cryostat into 10 pm-thick sagittal sections and mounted onto glass slides. Primary
antibodies were incubated overnight at RT in PBS containing 0.1% BSA, 0.1% fish gelatin
(Sigma, Cat #), and 0.1% Triton X-100. Sections were then incubated with secondary antibody
for 2 h at RT. After washing with PBS, samples were mounted in VectaShield Mounting Medium
with DAPI (VectorLabs, Burlingame, CA) and imaged on an Olympus FluoView 1000 Confocal
Laser Scanning Microscope (LSM) using a 40x oil immersion lens. Images were taken at 1024 x

1024 resolution.
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Transgenic mouse generation. The HAPLN1-Venus transgenic mouse was generated by
Crispr/Cas9-mediated knock-in of mouse HAPLN1 fused to Venus via the C-terminus,
conducted by the Gene Targeting and Transgenics Facility at the Janelia Research Campus in
Ashburn, VA. HAPLN1-Venus transgenic mice are available via The Repository at the Jackson

Laboratory (JAX Repository), Stock No. 032115.

Author Contributions
SPL and VLR performed experiments; SPL, VLR, MHE, and RYT contributed to the design of

the experiments and analyzed data; SPL, VLR, RYT, and MHE wrote the manuscript.

References

1 Lamprecht, R. & LeDoux, J. Structural plasticity and memory. Nat Rev Neurosci

5, 45-54 (2004). https://doi.org:10.1038/nrn1301

2 Hrabetova, S., Cognet, L., Rusakov, D. A. & Nagerl, U. V. Unveiling the
Extracellular Space of the Brain: From Super-resolved Microstructure to In Vivo
Function. J Neurosci 38, 9355-9363 (2018).

https://doi.org:10.1523/INEUROSCI.1664-18.2018

3 Wang, D. & Fawcett, J. The perineuronal net and the control of CNS plasticity.

Cell Tissue Res 349, 147-160 (2012). https://doi.org:10.1007/s00441-012-1375-y

4 Huntley, G. W. Synaptic circuit remodelling by matrix metalloproteinases in
health and disease. Nat Rev Neurosci 13, 743-757 (2012).

https://doi.org:10.1038/nrn3320



https://doi.org:10.1038/nrn1301
https://doi.org:10.1523/JNEUROSCI.1664-18.2018
https://doi.org:10.1007/s00441-012-1375-y
https://doi.org:10.1038/nrn3320
https://doi.org/10.1101/2023.11.29.569151
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.29.569151; this version posted November 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

10

11

12

available under aCC-BY-NC-ND 4.0 International license.

Fawcett, J. W. et al. The extracellular matrix and perineuronal nets in memory.

Mol Psychiatry 27, 3192-3203 (2022). https://doi.org:10.1038/s41380-022-01634-

3
Fornasiero, E. F. et al. Precisely measured protein lifetimes in the mouse brain
reveal differences across tissues and subcellular fractions. Nat Commun 9, 4230

(2018). https://doi.org:10.1038/s41467-018-06519-0

Dorrbaum, A. R., Kochen, L., Langer, J. D. & Schuman, E. M. Local and global
influences on protein turnover in neurons and glia. Elife 7 (2018).

https://doi.org:10.7554/eLife.34202

Carulli, D., Rhodes, K. E. & Fawcett, J. W. Upregulation of aggrecan, link protein
1, and hyaluronan synthases during formation of perineuronal nets in the rat

cerebellum. J Comp Neurol 501, 83-94 (2007). https://doi.org:10.1002/cne.21231

Fawcett, J. W., Oohashi, T. & Pizzorusso, T. The roles of perineuronal nets and
the perinodal extracellular matrix in neuronal function. Nat Rev Neurosci 20, 451-

465 (2019). https://doi.org:10.1038/s41583-019-0196-3

Dityatev, A., Schachner, M. & Sonderegger, P. The dual role of the extracellular
matrix in synaptic plasticity and homeostasis. Nat Rev Neurosci 11, 735-746

(2010). https://doi.org:10.1038/nrn2898

Pizzorusso, T. et al. Reactivation of ocular dominance plasticity in the adult visual

cortex. Science 298, 1248-1251 (2002). https://doi.org:10.1126/science.1072699

Gogolla, N., Caroni, P., Luthi, A. & Herry, C. Perineuronal nets protect fear
memories from erasure. Science 325, 1258-1261 (2009).

https://doi.org:325/5945/1258 [pii]



https://doi.org:10.1038/s41380-022-01634-3
https://doi.org:10.1038/s41380-022-01634-3
https://doi.org:10.1038/s41467-018-06519-0
https://doi.org:10.7554/eLife.34202
https://doi.org:10.1002/cne.21231
https://doi.org:10.1038/s41583-019-0196-3
https://doi.org:10.1038/nrn2898
https://doi.org:10.1126/science.1072699
https://doi.org:325/5945/1258
https://doi.org/10.1101/2023.11.29.569151
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.29.569151; this version posted November 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

10.1126/science.1174146

13

14

15

16

17

18

19

Carulli, D. et al. Cerebellar plasticity and associative memories are controlled by
perineuronal nets. Proc Natl Acad Sci U S A 117, 6855-6865 (2020).

https://doi.org:10.1073/pnas.1916163117

Zimmermann, D. R. & Dours-Zimmermann, M. T. Extracellular matrix of the
central nervous system: from neglect to challenge. Histochem Cell Biol 130, 635-

653 (2008). https://doi.org:10.1007/s00418-008-0485-9

Oohashi, T., Edamatsu, M., Bekku, Y. & Carulli, D. The hyaluronan and
proteoglycan link proteins: Organizers of the brain extracellular matrix and key
molecules for neuronal function and plasticity. Exp Neurol 274, 134-144 (2015).

https://doi.org:10.1016/j.expneurol.2015.09.010

Spreafico, R., De Biasi, S. & Vitellaro-Zuccarello, L. The perineuronal net: a
weapon for a challenge. J Hist Neurosci 8, 179-185 (1999).

https://doi.org:10.1076/jhin.8.2.179.1834

Hartig, W., Brauer, K. & Bruckner, G. Wisteria floribunda agglutinin-labelled nets
surround parvalbumin-containing neurons. Neuroreport 3, 869-872 (1992).
Bruckner, G. et al. Postnatal development of perineuronal nets in wild-type mice
and in a mutant deficient in tenascin-R. J Comp Neurol 428, 616-629 (2000).

https://doi.org:10.1002/1096-9861(20001225)428:4<616::AID-CNE3>3.0.CO;2-K

[pii]
Sigal, Y. M., Bae, H., Bogart, L. J., Hensch, T. K. & Zhuang, X. Structural

maturation of cortical perineuronal nets and their perforating synapses revealed


https://doi.org:10.1073/pnas.1916163117
https://doi.org:10.1007/s00418-008-0485-9
https://doi.org:10.1016/j.expneurol.2015.09.010
https://doi.org:10.1076/jhin.8.2.179.1834
https://doi.org:10.1002/1096-9861(20001225)428:4
https://doi.org/10.1101/2023.11.29.569151
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.29.569151; this version posted November 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

20

21

22

23

24

25

available under aCC-BY-NC-ND 4.0 International license.

by superresolution imaging. Proc Natl Acad SciU S A 116, 7071-7076 (2019).

https://doi.org:10.1073/pnas.1817222116

Bruckner, G., Bringmann, A., Koppe, G., Hartig, W. & Brauer, K. In vivo and in
vitro labelling of perineuronal nets in rat brain. Brain Res 720, 84-92 (1996).

https://doi.org:10.1016/0006-8993(96)00152-7

Saroja, S. R. et al. Hippocampal proteoglycans brevican and versican are linked
to spatial memory of Sprague-Dawley rats in the morris water maze. J

Neurochem 130, 797-804 (2014). https://doi.org:10.1111/jnc.12783

Hylin, M. J., Orsi, S. A., Moore, A. N. & Dash, P. K. Disruption of the perineuronal
net in the hippocampus or medial prefrontal cortex impairs fear conditioning.

Learn Mem 20, 267-273 (2013). https://doi.org:10.1101/Im.030197.112

Slaker, M. et al. Removal of perineuronal nets in the medial prefrontal cortex
impairs the acquisition and reconsolidation of a cocaine-induced conditioned
place preference memory. J Neurosci 35, 4190-4202 (2015).

https://doi.org:10.1523/INEUROSCI.3592-14.2015

Baig, S., Wilcock, G. K. & Love, S. Loss of perineuronal net N-
acetylgalactosamine in Alzheimer's disease. Acta Neuropathol 110, 393-401

(2005). https://doi.org:10.1007/s00401-005-1060-2

Miyata, S., Nishimura, Y. & Nakashima, T. Perineuronal nets protect against
amyloid beta-protein neurotoxicity in cultured cortical neurons. Brain Res 1150,

200-206 (2007). https://doi.orq:10.1016/j.brainres.2007.02.066



https://doi.org:10.1073/pnas.1817222116
https://doi.org:10.1016/0006-8993(96)00152-7
https://doi.org:10.1111/jnc.12783
https://doi.org:10.1101/lm.030197.112
https://doi.org:10.1523/JNEUROSCI.3592-14.2015
https://doi.org:10.1007/s00401-005-1060-2
https://doi.org:10.1016/j.brainres.2007.02.066
https://doi.org/10.1101/2023.11.29.569151
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.29.569151; this version posted November 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

26 Soleman, S., Filippov, M. A., Dityatev, A. & Fawcett, J. W. Targeting the neural
extracellular matrix in neurological disorders. Neuroscience 253, 194-213 (2013).

https://doi.org:10.1016/j.neuroscience.2013.08.050

27 Miyata, S. & Kitagawa, H. Mechanisms for modulation of neural plasticity and
axon regeneration by chondroitin sulphate. J Biochem 157, 13-22 (2015).

https://doi.org:10.1093/jb/mvu067

28 Tsien, R. Y. Very long-term memories may be stored in the pattern of holes in the
perineuronal net. Proc Natl Acad Sci U S A 110, 12456-12461 (2013).

https://doi.org:10.1073/pnas.1310158110

29 Lev-Ram, V. et al. Do perineuronal nets stabilize the engram of a synaptic

circuit? bioRxiv (2023). https://doi.org:10.1101/2023.04.09.536164

30 Toyama, B. H. et al. Identification of long-lived proteins reveals exceptional
stability of essential cellular structures. Cell 154, 971-982 (2013).

https://doi.org:10.1016/j.cell.2013.07.037

31 Fowke, T. M. et al. Hyaluronan synthesis by developing cortical neurons in vitro.

Sci Rep 7, 44135 (2017). https://doi.org:10.1038/srep44135

32 Miyata, S., Nishimura, Y., Hayashi, N. & Oohira, A. Construction of perineuronal
net-like structure by cortical neurons in culture. Neuroscience 136, 95-104

(2005). https://doi.org:10.1016/].neuroscience.2005.07.031

33 Bandtlow, C. E. & Zimmermann, D. R. Proteoglycans in the developing brain:
new conceptual insights for old proteins. Physiol Rev 80, 1267-1290 (2000).
34 Rossier, J. et al. Cortical fast-spiking parvalbumin interneurons enwrapped in the

perineuronal net express the metallopeptidases Adamts8, Adamts15 and


https://doi.org:10.1016/j.neuroscience.2013.08.050
https://doi.org:10.1093/jb/mvu067
https://doi.org:10.1073/pnas.1310158110
https://doi.org:10.1101/2023.04.09.536164
https://doi.org:10.1016/j.cell.2013.07.037
https://doi.org:10.1038/srep44135
https://doi.org:10.1016/j.neuroscience.2005.07.031
https://doi.org/10.1101/2023.11.29.569151
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.29.569151; this version posted November 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

35

36

37

38

39

40

available under aCC-BY-NC-ND 4.0 International license.

Neprilysin. Mol Psychiatry 20, 154-161 (2015).

https://doi.org:10.1038/mp.2014.162

Spicer, A. P., Joo, A. & Bowling, R. A., Jr. A hyaluronan binding link protein gene
family whose members are physically linked adjacent to chondroitin sulfate
proteoglycan core protein genes: the missing links. J Biol Chem 278, 21083-

21091 (2003). https://doi.org:10.1074/jbc.M213100200

Carulli, D. et al. Animals lacking link protein have attenuated perineuronal nets
and persistent plasticity. Brain 133, 2331-2347 (2010).

https://doi.org:10.1093/brain/awqgl145

Romberg, C. et al. Depletion of perineuronal nets enhances recognition memory
and long-term depression in the perirhinal cortex. J Neurosci 33, 7057-7065

(2013). https://doi.org:10.1523/INEUROSCI.6267-11.2013

Miller, P., Zhabotinsky, A. M., Lisman, J. E. & Wang, X. J. The stability of a
stochastic CaMKII switch: dependence on the number of enzyme molecules and
protein turnover. PLoS Biol 3, e107 (2005).

https://doi.org:10.1371/journal.pbio.0030107

McRae, P. A., Rocco, M. M., Kelly, G., Brumberg, J. C. & Matthews, R. T.
Sensory deprivation alters aggrecan and perineuronal net expression in the
mouse barrel cortex. J Neurosci 27, 5405-5413 (2007).

https://doi.org:10.1523/INEUROSCI.5425-06.2007

lozzo, R. V. & Schaefer, L. Proteoglycan form and function: A comprehensive
nomenclature of proteoglycans. Matrix Biol 42, 11-55 (2015).

https://doi.org:10.1016/j.matbio.2015.02.003



https://doi.org:10.1038/mp.2014.162
https://doi.org:10.1074/jbc.M213100200
https://doi.org:10.1093/brain/awq145
https://doi.org:10.1523/JNEUROSCI.6267-11.2013
https://doi.org:10.1371/journal.pbio.0030107
https://doi.org:10.1523/JNEUROSCI.5425-06.2007
https://doi.org:10.1016/j.matbio.2015.02.003
https://doi.org/10.1101/2023.11.29.569151
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.29.569151; this version posted November 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

41

42

43

44

45

46

47

available under aCC-BY-NC-ND 4.0 International license.

Shu, X. et al. A genetically encoded tag for correlated light and electron
microscopy of intact cells, tissues, and organisms. PLoS Biol 9, e1001041

(2011). https://doi.org:10.1371/journal.pbio.1001041

Lam, S. S. et al. Directed evolution of APEX2 for electron microscopy and
proximity labeling. Nat Methods 12, 51-54 (2015).

https://doi.org:10.1038/nmeth.3179

Adams, S. R. et al. Multicolor Electron Microscopy for Simultaneous Visualization
of Multiple Molecular Species. Cell Chem Biol 23, 1417-1427 (2016).

https://doi.org:10.1016/j.chembiol.2016.10.006

Poli, A. et al. Selective Disruption of Perineuronal Nets in Mice Lacking Crtll is
Sufficient to Make Fear Memories Susceptible to Erasure. Mol Neurobiol (2023).

https://doi.org:10.1007/s12035-023-03314-x

Dankovich, T. M. et al. Extracellular matrix remodeling through endocytosis and
resurfacing of Tenascin-R. Nat Commun 12, 7129 (2021).

https://doi.org:10.1038/s41467-021-27462-7

Ramsaran, A. |. et al. A shift in the mechanisms controlling hippocampal engram
formation during brain maturation. Science 380, 543-551 (2023).

https://doi.org:10.1126/science.ade6530

Cohen, L. D. et al. Metabolic turnover of synaptic proteins: kinetics,
interdependencies and implications for synaptic maintenance. PLoS One 8,

€63191 (2013). https://doi.org:10.1371/journal.pone.0063191



https://doi.org:10.1371/journal.pbio.1001041
https://doi.org:10.1038/nmeth.3179
https://doi.org:10.1016/j.chembiol.2016.10.006
https://doi.org:10.1007/s12035-023-03314-x
https://doi.org:10.1038/s41467-021-27462-7
https://doi.org:10.1126/science.ade6530
https://doi.org:10.1371/journal.pone.0063191
https://doi.org/10.1101/2023.11.29.569151
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.29.569151; this version posted November 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

48 Cohen, L. D. & Ziv, N. E. Recent insights on principles of synaptic protein
degradation. F1000Res 6, 675 (2017).

https://doi.org:10.12688/f1000research.10599.1

49 Sacktor, T. C. How does PKMzeta maintain long-term memory? Nat Rev

Neurosci 12, 9-15 (2011). https://doi.org:10.1038/nrn2949

50 Palida, S. F. et al. PKMzeta, But Not PKClambda, Is Rapidly Synthesized and
Degraded at the Neuronal Synapse. J Neurosci 35, 7736-7749 (2015).

https://doi.org:10.1523/INEUROSCI.0004-15.2015

51 Fioriti, L. et al. The Persistence of Hippocampal-Based Memory Requires Protein
Synthesis Mediated by the Prion-like Protein CPEB3. Neuron 86, 1433-1448

(2015). https://doi.org:10.1016/j.neuron.2015.05.021

52 Lisman, J., Yasuda, R. & Raghavachari, S. Mechanisms of CaMKIl action in
long-term potentiation. Nat Rev Neurosci 13, 169-182 (2012).

https://doi.org:10.1038/nrn3192

53 Butko, M. T. et al. Fluorescent and photo-oxidizing TimeSTAMP tags track
protein fates in light and electron microscopy. Nat Neurosci 15, 1742-1751

(2012). https://doi.org:10.1038/nn.3246



https://doi.org:10.12688/f1000research.10599.1
https://doi.org:10.1038/nrn2949
https://doi.org:10.1523/JNEUROSCI.0004-15.2015
https://doi.org:10.1016/j.neuron.2015.05.021
https://doi.org:10.1038/nrn3192
https://doi.org:10.1038/nn.3246
https://doi.org/10.1101/2023.11.29.569151
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.29.569151; this version posted November 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

N\ Aggrecan
===~ \/ersican

M= Neurocan
~M~—  Brevican
M Link Protein
CS GAGs
Tenascin R
Hyaluronan
. Hyaluronan Synthase

HYAL|HYAES,

Figure 1. PNN labeling methods reveal an extracellular structure excluded from mature
synapses in cultured neurons. A, Perineuronal net structure and molecular composition. B,
Labeling with fluorescein-conjugated WFA and anti-PSD95 antibody. C, Labeling with anti-
aggrecan and anti-PSD95 antibodies. D, Labeling with biotinylated HABP and anti-PSD95
antibody. Scale bars in first column, 20 ym; scale bars in second column, 5 pm.
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Figure 2. WFA and anti-aggrecan antibody label a small subset of neurons while most
neurons are surrounded by HA. A, Regions of mouse brain labeled with fluorescein-
conjugated WFA. B, Regions of mouse brain labeled with anti-aggrecan antibody. C,
Pseudocolor images with WFA labeling in green and anti-aggrecan antibody labeling in purple;
WFA and aggrecan colocalize in some regions, but not all. D, Pseudocolor images with HA
labeling in green, nuclei in blue, and neurons in red; images show that all neurons in these
regions are surrounded by a HA-based coating. Scale bars in A-C, 20 uym; scale bars in D, 20
pm.
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Figure 3. HAPLN1-Venus is expressed, secreted, and integrated extracellularly around
neurons. A, Cultured neurons transfected with a plasmid encoding each fusion construct;
HAPLN1-Venus was expressed, secreted, and appeared to localize to the PNN. Nearly all
HAPLNZ2-Venus and the entirety of HAPLN4-Venus remained intracellular. Scale bars, 20 ym.
B, Cultured neuron expressing HAPLN1-Venus at DIV7. C, D, Cultured neurons expressing
HAPLN1-Venus at DIV16. E, Western blot indicating that the level of HAPLN1-Venus fusion
protein at 66 kDa is below the level of endogenous HAPLN1 at 39 kDa; T: transfected; U:
untransfected. F, Schematic describing experiment in which conditioned media from HAPLN1-
Venus-expressing neurons was transferred to untransfected neurons. G, Secreted HAPLN1-
Venus fusion protein from conditioned media integrates extracellularly around untransfected
neurons. Scale bars in A, 20 um; scale bars in B-D, 20 uym; scale bars in G, 20 ym.
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Figure 4. HAPLN1-Venus labels PNNs in living cultured neurons. A, HAPLN1-Venus
expressing neurons treated with hyaluronidase, which disrupted HAPLN1-Venus localization
around neurons over 10 h. B, HAPLN1-Venus is excluded from synapses labeled with an
antibody to PSD95. Scale bars in A and B, 20 ym.
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Figure 5. HAPLN1-Venus is expressed in a living knock-in mouse, localizing to brain and
cartilage. A, HAPLN1-Venus transgenic mouse newborn pup on the left and a wild-type
C57BL/6J mouse newborn pup on the right. B, HAPLN1-Venus fluorescence in a homozygous
(right) and heterozygous (left) knock-in animal. C1, C2, Two views of HAPLN1-Venus
fluorescence in cartilage. D, E. HAPLN1-Venus fluorescence in mouse brain. F, G. HAPLN1-
Venus fusion protein localizes more heavily around some neurons than others and shows
punctuated localization around neurons that express more HAPLN1-Venus. Scale bars in F, 20
pMm; scale bar in G, 10 ym.
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