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Abstract

Perineuronal nets (PNNs) represent a highly condensed specialized form of brain 

extracellular matrix (ECM) enwrapping mostly parvalbumin-positive interneurons 

in the brain in a mesh-like fashion. PNNs not only regulate the onset and completion 

of the critical period during postnatal brain development, control cell excitability, 

and synaptic transmission but are also implicated in several brain disorders including 

schizophrenia. Holes in the perineuronal nets, harboring the synaptic contacts, along 

with hole-surrounding ECM barrier can be viewed as PNN compartmentalization 

units that might determine the properties of synapses and heterosynaptic commu-

nication. In this study, we developed a novel open-source script for Fiji (ImageJ) to 

semi-automatically quantify structural alterations of PNNs such as the number of 

PNN units, area, mean intensity of PNN marker expression in 2D and 3D, shape pa-

rameters of PNN units in the ketamine-treated Sprague–Dawley rat model of schizo-

phrenia using high-resolution confocal microscopic images. We discovered that the 

mean intensity of ECM within PNN units is inversely correlated with the area and 

the perimeter of the PNN holes. The intensity, size, and shape of PNN units proved 

to be three major principal factors to describe their variability. Ketamine-treated rats 
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1 |  INTRODUCTION

Schizophrenia is a devastating neuropsychiatric disorder 

characterized by both positive and negative symptoms, 

rendering patients to social as well as occupational dys-

function (Bitanihirwe, Mauney, & Woo,  2016; Mueser & 

McGurk, 2004). Dysregulations of dopaminergic as well as 

glutamatergic neurotransmitter systems have been widely 

implicated in the pathogenesis of schizophrenia (Gomes 

& Grace, 2018; Grace, 2016; Moghaddam & Javitt, 2012). 

Hyperdopaminergia in striatal regions and hypodopami-

nergia in the prefrontal cortical regions suggest a com-

plex dysregulation of dopaminergic system (Abi-Dargham 

& Moore,  2003; Lau, Wang, Hsu, & Liu,  2013; Mitelman 

et al., 2019; Slifstein et al., 2015). More recently, the gluta-

mate neurotransmitter system has also been implicated in the 

pathogenesis of schizophrenia as glutamatergic dysfunction 

can explain both positive and negative symptoms, (Banerjee, 

Zuck, Yablonsky-Alter, & Lidsky,  1995; Carlsson,  1995; 

Heresco-Levy,  2005; Olney & Farber,  1995) as well as 

cognitive dysfunctions such as social recognition (Le Gall 

& Iakimova,  2018), prospective memory (Wang, Chan, 

& Shum,  2018), and hot executive functions (MacKenzie 

et al., 2017). Several molecular and genetic insights along with 

the fact that ketamine-mediated inhibition of N-methyl-D-

aspartate receptors (NMDARs) transiently induce symptoms 

of acute schizophrenia led to the hypothesis of glutamatergic 

dysfunction in the origin of schizophrenia (Morris, Cochran, 

& Pratt,  2005; Stefanovic et  al.,  2009; Stone et  al.,  2008). 

Ketamine (2-chlorphenyl-2-methylamino-cyclohexanone) 

is a non-competitive antagonist of NMDAR that binds to a 

phencyclidine-binding site within the ion pore of the chan-

nel. Although ketamine is primarily a ligand for NMDAR, it 

also has varying degree of affinities for several other recep-

tors, most notably for the high-affinity state of the D2 do-

pamine receptor and serotonin 5-HT2A receptors (Frohlich 

& Van Horn, 2014; Hunt, Kessal, & Garcia, 2005; Kapur & 

Seeman, 2002; Vernaleken et al., 2013). The non-NMDAR 

receptor affinities of ketamine are confounding factors for the 

glutamate hypothesis of schizophrenia but make ketamine an 

excellent drug that has the potential to unify these competing 

hypotheses into a single, multi-transmitter hypothesis that 

might underlie the pathogenesis of schizophrenia.

Pathological changes in schizophrenia are marked by de-

creased GABAergic signaling, an altered ratio of excitation/in-

hibition and changes in gamma oscillations, affecting several 

brain regions including the prefrontal cortex (PFC) (Castillo-

Gomez, Perez-Rando, Vidueira, & Nacher,  2016; Castillo-

Gomez, Varea, Blasco-Ibanez, Crespo, & Nacher,  2016; 

Chung, Fish, & Lewis,  2016; Matuszko, Curreli, Kaushik, 

Becker, & Dityatev,  2017; McNally, McCarley, & 

Brown, 2013; Sohal, 2014; Steullet et al., 2018). Parvalbumin-

expressing (PV+) fast-spiking GABAergic interneurons pro-

vide inhibitory control of cortical and subcortical circuits 

and seem to be highly relevant to the pathophysiology of 

schizophrenia. The density of PV+ interneurons in the mice 

models of schizophrenia as well as human post mortem PFC 

was intensively examined in the context of the disease for the 

past decade. The outcome of these studies is contradictory 

as some studies found a reduced density of PV+ interneu-

rons (Beasley & Reynolds, 1997; Bitanihirwe & Woo, 2014a; 

Reynolds, Beasley, & Zhang, 2002; Sakai et al., 2008), while 

other reported no changes in the density of PV+ interneu-

rons (Alcaide et  al.,  2019; Chung et  al.,  2016; Enwright 

et al., 2016; Hashimoto et al., 2003; Tooney & Chahl, 2004; 

Woo, Miller, & Lewis, 1997). However, a recent meta-anal-

ysis study confirmed the reduction of parvalbumin-express-

ing interneurons in the PFC of schizophrenic patients (Kaar, 

Angelescu, Marques, & Howes, 2019).

Recent studies also point to schizophrenia-associated 

changes in the perineuronal nets (PNNs) associated with 

PV+ neurons in brain areas such as PFC. PNNs are lat-

tice-like 3 dimensional (3D) structures that are mostly 

associated with PV+ interneurons covering the somata, 

proximal segments of dendrites, and the axonal initial seg-

ment. PNNs are formed by proteoglycans carrying complex 

sugars called glycosaminoglycans (GAGs) assembled with a 

backbone of hyaluronic acid, link proteins, and tenascin-R 

had more numerous but smaller and less circular PNN units than control rats. These 

parameters allowed to correctly classify individual PNNs as derived from control 

or ketamine-treated groups with ≈85% reliability. Thus, the proposed multidimen-

sional analysis of PNN units provided a robust and comprehensive morphometric 

fingerprinting of fine ECM structure abnormalities in the experimental model of 

schizophrenia.
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chondroitin sulfate proteoglycans, extracellular matrix, parvalbumin, Wisteria floribunda 

agglutinin, synapses



   | 3KAUSHIK ET AL.

(Dityatev & Schachner,  2003; Dityatev, Schachner, & 

Sonderegger, 2010). PNNs can be labeled with a commonly 

used lectin named Wisteria floribunda agglutinin (WFA) that 

binds to N-acetyl-galactosamine residues within chondroi-

tin sulfate chains (Arnst et al., 2016; Kaushik et al., 2018). 

PNNs are widely expressed in several regions of the brain 

such as cortex, hippocampus, cerebellum, and the spinal cord 

(Dityatev, Wehrle-Haller, & Pitkanen, 2014; Ferrer-Ferrer & 

Dityatev, 2018). Several studies have shown the physiolog-

ical importance of PNN in stabilizing the synaptic contacts 

and regulating cell excitability, excitatory input to PV+ cells, 

synaptic plasticity, protection from oxidative stress, receptor 

mobility, cell surface distribution of neurotrophic factors, 

cation binding sites, and glutamate spillover (Bernard & 

Prochiantz, 2016; Carulli et al., 2010; Celio, Spreafico, De 

Biasi, & Vitellaro-Zuccarello,  1998; Dityatev et  al.,  2007; 

Dityatev, Frischknecht, & Seidenbecher, 2006; Hayani, Song, 

& Dityatev,  2018; Heine et  al.,  2008; Kochlamazashvili 

et  al.,  2010; Lander, Zhang, & Hockfield,  1998; McRae, 

Rocco, Kelly, Brumberg, & Matthews,  2007; Miyata & 

Kitagawa,  2015; Morawski, Bruckner, Riederer, Bruckner, 

& Arendt, 2004; Pizzorusso et al., 2002; Sorg et al., 2016). 

Moreover, structural alterations in PNNs have been strongly 

implicated in several pathological conditions such as 

Alzheimer's disease, stroke, epilepsy, depression, autism, and 

schizophrenia (Berezin, Walmod, Filippov, & Dityatev, 2014; 

Dityatev & Fellin, 2008; Kwok, Dick, Wang, & Fawcett, 2011; 

Lodge, Behrens, & Grace, 2009; Miyata & Kitagawa, 2015; 

Morawski, Filippov, Tzinia, Tsilibary, & Vargova, 2014; Riga 

et al., 2017; Soleman, Filippov, Dityatev, & Fawcett, 2013). 

We have previously reported a reduction in the density of 

WFA+ cells in the PFC of ketamine-treated rats as a model 

of schizophrenia (Matuszko et al., 2017). A similar tendency 

was observed for PV+ WFA+cells, with no changes were de-

tected in the density of PV+ and PV+ WFA- cells.

Holes in the net-like structure of PNN are occupied by 

the synaptic boutons largely originating from other interneu-

rons, but also from excitatory cells, suggesting the import-

ant role of PNNs in shaping the perisomatic innervation of 

PV+ cells (Arnst et al., 2016; Dityatev et al., 2007; Lipachev 

et al., 2019; Sigal, Bae, Bogart, Hensch, & Zhuang, 2019). 

A hole together with the surrounding perisynaptic ECM bar-

rier can be viewed as a structural and functional PNN unit. 

Considering the arrangement of synaptic boutons within such 

unit, it can be well conceived that amount of ECM proteins as-

sembled within an individual unit, GAGs expression on these 

ECM proteins and their geometric arrangement might criti-

cally affect the properties of synaptic transmission and hence 

neuronal communication (Eill, Sinha, Morawski, Viapiano, 

& Matthews,  2020; Hayani et  al.,  2018). Despite both the 

physiological and pathological importance of the PNNs, the 

PNN units have received far less attention, presumably due to 

a lack of a proper tool for quantitative analysis of these PNN 

fine structures. In this study, we acquired high-resolution 

confocal images of PNNs from the PFC of wild-type control 

as well as ketamine-treated rats as a model of schizophrenia. 

We developed an algorithm to semi-automatically measure 

parameters related to the fine organization of PNN units, 

which reflect the spatial pattern of chondroitin sulfate proteo-

glycans (CSPGs) distribution in PNNs. Finally, we quantified 

how these parameters are affected in the ketamine model of 

schizophrenia and discussed possible applications of the pro-

posed approach.

2 |  METHODS

2.1 | Animals

All animal experiments were conducted in accordance with 

ethical animal research standards defined by German law 

and recommendations of the Ethical Committee on Animal 

Health and Care of the State of Saxony-Anhalt, Germany. 

Eight-week-old Sprague–Dawley (MolTac: SD, Taconic 

Denmark, SPD) male rats were used in all ketamine-induced 

schizophrenia model experiments, as previously described 

(Matuszko et al., 2017). The animals were kept in controlled 

laboratory conditions: at 20 ± 2°C, air humidity 55%–60% 

and 12-hr day/night cycle (lights on at 6 a.m.). The rats were 

housed in a group of five animals in Macrolon IV cages until 

the end of ketamine treatment, with free access to food pellets 

(Altronim 1326) and tap water.

2.2 | Ketamine treatment

The animals were treated according to the previously pub-

lished protocol (Becker et al., 2009). A timeline of the ex-

periment is provided in Figure 1a. In brief, twelve animals 

received either ketamine (30  mg/kg b.w., ketamine hydro-

chloride, Astrapin, Pfaffen-Schwabenhein, Germany) or the 

vehicle (0.9% NaCl) for control. Injections were given in two 

sessions of 5 days, with daily injections separated by a two-

day break between sessions. Injections were made intraperi-

toneally (IP) at a volume of 1 ml/100 g of animal weight.

Two days after the final injection, the animals were 

housed singly for 12 days. For the social interaction test, two 

days were needed as described by MacKenzie et al. (2017). 

Briefly, animals were familiarized to an open-field arena in 

two trials of 7 min each two days before the social interaction 

test. The day before testing, rats were allocated to test part-

ners based on pretreatment and body weight. The difference 

between the two partners was within 20 g. During the test, 

animal pairs were placed in the arena for 7 min. Two days 

after completion of the behavioral experiments, the animals 

were sacrificed for further processing. The period between 
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the final ketamine injection and brain collection was 18 days. 

This period excludes that all changes observed are due to 

acute substance effects.

2.3 | Immunohistochemistry

Two days after the social interaction test, animals were deeply 

anesthetized (400 mg/kg b.w. chloral hydrate injection) and 

perfused transcardially with 4% PFA. Brains were incubated 

overnight in 4% PFA PBS solution at +4°C, cryoprotected 

in 30% sucrose PB solution for 48 hr at +4°C. Then, brains 

were frozen in 100% 2-methyl butane at −80ºC and sliced 

in 50-µm-thick coronal sections. Floating sections were kept 

in a solution consisting of 1 part ethylene glycol, 1 part of 

glycerin, 2 parts of PBS, with pH = 7.2. For each staining 

condition, three sections per brain area of each animal were 

selected. All sections were washed in 120  mM phosphate 

F I G U R E  1  Ketamine treatment 

reduces the area and the number of 

vertices of PNN units. (a) Timeline of the 

experiment. (b) Representative traces of 

PNN units from control and ketamine-

treated animals. (c-d) Quantification of unit 

area and the number of vertices was done 

in 17 cells from 4 animals for the control 

group and in 12 cells from 4 animals for the 

ketamine group. Scale bar is 3 µm
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buffer (PB), pH  =  7.2. For double PV and WFA staining, 

the medial PFC was permeabilized with PB containing 0.5% 

Triton X-100 (Sigma T9284) for 10 min at RT, followed by 

application of blocking solution (PB supplemented with 0.1% 

Triton X-100 and 5% normal goat serum (Gibco 16210-064) 

for 1 hr at RT. Afterward, sections were incubated for 48 hr 

in the presence of primary reagents: biotinylated Wisteria 

floribunda agglutinin (WFA, 1:500, Sigma, Cat no. L1516) 

and rabbit anti-PV antibody (whole serum SWANT PV 25 

1:300 36  hr, + 4°C). Sections were washed three times in 

PB followed by overnight incubation at 4°C with secondary 

reagents, streptavidin-Alexa 488 conjugate (Thermo Fisher 

Scientific, Cat no. S11223, 1:1,000, 12 hr, RT), and goat anti-

rabbit Alexa 546-conjugated secondary antibodies (Thermo 

Fisher Scientific, Cat no. A11035, 1:1,000, 3 hr, RT). Sections 

were washed in PB and stained for 1 hr with Hoechst 3,342 

(1 mg/ml in DMSO, 1:500, Sigma B2261) and mounted on 

SuperFrost glasses with Fluoromount (Sigma F4680).

2.4 | Acquisition and image processing

Images of PV-immunopositive PNNs were acquired using 

Zeiss LSM 700 confocal microscope and EC Plan-Neofluar 

20×/0.50 M27, or Plan-Apochromat 63×/1.40 oil M27 objec-

tive for PNN fine-structure analysis, while the experimenter 

was blinded to the treatment group. For each animal, three 

50-µm-thick brain sections sampled with 200-µm distance 

were selected for counting. For the PNN fine-structure analy-

sis, 8–10 images of PV+ WFA+ cells per animals were ac-

quired in the deep layers IV and V of the prelimbic cortex 

as z-stacks (16-bit, 14 optical sections, 0.170  µm intervals 

between sections, 1,024  ×  1,024 pixels, the pixel size of 

0.099 µm).

2.5 | Analysis of PNN units

2.5.1 | Manual tracing of PNN units

Quantitative image analysis of single confocal planes was 

performed in Fiji (Schindelin et al., 2012) using a Meshes 

script described previously (Arnst et  al.,  2016). PNN units 

on neuronal cell bodies and proximal dendrites were traced. 

The PNN unit area was calculated using a Fiji script as fol-

lows: To define the unit vertices, the Fiji Point Picker tool 

was used. Pixels belonging to a particular unit were selected 

as a polygon based on the vertex coordinates and quantified 

using getHistogram Fiji command. The area of the unit was 

calculated as the sum of pixels counts for the whole range 

of intensity values. To investigate the distribution of fluores-

cence intensity along the perimeter of single units, the polar-

ity index was calculated. Units characterized by prominent 

WFA signal values at vertices and lower intensity at the mid-

dles of the edges were defined as polar. On the contrary, units 

with the homogeneously distributed intensity of WFA were 

defined as nonpolar. The polarity index was calculated as the 

mean intensity in vertices defined by three pixels per vertex 

divided by the mean intensity of edge middle area defined 

as three pixels in the middle of the edge. It indicates WFA 

signal enrichment at the vertices of the unit. Then, the mean 

value was calculated for each neuron, for each animal, and fi-

nally – mean value for 4 animals in each experimental group.

2.5.2 | Semi-automatic tracing of PNN units

To measure the properties of PNN units, we developed a 

script that we named as Analysis of Perineuronal Net Units 

(APNU v1.1). The program prompts the user to choose a cen-

trally located pixel within a hole and then the program pro-

vides an automatic outline of the PNN hole and surrounding 

ECM barrier. After a central point in a PNN hole is manually 

selected, the program computes profiles of ECM intensity 

along with the given number of tracking directions (20 sec-

tors in this study) for a given number of confocal layers (3 in 

this study) in which a PNN unit is expected to be located. The 

holes are defined as areas where the ECM intensity remains 

lower than the mean intensity at the hole center + the given 

threshold. The ECM barrier coordinates are defined by local 

maxima in ECM intensity in a plane where the central point 

is located (2D ECM) or by 3D coordinates corresponding to 

the maximal intensities for each of tracking directions (3D 

ECM). If no local maximum is detected for a particular direc-

tion, linear extrapolation is used to calculate the coordinates 

of the ECM barrier from the coordinates of well-defined 

neighboring ECM barrier points. If there are too many direc-

tions for which the local maxima cannot be found (>50%), 

the unit is considered as not well defined and excluded from 

the analysis. The triangulation method was used to calculate 

the areas of holes and ECM barriers in 3D.

Several input parameters are used to control the measure-

ments. Scale (X, Y, Z) defines the spatial resolution of im-

ages in XY and Z plane; Layers are the number of Z planes 

to be selected for the 3D analysis of the PNN units; Sectors 

are the number of sectors generated to dissect the 360° space 

around the chosen central pixel; Radius is the number of pix-

els taken into consideration to find the local maxima of ECM 

intensity (i.e., the border of ECM barrier), Manual thresh-

old is the end user-defined threshold to separate signal from 

noise; Threshold percentage for skipping a layer is the per-

centage or ill-defined local maxima required to skip a layer 

from analysis; Spike to smooth and threshold percentage to 

smooth spikes are internal technical parameters for noisy 

images; Confirmation of results allows to skip objects (PNN 

units) that user judges to be not correctly outlined; Save 2D 
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polygon data allows to save the measurements of all outlines 

in relevant layers. The self-explanatory parameters for the 

illustrations of the results allow further modification of the 

output of the program as per the needs of the end user.

The resulting output text file contains several parame-

ters defined as follows: IntMean2Dhole, IntMean3Dhole, 

IntMean2DECM, IntMean3DECM are the mean inten-

sities of the hole and ECM in 2D and 3D space, respec-

tively. Similarly, Area2Dhole, Area3Dhole, Area2DECM, 

Area3DECM are the areas of the hole and ECM in 2D 

and 3D space; Per2Dhole, Per3Dhole, Per2DECM, 

Per3DECM are the perimeters of the hole and ECM in 2D 

and 3D space; Circ2Dhole, AR2Dhole, Round2Dhole, 

Solidity2Dhole, Circ2DECM, AR2DECM, Round2DECM, 

Solidity2DECM are the Fiji shape parameters for holes and 

ECM; IntMin3DECM is the minimum intensity of ECM in 

3D space to estimate the leakiness of PNN units; zSDECM 

is the standard deviation of ECM intensity in Z planes to es-

timate how flat a PNN unit is. IntMean2DECM1 is the mean 

intensity value of the ECM for 20 local maxima found on the 

lines to make sectors. IntMean2DECM2 is the mean intensity 

value of the ECM along the perimeter connecting the 20 local 

maxima. To describe how much the ECM barrier is above the 

level of ECM in holes, we calculated additional parameters: 

IntMean2DECM1corr and IntMean2DECM2corr, as differ-

ences between IntMean2DECM1 or 2 and IntMean2Dhole, 

and IntMean3DECMcorr and IntMean-Min_3DECM as dif-

ferences between IntMean3DECM and IntMean3Dhole or 

IntMin3DECM, respectively.

2.6 | Statistical analysis

Statistical analysis was performed using GraphPad Prism 

5.0 (GraphPad Software Inc., La Jolla, USA), Sigmaplot 

13.0 (StatSoft, USA), and XLSTAT software (Addinsoft 

Inc, N.Y., USA). All data are shown as the mean ±  SEM. 

Students’ t-test was used to compare the means of parameters 

after manual tracing. We performed Spearman correlation 

analysis to detect the correlation between measured param-

eters, the Kolmogorov–Smirnov test was used to compare 

cumulative probability frequency distributions. The principal 

factor analysis with varimax rotation was performed to reveal 

the most informative parameters to describe the variability of 

PNN units. The linear discriminant and logistic regression 

analyses with a stepwise forward selection of most informa-

tive parameters were performed to reveal a minimal set of 

parameters for classification of PNNs as derived from con-

trol versus ketamine-treated animals, and the reliability of 

classification.

3 |  RESULTS

To investigate how the properties of PNN units are affected 

by the ketamine treatment, we first manually analyzed and 

quantified the area of units and the mean number of the unit 

vertices.

3.1 | Ketamine treatment reduces the 
PNN unit area and the average number of the 
unit vertices

We measured the quantitative parameters of the PNN unit ge-

ometry in control and ketamine-treated animals using the pre-

viously described method (Arnst et al., 2016). We observed 

that the mean area of PNN unit was significantly reduced 

after the treatment with ketamine (0.88 ± 0.11 µm2) as com-

pared to control (1.24 ± 0.05 µm2, p =  .024; Figure 1b, c). 

Additionally, the mean number of ECM-enriched vertices was 

reduced in the units of ketamine-treated animals (5.7 ± 0.13) 

as compared to controls (6.11 ± 0.06, p = .032; Figure 1b, c). 

We did not observe any differences either in the distribution 

of the mean ECM staining intensity along the unit perimeter 

or the standard deviation of the intensity between the control 

and ketamine-treated experimental groups (data not shown).

3.2 | Measurement of PNN unit parameters 
using automatic tracing

The results obtained by manual tracing method encouraged 

us to further search for a more objective way to measure PNN 

units not only in 2D but also in 3D space. To this end, we de-

veloped a novel algorithm that allowed us to reliably measure 

several parameters related to the area, intensity, and shape 

of the PNN units, as illustrated in Figure 2a-d and described 

in the Methods. As measurements are fast, we were able to 

quickly analyze 5,495 PNN units/64 cells from 5 control rats 

F I G U R E  2  Automatic method of PNN unit quantification. (a) Representative images of PNNs associated with parvalbumin-positive 

interneurons in control and ketamine-treated animals. (b) Zoomed image of the yellow rectangular area from panel A, showing the reconstructions 

of holes and perisynaptic ECM traced by the program in 3 planes (Z − 1, Z0, Z + 1). The blue dot is the central pixel selected by the user as the 

center of the PNN units, the red dots in the tracings are positions of global maxima per specific direction in three z planes, cyan color pixels are 

the first pixels above the threshold used for the determination of holes. (c) The line profile of WFA intensity along the yellow line. The dotted red 

line denotes the threshold that was set to define holes. (d) Example images of PNNs and all PNN units that were traced by the program. Scale bars: 

10 µm (A), 1 µm (b and c), and 5 µm (d)
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and 7,365 PNN units/64 cells from 6 ketamine-treated ani-

mals. The analysis was constrained to perisomatic PNN units 

of PV-immunopositive cells.

Firstly, we measured the correlations between all the mea-

sured parameters. This analysis revealed reasonably high 

correlations between 2D and 3D measures as well as some 

F I G U R E  3  Comparison of PNN units in the representation space of the first three principal factors. (a-b) Principal factor analysis with 

varimax rotation revealed the intensity, size, and shape of holes/perisynaptic ECM as the three most informative factors with loads of 30.58%, 

21.15%, and 10.98%, respectively. Representation of all PNN units in intensity-size and size–shape projections shows a strong overlap between 

two groups but also highlights clusters of PNN units distinct between control and ketamine-treated groups (outlined by ellipsoids in c-d). (e-g) 

Differences in cumulative frequency distributions of principal factors between control and ketamine-treated group
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interesting other correlations (Figure S1a-f). For instance, 

we observed a strong correlation between the perimeter and 

the area of holes in 2D space with a Spearman coefficient of 

correlation ρ = 0.977 (p <  .0001), as well as between area 

of holes within individual PNN units measured in 2D and 

3D space (ρ = 0.827, p < .0001). We also observed a very 

strong correlation between the intensities of ECM in 2D and 

3D space (ρ = 0.954, p < .0001). These observations are ex-

pected and hence suggest the reliability of the method. More 

interestingly, we observed a moderate but highly significant 

negative correlation between the mean intensity of ECM and 

either perimeter (ρ  =  −0.474, p  <  .0001) or area of PNN 

holes (ρ = −0.493, p < .0001).

3.3 | Principal factor analysis revealed the 
intensity, the size, and the shape of holes/ 
perisynaptic ECM as major factors 
determining the variability of PNN units

To better understand the interdependencies between our PNN 

measures, we performed a principal factor analysis that al-

lows constructing the linear combinations of closely inter-

related measures (factors) that would maximally explain the 

variability of PNN units and to perform the varimax rotation 

of these factors to facilitate the interpretation of the results. 

Our analysis revealed intensity, size, and the shape of holes/

perisynaptic ECM as the three most informative factors with 

loads of ≈31%, 21%, and 11% of the total variance, respec-

tively (Figure 3a, b). Representation of all PNN units in the 

intensity-size and size-shape projections shows a strong over-

lap between control and ketamine groups but also highlights 

regions of parameter values where the groups are distinct 

(Figure 3c, d). Additionally, the plots of cumulative distribu-

tions of PNN unit factor values indicate a smaller size and 

different shape of the ketamine-treated group as compared to 

control (Figure 3e-g).

3.4 | Multiple parameters of PNN units are 
significantly altered after ketamine treatment

A comparison of cumulative distribution functions of in-

dividual PNN unit parameters in control and ketamine-

treated rats using the Kolmogorov–Smirnov (KS) test 

revealed significant differences in all parameters with p-

values well below 0.05 (Figure S2A). The most prominent 

changes were observed in IntMean2DECM2 (p <  .0001), 

IntMean3DECM (p  <  .0001), Area3DHole (p  <  .0001), 

Area3DECM (p  <  .0001), Circ2DHole (p  <  .0001), 

Circ2DECM (p  <  .0001), Area2DHole (p  <  .0001), 

Area2DECM (p < .0001), which and are plotted individu-

ally in Figure S2A-I.

The KS test revealed significant differences in the distri-

butions of various PNN parameters also after averaging PNN 

unit values per cell (Figure 4a). The notable individual distri-

butions are plotted to highlight the alterations after ketamine 

treatment (Figure 4c-f). Interestingly, the ECM area was sig-

nificantly smaller in the ketamine group as compared to con-

trols, which is in line with the results of the manual analysis 

of a smaller fraction of cells.

Furthermore, we performed the two-sample t-test for 

various parameters after averaging cell values per animal 

(Figure  4b). Multiple differences between control and ket-

amine-treated rats were detected in key parameters such as 

the number of PNN units (86.7 ± 3.35 versus 112.3 ± 7.6, 

p = .019), circularity (0.670 ± 0.006 versus 0.647 ± 0.001, 

p  =  .024) and solidity of 2D ECM (0.876  ±  0.003 versus 

0.866 ± 0.001, p = .011; Figure 4g-j). Also the area of 3D 

ECM had a tendency to be smaller in the ketamine group 

(0.876 ± 0.008 versus 0.866 ± 0.003, p = .09; Figure 4j).

3.5 | Reliable discrimination of control and 
treated cells based on PNN parameters

To reveal the minimal set of parameters (mean PNN unit 

values per cell) for discrimination of cells from control and 

ketamine-treated rats, we performed the linear discriminant 

analysis with a stepwise forward selection of most informative 

parameters. This analysis revealed that parameters related to 

the circularity and solidity of ECM in 2D space together with 

the number of PNN units are the key parameters to discrimi-

nate between two groups (Figure 5a, b). Importantly, the lin-

ear classifier allowed correct identification of 83.59% of cells 

from the control group and ketamine groups (Figure 5c). The 

receiver operating characteristic (ROC) curve illustrates the 

diagnostic ability of the linear classifier, describing the rela-

tionship between its specificity and sensitivity (Figure 5d).

To further investigate if we can improve the cell classi-

fication using another approach, we performed the logistic 

regression analysis with a stepwise forward selection of PNN 

parameters. Again, the circularity of ECM in 2D and the 

number of PNN units turned out to be the most informative 

parameters to discriminate between PNNs from control and 

ketamine-treated rats. The classifier provided correct dis-

crimination of PNNs from the control group and ketamine 

group for 85.16% of cells (Figure S3A-C).

3.6 | Correlation between parameters of 
PNN units and the size and the intensity of the 
PV + cells

Previous studies have revealed a loss of PV+  cells and/or 

reduction in PV expression in schizophrenia patients and 
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animal models (Bitanihirwe & Woo,  2014b; Jeevakumar 

et al., 2015; Kaar et al., 2019). Importantly, changes in the ex-

pression of PV have been tightly linked to the structural mat-

uration of PNNs (Sigal et al., 2019). Hence, we investigated 

if the levels of PV expression may correlate with parameters 

of fine PNN structure (Figure S4A-D). We also considered 

the size (area) of PV+  cells as this parameter reflects the 

variability of PV+ cell subtypes. The size reliably correlated 

with PV intensity in control (ρ = 0.416, p-value = .001) and 

ketamine-treated rats (ρ = 0.259, p = .039). In both groups, 

there was a correlation between PV expression and num-

ber of PNN units (control: ρ = 0.354, p =  .004; ketamine: 

ρ = 0.34, p = .006). Only in the ketamine group, there were 

significant correlations between the size of PV+ cells and the 

intensity of ECM in holes (ρ = −0.271, p = .03), circularity 

(ρ = 0.308, p = .013) and solidity (ρ = 0.380, p = .002) of 

PNN units, but not with any other parameters. Thus, three 

parameters that were revealed to be the most informative for 

discrimination between control and ketamine groups by the 

linear discriminant analysis, proved to depend either on the 

PV intensity or size of PV+ cells in the ketamine-treated rats.

4 |  DISCUSSION

In the present study, we have identified some key structural 

alterations in the PNN units after ketamine treatment using 

a novel open-source script for Fiji (ImageJ). We observed 

that area, perimeter, intensity, and shape measurements of 

PNN units in 2D and 3D space can be valuable quantifiable 

properties that can be reliably used to investigate the struc-

tural alterations of these PNN substructures in pathological 

conditions. Using manual tracing, we observed a decreased 

mean PNN unit area and the number of vertices after treat-

ment with ketamine, suggesting morphological alterations. 

Interestingly, using our semi-automatic method, we also 

observed a decrease in the circularity index after ketamine 

treatment that is in line with the lower number of vertices ob-

served with manual tracing. Moreover, analysis of individual 

PNNs revealed a smaller 3D area of PNN units after keta-

mine treatment as observed with manual tracing.

Furthermore, we discovered that the mean intensity of 

WFA around holes of PNN significantly and inversely cor-

relates with the area of the hole. Moreover, we also observed 

a strong positive correlation between the 2D and 3D mea-

surements of area and mean intensity of WFA. The discrimi-

nant analysis revealed the circularity and solidity of ECM and 

the number of PNN units as major parameters to discriminate 

between control and ketamine treated PNNs. Strikingly the 

precision of PNN discrimination by linear discriminant anal-

ysis or by logistic regression analysis was about 85%, that 

is, similar to the precision of discrimination between healthy 

people and schizophrenia patients on the basis on the most 

established biomarker of schizophrenia such as prepulse in-

hibition (Yang et  al.,  2017). Collectively, we conclude that 

multidimensional analysis of PNN units can be a robust and 

comprehensive tool to detect abnormalities in the fine struc-

tures of PNN units.

Transmission electron microscopy studies have suggested 

that PNNs might physically inhibit the pre- and postsynap-

tic terminals (Bruckner, Kacza, & Grosche,  2004). Several 

fluorescence microscopy studies along with super-reso-

lution STED microscopy data also support the idea that 

PNN may represent physical barriers between synapses 

(Geissler et  al.,  2013; Miyata, Komatsu, Yoshimura, Taya, 

& Kitagawa, 2012), which may affect spillover of molecules 

released from a synapse to the neighboring ones and regu-

late heterosynaptic plasticity. Interestingly, we observed that 

smaller holes might have a proportionally higher ECM and 

vice versa, suggesting a relationship exists between individ-

ual synapses and the surrounding extracellular matrix. It is 

plausible that bigger PNN holes might represent the large 

ECM-free space on the surface of soma, which remains to 

be innervated. Vice versa, high WFA levels may correspond 

to PNN units surrounding active synapses that might release 

ECM molecules to aggregate and fill perisynaptic space, 

reducing the size of holes. Alternatively, some set of active 

synapses may release ECM-degrading proteases that will in-

crease the PNN hole area and reduce the intensity of ECM.

Despite increasing interest and research on the structure 

and function of PNNs, there are several open PNN-related 

questions. How do ECM molecules assemble around the 

synapses leading to the development of mature PNNs? How 

various shapes and sizes of PNN holes correlate with the 

properties of synaptic boutons? How the structural changes 

within individual PNN units affect the stability of the syn-

aptic connections and regulate the synaptic plasticity? How 

the presence of GAGs and their sulfation might contribute 

to fine organization of PNNs? How heterogeneity among the 

population of PV+  cells and their afferent projections cor-

relate with the properties of individual PNN units? Answers 

to these questions heavily rely on the existence and quality of 

a tool that can be used to reliably quantify different properties 

of PNN units.

F I G U R E  4  The number of PNN units, circularity and solidity of 2D ECM, and the area of 3D ECM are significantly altered after ketamine 

treatment. (a) Bar graph representing the p-values of the KS test for cumulative frequency distributions of all parameters related to PNN units 

averaged per cell after ketamine treatment. (b) Bar graph representing the p-values for the effect of ketamine treatment on mean values of PNNs 

averaged per animal calculated using the Student's t-test. (c-f) Cumulative distribution functions for significantly different parameters. (g-j) Dots 

represent mean values of parameters per animal in control and ketamine-treated rats, + shows the mean of means. *p < .05, #p < .1
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F I G U R E  5  The discriminant analysis 

of PNNs with a stepwise forward selection 

of informative parameters. (a) The number 

of PNN units, the circularity and solidity 

of ECM in 2D turned out to be the most 

informative parameters to discriminate 

between PNNs from control and ketamine-

treated rats. (b) Cell representation in 

the space of three most informative for 

group discrimination parameters shows an 

excellent separation between ketamine and 

control groups. (c) The classifier allows 

the 83.59% correct prediction of PNN 

units from both the control and ketamine 

groups. (d) The ROC curve describing the 

relationship between the specificity and 

sensitivity of the classifier. AUC, the area 

under the ROC curve
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It has been reported that PNNs can be very heteroge-

neous (Arnst et al., 2016) and their properties have critically 

been linked to the maturation of PV+ interneurons (Begum 

& Sng, 2017; Racz, Gaal, & Matesz, 2016). The accumula-

tion of PNNs around PV+ cells acts as a molecular brake on 

synaptic plasticity and marks the closing of critical periods 

of plasticity (Sigal et  al.,  2019). Moreover, the increase in 

the expression of parvalbumin has been directly linked to in-

creased activity of parvalbumin cells that might result into 

activity-dependent accumulation of PNN and hence marks 

the maturation of inhibitory cortical circuitry (Carceller, 

Guirado, & Nacher,  2019; Dityatev et  al.,  2007; Favuzzi 

et  al.,  2017; Patz, Grabert, Gorba, Wirth, & Wahle, 2004). 

Interestingly, we also observed a moderate but significant 

positive correlation of the number of PNN units, circularity 

and solidity of ECM in 2D with either intensity or the size of 

PV + cells after the treatment with ketamine, suggesting the 

treatment induces modification in PNNs depending on the 

level of PV+ cell activity and subtype.

As per a recently published study, the structural maturation 

of PNN seems to follow a stereotypical trajectory, suggesting 

tightly regulated underlying mechanisms (Sigal et al., 2019). 

Accelerating or delaying the appearances of PNN merely 

changes the rate of their appearance and not any other struc-

tural changes as illustrated by the principal component anal-

ysis using several morphological parameters including mean 

hole size, the contiguity and the mean surface intensity of 

WFA, the signal contrast, skewness and the uniformity of the 

WFA signal. This analysis was done on images transformed 

using Behrmann equal-area cylindrical surface projection 

that might introduce shape and distance distortions especially 

at the areas close to sphere “poles”. Considering the complex 

shape of neurons, which are neither spherical nor cylindri-

cal, such estimates can be misleading. We have developed an 

objective method that accurately measures these parameters 

in 3D space. We have included in the analysis the shape pa-

rameters of PNN units that appeared to be very important 

parameters to discriminate between treatments.

Another recent study made an excellent effort to quantify 

the PNN structure using binary gap analysis, analysis of PNN 

peaks and nodes to calculate the PNN aggregation on the 

neuronal surface using Z-projected images (Eill et al., 2020). 

Using local maxima function in Fiji, the authors identified 

the nodes and used an ad hoc algorithm to measure the aver-

age distance between those nodes and quantified the differ-

ence in the intensity between the nodes and their surrounding 

space on the cell surface. Though this method can reliably 

measure the PNN aggregates on the neuronal surface, it does 

not provide the 3D information and the fundamental parame-

ters of circular-like perisynaptic ECM units such as the hole 

area, its perimeter, circularity, etc.

PNNs are composed of CSPGs (especially of aggre-

can together with varying degrees of other CSPGs such as 

brevican, neurocan, phosphocan, versican) assembled on the 

backbone of hyaluronic acid, stabilized by link proteins and 

glycoprotein tenascin-R (Morawski, Dityatev, et  al.,  2014). 

However, how these variations in the composition of PNN 

are affecting the fine structure and function of PNNs has 

not been systematically studied. Additionally, maturation of 

PNNs involves not only an increased assembly of CSPGs but 

also changes in the sugar chains (CS-GAGs) attached to the 

core proteins of CSPGs, which can be further sulfated at the 

4 or 6 positions or di-sulfated (Lin, Rosahl, Whiting, Fawcett, 

& Kwok, 2011). The sulfation of these sugars makes them 

charged and seems to contribute to their binding to Ca2+ ions 

and larger molecules such as neurotrophins, semaphorin 3A, 

and the transcription factor Otx2. The changes in the sulfa-

tion seem to affect the maturation of PNNs. Increasing the 

6-sulfation with overexpression of Chst3 delays the PNN 

formation while an increase in the 4-sulfation seems to ac-

celerate the PNN formation via Otx2-dependent maturation 

of PV+ cells. However, how the changes in sulfation struc-

turally contribute to the properties of individual PNN units 

remains to be an interesting area of research.

Several genetic studies have shown that ECM related 

genes are associated with mental disorders. One of these is 

the PNN protein neurocan (Muhleisen et al., 2012; Oruc, 

Kapur-Pojskic, Ramic, Pojskic, & Bajrovic,  2012; Ripke 

et  al.,  2013). Additionally, single nucleotide polymor-

phism (SNP) of b −1,3-glucuronyltransferase 2, HNK-1 

biosynthesis enzyme was reported as a schizophrenia risk 

allele, correlated with decreased cortex volume in schizo-

phrenic patients (Kahler et  al.,  2011). Moreover, matrix 

metalloprotease MMP-16, neuroglycan C, and link pro-

tein HAPLN4 were identified as genes associated with 

this disease. Furthermore, SNP in the HAPLN4 gene lies 

within the most enriched cis-regulatory elements catego-

ries and its gene expression level is associated with mul-

tiple SNPs within both promoter and enhancer sequences 

(Roussos et  al.,  2014). In addition, 50% reduction of 

mRNA and protein levels of the ECM glycoprotein reelin 

responsible for cell–cell interaction in cell migration and 

orientation process was found in several brain areas, in-

cluding PFC and hippocampus, in schizophrenia patients 

(Fatemi et  al.,  1999; Guidotti et  al.,  2000; Impagnatiello 

et al., 1998). Fine structure analysis of PNNs in the appro-

priate mouse mutants could be instrumental to elucidate the 

impact of these ECM molecules on the synaptic organiza-

tion in different brain regions. It would also be very inter-

esting to relate the outcome of these studies with analysis 

of PNN units under diverse pathological conditions such 

as schizophrenia, depression, Alzheimer's disease, and 

epilepsy to understand general and disease-specific PNN 

abnormalities. One limitation of our novel tool is the lack 

of measuring the parameters related to the synaptic bou-

tons and correlating them with the parameters of respective 
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PNN units, that will certainly be addressed in the future 

modifications of the tool. Moreover, it would be also fasci-

nating to image the dynamic structural changes within in-

dividual holes during synaptic plasticity using live imaging 

methods to elucidate the coordination of ECM, pre- and 

postsynaptic remodeling processes.
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