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Normal brain development requires continuous communication between developing neurons and their environment filled by a complex network referred to as extracellular matrix (ECM). The ECM is divided into distinct families of molecules including hyaluronic acid, proteoglycans, glycoproteins such as tenascins, and link proteins. In this study, we characterize the temporal and spatial distribution of the extracellular matrix molecules in the embryonic and postnatal mouse hindbrain by using antibodies and lectin histochemistry. In the embryo, hyaluronan and neurocan were found in high amounts until the time of birth whereas versican and tenascin-R were detected in lower intensities during the whole embryonic period. After birth, both hyaluronic acid and neurocan still produced intense staining in almost all areas of the hindbrain, while tenascin-R labeling showed a continuous increase during postnatal development. The reaction with WFA and aggrecan was revealed first 4th postnatal day (P4) with low staining intensities, while HAPLN was detected two weeks after birth (P14). The perineuronal net appeared first around the facial and vestibular neurons at P4 with hyaluronic acid cytochemistry. One week after birth aggrecan, neurocan, tenascin-R, and WFA were also accumulated around the neurons located in several hindbrain nuclei, but HAPLN1 was detected on the second postnatal week. Our results provide further evidence that many extracellular macromolecules that will be incorporated into the perineuronal net are already expressed at embryonic and early postnatal stages of development to control differentiation, migration, and synaptogenesis of neurons. In late postnatal period, the experience-driven neuronal activity induces formation of perineuronal net to stabilize synaptic connections.
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1 Introduction

The extracellular matrix (ECM) fills the spaces among neurons and glial cells and plays a crucial role in normal brain development (Cragg, 1979; Nicholson and Syková, 1998). Traditionally viewed as a scaffolding structure, the ECM has been found to have multiple functions in the central nervous system (CNS). It acts as a physical barrier and limits ion and water diffusion and cell movements. Additionally, it binds growth factors and concentrates them on receptors of developing neurons and glial cells. The ECM molecules also activate intracellular signaling pathways and interact with cell surface receptors and soluble factors. Mutations in ECM-related genes and knockout experiments in animals have highlighted the ECM’s importance in brain development (Maeda, 2015). The ECM in the CNS consists of different families of molecules, including glycosaminoglycans (GAGs) like hyaluronic acid, proteoglycans, and glycoproteins such as tenascins and link proteins.

Hyaluronic acid also called hyaluronan (HA) is a major component of the brain’s extracellular matrix. It is synthesized in astrocytes and neurons and secreted into the extracellular space where it forms a scaffold for binding proteoglycans through hyaluronic acid and proteoglycan link proteins (Itano et al., 1999; Itano and Klimata, 2002; Lau et al., 2013). Besides its physical properties, HA interacts with cell surface receptors where it is involved in the regulation various cellular functions (Nagy et al., 1995; Casini et al., 2010; Dzwonek and Wilczynski 2015). The distribution and concentration of hyaluronan change during brain development and it is involved in movements of neural crest cell, or proliferation, differentiation, migration of neural progenitor cells (Kazanis and ffrench-Constant, 2011; Preston and Sherman, 2011; Casini et al., 2012; Su et al., 2017). Perturbations in the concentration of extracellular HA can change the physical characteristics of the ECM and affect the morphological and physiological properties of the developing neocortex. Increasing the stiffness of the ECM leads to movements of cells towards this area (Lange and Fabry, 2013; Kim et al., 2018). Loosening the ECM facilitates the migration of developing neurons and creates a permissive environment for the formation of early cortical folds in the developing human neocortex (Long et al., 2018). Alterations in hyaluronan levels can impact neuronal network excitability (Wilson et al., 2020) which may lead to neurodevelopmental disorders (Gao and Penzes, 2015; Balashova et al., 2019; Mukhina, 2019). The HA was also proven to regulate the formation and function of excitatory synapses in developing neuronal networks (Wilson et al., 2020).

Proteoglycans, composed of glycosaminoglycan chains linked to a core protein, are the major components of the brain ECM (Kjellén and Lindahl, 1991). In the brain, chondroitin sulfate proteoglycans (CSPGs) are abundant, with lecticans being the most prevalent. CSPGs are transiently expressed in high levels in certain areas of the developing brain where they play important roles in almost all steps of neuronal development. They control the proliferation and differentiation of neuronal stem cells (Margolis and Margolis 1989; Kabos et al., 2004; Götz and Huttner, 2005; Mencio et al., 2021), as elimination of CSPGs at early stages of development resulted in decreased proliferation of neuronal progenitors and increased number of astrocytes in the mouse neocortex (Sirko et al., 2007; Tham et al., 2010). They also can act as barriers or attractants for migrating cells, depending on the context (Perris et al., 1991; Faissner et al., 1994; Landolt et al., 1995; Clement et al., 1999), as well as regulating the axon outgrowth (Bicknese et al., 1994; Friedlander et al., 1994; Pierres-Neto et al., 1998; Mencio et al., 2021). The CPGS are responsible for laminar organization in the cortex, and they are also involved in neuronal aggregation (Schwartz and Domowicz, 2004) by interacting with morphogenic molecules such as semaphorins (Zhu et al., 1999; Zimmer et al., 2010) or activating pleiotropin—PTPϛ signaling pathway (Maeda and Noda, 1998). These data suggest that proteoglycan molecules cannot be regarded as simple supportive or inhibitory factors during different stages of embryonic development, but their effects are highly dependent on their spatial and temporal expression, specific sulfation motifs as well as their interaction with cell surface receptors and different growth factors.

Tenascins, characterized by specific common molecular structures, are expressed in developing neural tissues (Faissner, 1997) and have diverse functions in neurogenesis and neuronal process formation (Bartsch et al., 1992; Riou et al., 1992). Tenascin-C exhibits site-restricted distribution in regions that are active in early embryonic neurogenesis (Bartsch et al., 1992; Riou et al., 1992). The expression of tenascin-R becomes high during the postnatal period when it regulates oligodendrocyte differentiation (Pesheva et al., 1997; Pesheva and Probmeister, 2000), axon fasciculation and myelination (Bartsch et al., 1993; Xiao et al., 1996), and neurogenesis in the postnatal and adult brain (Shaghatelyan et al., 2004; Xu et al., 2014). In later stages of development tenascin-R is mainly associated with myelinated axons at the nodes of Ranvier and also plays a pivotal role in the formation of the perineuronal net (PNN) around the somata, proximal dendrites, and axon initial segments of a certain population of interneurons and motoneurons in the central nervous system (Morawski et al., 2014).

During embryonic development and the postnatal period, the majority of the extracellular matrix molecules remain dissolved in the extracellular space as diffused or interstitial ECM. After birth, however, a small fraction of ECM molecules form specialized structures around neuronal cell bodies, proximal dendrites and axon initial segments as perineuronal net or enwraps synapses as a perisynaptic matrix as well as the node of Ranvier as a perinodal matrix (Deepa et al., 2006; Brückner et al., 2008; Fawcett et al., 2019). PNNs primarily consist of hyaluronan, lecticans, HAPLN link proteins, and tenascin-R (Giamanco et al., 2010; Kwock et al., 2010; Morawski et al., 2014) that interact with each other (Brückner et al., 2000; Bekku et al., 2012; Wang and Fawcett, 2012; Bosiacki et al., 2019). The organization of extracellular molecules into PNNs requires appropriate stimuli and occurs mostly during the critical periods when the experiences from the environment deeply affect synapse refinements (Dityatev et al., 2007; Mcrea et al., 2007; Ye and Miao, 2013). The level of aggrecan was proved to be regulated by sensory experience, therefore it is supposed that activity-dependent production of aggrecan could be the stimulus for the establishment of PNNs (Kind et al., 2013). In aggrecan knockout mice, the ocular dominance plasticity was retained, and the critical period was extended (Rowlands et al., 2018). Chondroitin sulfate proteoglycans could be responsible for both the onset and termination of the critical period, and they also play a pivotal role in the wiring of neuronal circuits (Hensch, 2004; Hou et al., 2017). After its development, the PNNs are involved in the positioning and stabilization of synapses and restrict plasticity in the adult CNS by preventing abnormal synaptic remodeling. As a consequence of these processes, the plasticity of the neural circuits is reduced or lost in many areas of the brain after the critical period and digestion of CSPGs restores neuronal circuits into a juvenile form and induces reactivation of plasticity in different cortical areas (Pizzorusso et al., 2002; Beurdelely et al., 2012; Romberg et al., 2013; Xu et al., 2014).

Through a quantitative analysis, our study investigated the distribution and expression of extracellular matrix molecules in the embryonic and postnatal hindbrain. We found that hyaluronic acid and neurocan were present in high amounts during embryonic development, while versican and tenascin-R were detected in lower intensities. After birth, hyaluronic acid and neurocan continued to exhibit intense staining throughout the hindbrain, while tenascin-R levels increased. We observed the formation of perineuronal nets (PNNs) around neuronal cell bodies, composed mainly of aggrecan and neurocan. HAPLN1 link protein was incorporated into the PNNs during later stages of postnatal development. Considering the limited availability of data on presence and organization of the ECM in the developing brainstem (Heyman et al., 1995; Bekku et al., 2012), our data should also be indispensable to understanding the possible role of ECM molecules in those neuronal circuits of the brainstem which are already established and functioning during embryonic life (e.g., the vestibulo-ocular and vestibulospinal connections).



2 Materials and methods


2.1 Animals and tissue processing

The experiments were performed on mouse embryos at developing days 13.5, 15.5, and 16.5, (E13.5, E15.5, E16.5), newborns (PO), as well as animals on postnatal days 4, 7, 14 (P4, P7, P14), and adult (4–6 months old) animals (Charles River Laboratory, Strain CD1) according to authorized permission (Registration number: OASZF/822/2011/IT:16.18). After removing from the uterus, the embryos were deeply anesthetized and decapitated. The heads were cut at the midsagittal plane and immersed into Sainte-Marie’s fixative (99% absolute ethanol and 1% glacial acetic acid) for 1 day at 4°C. The postnatal and adult animals were terminally anesthetized with an intraperitoneal injection of 10% urethane (1.3 mL/100 g body weight; Reanal, Budapest, Hungary) then perfused transcardially with physiological saline followed by a Sainte-Marie’s fixative. The brains were removed from the skull and immersed into the same fixative for 1 day at 4°C. After fixation, the specimens were embedded into paraffin and cut sagittally with a microtome at a thickness of 8 μm. The sections were collected on silane-coated slides and left to dry overnight at 37°C. Following deparaffination, the sections were rehydrated, washed in phosphate-buffered saline (PBS), and treated with 3% H2O2 for 10 min at room temperature.

The study protocol was reviewed and approved by the Animal Care Committee of the University of Debrecen, Hungary according to national laws and EU regulations [European Communities Council Directive of 24 November 1986 (86/609/EEC)] and was properly carried out under the control of the University’s Guidelines for Animal Experimentation (license number: 11/2011/DEMAB).



2.2 Histochemistry and immunohistochemistry

Before histochemical and immunohistochemical reactions, all specimens were immersed into 1% bovine serum albumin (BSA) for 30 min for HA and Wisteria floribunda agglutinin (WFA) reactions, 1% BSA and 10% normal goat serum for aggrecan, versican, and 3% normal rabbit serum (NRS) for neurocan, tenascin-R, and HAPLN1 reactions.

Hyaluronic acid was detected by applying biotinylated hyaluronan binding protein (bHABP, kindly provided by R. Tammi and M. Tammi, Department of Anatomy, University of Kuopio, Finland, Table 1). The proteoglycan molecules were revealed by using biotinylated Wisteria floribunda agglutinin (bWFA, Sigma-Aldrich, Table 1). At the beginning of histochemical procedure, the sections were incubated in a solution of bHABP (1:50) or bWFA (1:500) and dissolved in PBS containing 1% BSA overnight at 4°C. Then the sections were treated with ExtrAvidin Peroxidase Complex (Sigma-Aldrich, St. Louis, Missouri, United States) and reacted with 3,3-diaminobenzidine-tetrahydrochloride (DAB, Sigma-Aldrich) and hydrogen peroxide. After dehydration, the sections were mounted and coverslipped with DPX mounting medium (Sigma-Aldrich, Table 2). In immunohistochemical procedures the following primary antibodies were used (Table 1): rabbit polyclonal anti-aggrecan (1:500), sheep polyclonal anti-neurocan (1:100), goat polyclonal anti-tenascin-R (1:300), rabbit polyclonal anti versican (1:500), and goat polyclonal anti-HAPLN1 (1:300). To increase the exposure of the antigen for aggrecan and versican molecules, the sections were treated with chondroitinase ABC (0.02 U/mL; Sigma-Aldrich) in Tris sodium-acetate buffer, (pH 8) for 1 h at 37°C according to the manufacturer’s instructions. Sections were then treated with primary antibodies dissolved in PBS containing 1% BSA, 3% NGS (for anti-aggrecan and anti-versican), 1%BSA, 3% NRS (for anti-neurocan, anti-tenascin-R, and anti-HAPLN1) overnight at 4°C. The sections were rinsed in PBS, then processed with a solution containing biotinylated goat-anti-rabbit IgG (1:200) for detection of aggrecan and versican, biotinylated rabbit-anti-sheep IgG (1:200) for anti-neurocan, and biotinylated rabbit-anti-goat IgG (1:200) to expose anti-tenascin-R and anti-HAPLN1 (Table 2). After visualizing the immunohistochemical reactions with DAB, the sections were washed in PB, mounted on gelatin-coated slides, and coverslipped.



TABLE 1 Probe, lectin and primary antibodies used for detection of extracellular matrix components.
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TABLE 2 Secondary antisera used for detection of extracellular matrix components.
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From each embryonic and postnatal sample, the slides were stained with toluidine blue to identify the location of different nuclei on the sections.



2.3 Microscopy and quantitative analysis

Images were captured with the help of an Olympus DP74 camera connected to an Olympus CX31 conventional light microscope. The hindbrains were photographed by using 4X objective with the same setting parameters for all images. The location and the boundaries of different regions and nuclei in the hindbrain were identified in the embryos with the help of “Allen Developing Mouse Brain Atlas”1 whereas the “Paxinos and Franklin’s The mouse brain stereotaxic coordinates” was used for the same purpose in postnatal animals (Paxinos and Franklin, 1997).

The staining intensities of different extracellular molecules were measured with the help of ImageJ software.2 We performed three different measurements on each slide. First, the intensities were calculated by measuring twenty randomly selected 0.09 μm2 areas from those parts of the medulla and pons where the nuclei could not be delineated with the help of the ECM molecules. Then we repeated the same measurements by using areas within different hindbrain nuclei where the extracellular matrix could be easily identified according to its strong cytochemical or immunocytochemical reactions. We collected our data by using three hindbrains from each investigated embryonic and postnatal stage.

To collect the quantitative data for analysis of labeled perineuronal net, the neurons were chosen from six different nuclei including the somatomotor nuclei of the trigeminal and facial nerves, the vestibular nuclear complex, as well as the lateral superior olive and rostral preolivary region. The cells located in these nuclei were strongly labeled with the majority of different ECM molecules at P7, P14, and adult stages. The optical densities of the perineuronal net were measured on photographs captured at a 20X objective lens (NA: 0.5, UPlanFLN, Olympus, Japan). Within each nucleus ten different pixel samples were taken from the PNNs around the neurons and the interstitium among the labeled neurons. The intensity of PNN labeling in the nucleus was calculated as the difference between the average values of these samples. Finally, we measured the background intensities for each ECM molecule and decreased the calculated PNN intensities with this value.

As we revealed the ECM molecules by using DAB histochemistry, the measured intensities were inversely proportional to the concentration of the molecules (Figure 1A). The highest values were taken from those sections where the molecules were not detected (see Figures 1A, 2G,H), whereas the smallest values corresponded to large amounts of substances in the ECM (Figures 1A, 2B,C). To illustrate our data in a way that is widely used in publications, we recalculated our measured values by using the following formula: 1/x × 1,000 where x corresponds to the measured value (Figure 1B). Finally, we removed the background intensities from the figures to emphasize the differences among the intensities of labeling for different ECM molecules (Figure 1C). The background intensity values were calculated by measuring 10 randomly selected areas on those sections where no signals were detected with antibodies against certain ECM molecules (e.g., Figures 2G,H). The statistical analysis was carried out with the IBM SPSS Statistics software (SPSS Inc., Chicago, IL, United States). The mean values of the variables were compared using Mann–Whitney test or Kruskal–Wallis non-parametric analysis of variance.

[image: Figure 1]

FIGURE 1
 Histograms showing the methods used for quantification of staining intensities of the extracellular molecules. First, the measured intensity values (A) were recalculated to be proportional to the concentration of ECM molecules (B), then the background intensity [indicated by a dashed line on (B)] was removed from the histograms (C).


[image: Figure 2]

FIGURE 2
 Distribution of extracellular matrix molecules in the hindbrain of developing mouse at embryonic day 13.5. The boundaries between the prepontine (PPH), pontine (PH), pontomedullary (PMH), and medullary (MH) parts of the hindbrain are indicated by dashed lines on the specimen stained with toluidine blue [TB, (A)]. Diffuse and evenly distributed interstitial labeling was detected with biotinylated hyaluronic acid binding protein [HA, (B)] and antibodies against neurocan [Ncan, (C)] whereas versican antibody produces inhomogeneous staining in the hindbrain [Vcan, (D)]. No signals were found in slices treated with anti-tenascin-R antibody [Tn-R, (E)], biotinylated Wisteria floribunda agglutinin [WFA, (F)], or with an aggrecan [Acan, (G)], and hyaluronic acid and proteoglycan link protein [HAPLN1, (H)] antibodies. Asterisks indicate labeled ECM molecules in the cartilage of the skull. Cer, cerebellum; RF, reticular formation. Scale bar 200 μm.





3 Results

The hindbrain or rhombencephalon is the most caudal brain vesicle extending between the cervical and mesencephalic flexures. The hindbrain is divided into a caudal tube-like myelencephalon gives rise to the medulla oblongata and a rostral metencephalon gives origin to the pons and cerebellum. Although as the derivates of the prepontine region the cerebellum could also be regarded as part of the hindbrain, we devoted this article to summarizing our data concerning the distribution of ECM molecules in the embryonic and postnatal medulla and pons. Therefore, in the text we refer to the development of the hindbrain as the developing pons and medulla.


3.1 Distribution of ECM molecules in the embryonic hindbrain

By E13.5 the primordium of the cerebellum is located as the upper rhombic lip on the dorsal side of the hindbrain, whereas the ventral hindbrain could be subdivided into prepontine, pontine, pontomedullary, and medullary compartments (Figure 2A). The hyaluronic acid and neurocan molecules appear in high quantity and fill the extracellular space quite homogenously at this age with a notable difference in the ventricular zone of the rhomboid fossa at the pontine flexure since this area was rich in neurocan but poor in HA signals (Figures 2B,C). The third identifiable ECM component, the versican emerges more unevenly in the hindbrain (Figure 2D). The signals produced by other investigated ECM components did not exceed the level of the background intensity (Figures 2E–H). Although large number of nuclei were identified in the hindbrain at this embryonic stage with the help of different methods (e.g., Altman and Bayer, 1980, 1987a,b Allen Developing Mouse Brain Atlas, 2015 Vivian et al., 2017), they could not be revealed by using ECM histology.

At E15.5 (Figure 3A) the HA accumulates in the subependymal zone of the prepontine and pontine rhombomeres and circumscribes the facial motor nucleus (Figure 3B). The level versican and neurocan decreased between E13.5 and E15.5 (Figures 3C,D, 4C,E). The versican reaches relatively high level in the reticular formation of the medulla (Figure 3D). The tenascin-R which was not detectable earlier showed homogenous light staining in the interstitium (Figure 3E).

[image: Figure 3]

FIGURE 3
 At the age of E15.5 hyaluronic acid (HA) and neurocan (Ncan) immunoreaction shows intense labeling of the neuropil throughout the hindbrain (B,C). Weaker signals were revealed with versican (Vcan) and tenascin-R (TN-R) antibodies (D,E). Insert in (B) shows an enlarged area from the facial motor nucleus (nVII). Asterisks indicate metachromasia (A) and labeled ECM molecules (B,C) in the cartilage of the skull. Cer, cerebellum; PPH, prepontine hindbrain; PH, pontine hindbrain; PMH, pontomedullary hindbrain; MH, medullary hindbrain; RF, reticular formation; TB, toluidine blue. Scale bar low magnification = 200 μm, high magnification = 20 μm.


[image: Figure 4]

FIGURE 4
 The graphs summarize the optical intensities of ECM molecules in different stages of embryonic development in the internuclear areas (A,C,E,F) and in different nuclei (B,D) of the hindbrain. The points indicate the average values, the bars correspond to the standard error of the mean.


By E16.5 the rostral part of the hindbrain below the fourth ventricle enlarges to establish the pons whereas caudally the hindbrain gives rise to the medulla oblongata (Figure 5A). The level of hyaluronan remains about the same as before among the nuclei and besides the facial motor nucleus, it was also concentrated dorsally in the vestibular nuclei (Figure 5B). The neurocan still shows strong homogenous labeling which appears especially robust in the interstitium of the alar plate of the medulla (Figure 5C). The versican appeared in a relatively larger amount in the vestibular and olivary nuclei and the reticular formation but among these nuclei its staining intensity still stays at a relatively low level (Figures 4C,D, 5D). The staining intensities for tenascin-R change in different areas of the hindbrain resulting in a patchwork-like pattern but the darker areas do not correspond to the territories of any brainstem nuclei (Figure 5E).

[image: Figure 5]

FIGURE 5
 In the hindbrain of the E16.5 mouse embryo intense hyaluronic acid (HA) labeling was detected in the facial (nVII) and vestibular (Vest) nuclei (B), while versican was accumulated in the reticular formation (RF), in the inferior olive (IO), lateral superior olive (LSO) and in the vestibular nuclei (D). The neurocan (Ncan) and tenascin-R (TN-R) exhibited relatively homogenous labeling in the neuropil of the hindbrain (C,E). Inserts in (B) and (D) show enlarged areas from the vestibular nuclei and reticular formation, respectively. The vertical dashed line in (A) shows the border between the pons and medulla oblongata. Asterisks indicate metachromasia (A) and labeled ECM molecules (B,C) in the cartilage of the skull. Cer, cerebellum; TB, toluidine blue. Scale bar 200 μm at low magnification and 20 μm at high magnification.


At the time of birth (P0, Figure 6A) the neurocan was still evenly distributed in high concentration all over the hindbrain (Figure 6C), while the hyaluronan, versican, and tenascin-R give rise to higher staining intensities in the areas constituting the lateral superior and inferior olive, the trigeminal and facial motor nuclei, the vestibular as well as the pontine and solitary nuclei (Figures 6B,D,E).

[image: Figure 6]

FIGURE 6
 In the hindbrain of the newborn mouse (P0) the neuropil was strongly stained by hyaluronic acid (HA), neurocan (Ncan), and tenascin-R [TN-R, (B,C,E)], while versican (Vcan) labeled the neuropil in some brain stem nuclei (D). Insert in (B) shows the enlarged area from the vestibular nuclei. The vertical dashed line in (A) shows the border between the pons and medulla oblongata. Asterisks indicate metachromasia (A) and labeled hyaluronic acid (B) in the cartilage of the skull. Cer, cerebellum; IO, inferior olive; LSO, lateral superior olive; nV, trigeminal motor nucleus; nVII, facial motor nucleus; Pn, pontine nuclei; RF, reticular formation; Sol, nucleus of the solitary tract; Vest, vestibular nuclei; TB, toluidine blue. Scale bar 200 μm at low magnification and 20 μm at high magnification.


We can summarize our results regarding the distribution of different ECM molecules during embryonic development in the hindbrain as follows. The hyaluronan was found in a high amount at E13.5 and stayed at this high level until the time of birth (Figures 4A,B). The neurocan also appeared in large quantity at E13.5 but it varied significantly between the different embryonic stages (Figure 4E). The versican showed relatively faint staining strength in the interstitium during the whole embryonic period but it reached high level within the nuclei of the brainstem (Figures 4C,D). The interstitial staining for tenascin-R showed a continuous increase and reached its maximum at the time of birth (Figure 4F).



3.2 Distribution of ECM molecules in the postnatal and adult hindbrain

All ECM molecules that were described in the embryo could be also detected in the early postnatal period at P4. However, contrary to the embryonic period and P0 the ECM molecules also appeared in the form of a perineuronal net.


3.2.1 Distribution of ECM molecules in the nuclei and internuclear territories of the postnatal and adult hindbrain

At P4 (Figure 7A) both hyaluronic acid and neurocan showed intense staining in almost all areas of the hindbrain (Figures 7B,C). The neurocan signal was the strongest along the ventral side of the hindbrain including the pontine and lateral superior olivary nuclei (Figure 7C). Compared to the time of birth, the tenascin-R staining decreased all over the hindbrain (Figures 4F, 7D, 10E). The aggrecan could be first recognized at this time in our study and WFA staining was also detected earliest at P4, they appeared as weak homogeneous labeling in the interstitium of the hindbrain (Figures 7E,F). The versican labeling was still present whereas no reaction was found with the HAPLN1 antibody (Figures 7G,H).

[image: Figure 7]

FIGURE 7
 At the early stage of postnatal development (P4) thin positive perineuronal net appeared around the neurons in some brainstem nuclei [insert in (B)]. Strong internuclear and nuclear labeling was revealed with neurocan (C) and tenascin-R (D) antibodies. After birth, a weak diffuse reaction emerged with biotinylated Wisteria floribunda agglutinin (E) and aggrecan (F) antibodies which were not detected during embryonic development. The versican still produces labeling in certain nuclei of the hindbrain (G), while no signals were found in slices treated with antibodies against hyaluronic acid and proteoglycan link protein 1 [HAPLN1, (H)]. Insert in (B) shows the concentration of hyaluronic acid around the vestibular neurons. Asterisks indicate metachromasia (A) and labeled ECM molecules (B,E,F) in the cartilage of the skull. The vertical dashed line in (A) shows the border between the pons and medulla oblongata. Cu, cuneate nucleus; IO, inferior olive; LSO, lateral superior olive; nV, trigeminal motor nucleus; nVII, facial motor nucleus; Pn, pontine nuclei; RPO, rostral preolivary region; Sol, the nucleus of the solitary tract; Vest, vestibular nuclei; TB, toluidine blue. Scale bar 200 μm at low magnification and 20 μm at high magnification.


One week after birth (Figure 8A) the reaction for hyaluronan was still strong both in the nuclei and the internuclear territories (Figure 8B). The neurocan and tenascin-R showed strong staining intensities in the interstitium and also appeared in several nuclei of the hindbrain (Figures 8C,D). Except for some nuclei, the strength of the reaction for WFA and aggrecan was low all over the hindbrain (Figures 8E,F). The staining for versican decreased considerably (Figure 8G) and the HAPLN1 still could not be detected during this postnatal period (Figure 8H).

[image: Figure 8]

FIGURE 8
 In the hindbrain of P7 mice hyaluronic acid, neurocan, and tenascin-R showed intense staining in all areas of the hindbrain (B–D), while WFA and aggrecan signals were mainly concentrated in the nuclei (E,F). The versican gave weak labeling in the pontine and vestibular nuclei, and the HAPLN1 is still not present in the hindbrain (G,H). Inserts in (B–F) illustrate different ECM molecules in the perineuronal net around the cell bodies of neurons in the vestibular nuclei. The vertical dashed line in (A) shows the border between the pons and medulla oblongata. Cer, cerebellum; Cu, cuneate nucleus; IO, inferior olive; LSO, lateral superior olive; nV, trigeminal motor nucleus; nVII, facial motor nucleus; RPO, rostral preolivary region; Vest, vestibular nuclei; TB, toluidine blue. Scale bar 200 μm at low magnification and 20 μm at high magnification.


On the 14th postnatal day (Figure 9A), the investigated extracellular matrix molecules appeared in the vestibular and pontine nuclei, in the lateral superior and inferior olivary and cuneate nuclei, as well as in the rostral preolivary region and motor nuclei of the trigeminal and facial nerves (Figure 9). The hyaluronan decreased both in the nuclei and in other areas of the hindbrain (Figures 9B, 10A,B). The neurocan and tenascin-R reached the highest quantity during the studied postnatal periods (Figures 9C,D, 10C–F). The aggrecan and WFA labeling was mostly restricted in the labeled nuclei and its staining was still low in the interstitium (Figures 9E,F, 10G–J). The versican was no longer present and HAPLN1 was first detected in ECM of the postnatal hindbrain where it became visible both in the nuclei and the internuclear areas (Figures 9G,H).

[image: Figure 9]

FIGURE 9
 Two weeks after birth hyaluronic acid, neurocan, and tenascin-R showed strong neuropil labeling all over the hindbrain (B–D). The WFA, aggrecan and hyaluronic acid, and proteoglycan link protein (HAPLN1) staining were localized in different brainstem nuclei (E,F,H), while V0 and V1 forms of the versican disappeared in the hindbrain (G). Inserts show cells surrounded by PNN labeled with different ECM molecules in the vestibular nuclei (B–D) and the lateral superior olive (E,F,H). The vertical dashed line in (A) shows the border between the pons and medulla oblongata. Cer, cerebellum; Cu, cuneate nucleus; IO, inferior olive; LSO, lateral superior olive; nV, trigeminal motor nucleus; nVII, facial motor nucleus; RPO, rostral preolivary region, Vest, vestibular nuclei, TB, toluidine blue. Scale bar 200 μm at low magnification and 20 μm at high magnification.
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FIGURE 10
 The diagrams summarize the optical intensities of ECM molecules in the internuclear areas (A,C,E,G,I,K) and different hindbrain nuclei (B,D,F,H,J,L) in the postnatal and adult hindbrains. The points indicate the average values, the bars correspond to the standard error of mean.


In the adult hindbrain (Figure 11A) the tenascin-R and neurocan produced high intensity values both within and outside of the labeled nuclei (Figures 10C–F, 11C,D). The staining with WFA and aggrecan achieved a relatively high level in the nuclei but they were kept at low values among the nuclei (Figures 10G–J, 11E,F). The staining level of hyaluronic acid seemed to be relatively low (Figures 10A,B, 11B). The HAPLN1 staining was kept at a constant level all over the hindbrain (Figures 10K,L, 11H) whereas the V1 and V0 forms of the versican disappeared from the brainstem (Figure 11G).
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FIGURE 11
 In adult mice hyaluronic acid presented a strong signal (B), neurocan tenascin-R reached the highest concentration in the hindbrain (C,D), while WFA and aggrecan showed lower staining intensities among the labeled nuclei (E,F). The V0 and V1 forms of the versican were not detected in the adult hindbrain (G), while HAPLN1 appeared in the interstitium and the perineuronal net (H). Higher magnification images show intense staining in the perineuronal net of the vestibular nuclei. The vertical dashed line in (A) shows the border between the pons and medulla oblongata. Cer, cerebellum; Cu, cuneate nucleus; IO, inferior olive; LSO, lateral superior olive; nV, trigeminal motor nucleus; nVII, facial motor nucleus; RF, reticular formation; RPO, rostral preolivary region; Vest, vestibular nuclei; TB, toluidine blue. Scale bar 200 μm at low magnification and 20 μm at high magnification.


The temporal variation of the extracellular molecules during the postnatal period is illustrated in Figure 10. Between P0 and P4 the staining intensities of hyaluronan were kept about the same levels in the interstitium but its labeling was increased in the nuclei (Figures 4A,B, 10A,B). The staining intensities for neurocan decreased from P0 to P4 in the internuclear areas and it was first revealed in the nuclei at P4 (Figures 4E, 11C,D). The tenascin-R appeared at lower levels at P4 than P0 in the entire hindbrain (Figures 4F, 10E,F). The reaction with WFA and aggrecan was detected first at P4 at relatively low staining intensities (Figures 10G,J). Between the different postnatal periods, the level of hyaluronan decreased continuously both in the nuclei and in the internuclear areas of the hindbrain (Figures 10A,B). Contrary to the hyaluronan, the tenascin-R showed continuous growth (Figures 10E,F). The neurocan showed a deep decline between P4 and P7 but after that age, its staining pattern was changed similarly to the tenascin-R (Figures 10C,D). The WFA and aggrecan staining were kept at constant low values in the internuclear areas during the postnatal period of development (Figures 10G,I). In the nuclei, however, an abrupt increase could be detected between the P7 and the adult period for the aggrecan and after P14 also for the WFA staining (Figures 10H,J). The HAPLN1 was detected in the last investigated postnatal period (P14) when it appeared both in the nuclei and in the internuclear areas (Figures 10K,L). The staining intensity of HAPLN1 was kept at a steady level between P14 and adult animals.



3.2.2 Distribution of ECM molecules in the perineuronal net of the postnatal and adult hindbrain

The neurons labeled by perineuronal net were chosen from six different nuclei including the somatomotor nuclei of the trigeminal and facial nerves, the vestibular nuclear complex, as well as the lateral superior olive and rostral preolivary region (Table 3).



TABLE 3 First appearance of extracellular matrix molecules in the perineuronal net of brainstem nuclei.
[image: Table3]

At P4 the perineuronal net was detected exclusively on the sections that were labeled with hyaluronic acid cytochemistry in the facial, vestibular, and lateral superior olivary nuclei, but the optical density of hyaluronic acid in the PNN seemed to be relatively low (Figure 7B). One week after birth the aggrecan, neurocan, tenascin-R, and WFA labeling also appeared in the perineuronal net in most of the investigated hindbrain nuclei (Figures 8C–F, Table 3). On the second postnatal week, the intensity value for hyaluronic acid, tenascin-R, and WFA increased while neurocan, and aggrecan decreased strongly. The HAPLN1 was detected for the first time in the perineuronal net with relatively low power in all examined hindbrain nuclei (Figure 9H, Table 3). In adult animals, the total intensity of PNN in the hindbrain nuclei was increased by about 40% compared to the last postnatal stage. The strongest labeling in the PNN comes for HAPLN1, tenascin-R, and neurocan. The HAPLN1 was mainly found in the motor and vestibular nuclei whereas the tenascin-R was located in the trigeminal nucleus, LSO, and RPO. Although the intensity values for HAPLN1 and Ncan immunoreaction increased considerably in the PNN of the adult animals, the tenascin-R and WFA produced similar values as we detected at P14.

In summary, except for the hyaluronan the ECM molecules begin to form a network around the somata of hindbrain neurons one week after birth. At this age, the PNN was dominated by aggrecan, neurocan, and tenascin-R. One week later, the aggrecan and neurocan intensities decreased more than 50%, and a moderate increase was found concerning the hyaluronan, tenascin-R, and WFA. The HAPLN1 was detected first at P14, and its values reached more the 250% growth in the adult hindbrain. Besides the HAPLN1, the WFA and hyaluronan also increased by about 50% during postnatal development while a strong increase was detected in the aggrecan.





4 Discussion


4.1 Spatial distribution of extracellular molecules in the embryonic and postnatal hindbrain

The development of the hindbrain begins after the closure of the neural tube when the rapid proliferation of the neuroepithelium results in prominent bulges in the proximal part of the rhombencephalon referred to as overt rhombomeres (r2-r6) giving rise to the pontine (r3-4) and the retro-pontine regions (r5-6) (Lumsden, 1990; Puelles et al., 2013). Caudal to the r6 the intersegment boundaries cannot be identified on the surface, but a hidden transverse organization was revealed resulting in five pseudo- or crypto rhombomeres (r7-11) giving origin to the medulla oblongata (Cambronero and Puelles, 2000; Tomas-Roca et al., 2016). Rostral to the overt rhombomeres the r1 and r0 or isthmus form the prepontine region where the segments can be separated with the help of molecular markers including Gbx2 and Fgf8 (Aroca and Puelles, 2005; Watson et al., 2019). Within each rhombomere, a particular overlapping expression pattern of the Hox family of homeodomain-containing transcription factors regulates the characteristic molecular environment for specific identity and developmental fates of the segment to produce distinct cell types and neuronal networks (Murphy et al., 1989; Prin et al., 2014). Besides their location along the longitudinal axis of the hindbrain, the fates of progenitors are also determined according to their dorsoventral positions provided by gradients of Sonigh hedgehog and Bone Morphogenic Protein secreted by the floor plate and roof plate, respectively (Briscoe et al., 1999; Jessell, 2000). It was supposed that the rhombomeres are transient structures necessary to the early development of the neural tube, but it seems that their Hox expression pattern is maintained until the perinatal and even in adult stages in the mouse (Farago et al., 2006).

The combination of Krox20 and Hoxa2 expression profiles with other genes induces the transformation of motoneuron progenitors into trigeminal motor neurons in the r2-3 rhombomeres at E9-10. After their birth in the ventricular zone, the cell bodies of these motoneurons move ventrally and then migrate laterally to establish the trigeminal motor nucleus at E12-13 (Jacob et al., 2001; Chandrasekhar, 2004). In our works the trigeminal nucleus could not be detected with ECM histochemistry in the embryo, it appeared first at birth by using a versican antibody (Figure 6D). At the end of the first week, the versican disappeared from the trigeminal nucleus but hyaluronan, neurocan, tenascin-R, and aggrecan became visible both in the interstitium and in the perineuronal net (Figures 7B–D,F), the HAPLN1 showed immunoreaction around the trigeminal motoneurons two weeks after birth (Figure 9H).

The facial branchiomotor neurons are born under the influence of Hoxa1, Hoxb1, and Hoxb2 homeotic genes in combination with other transcriptor factors in the r4 rhombomere between E9-11 and project their axons dorsally in the neural tube (Davenne et al., 1999; Jacob et al., 2001). The facial motoneurons begin a complex migration (Song, 2007): first, they live in the r4 and move caudally through the r5 rhombomere, after arriving at r6 they turn dorsally and then radially where they settle to form the facial motor nucleus at E12-14. In our experiments, the facial nucleus was revealed first with hyaluronan reaction at E15.5 (Figure 3B) and this ECM component was kept at a high level from this time until the adult stage. Besides hyaluronic acid, neurocan, tenascin-R, and aggrecan were also detected in the nucleus after the first postnatal week (Figures 8B–D,F).

The identity of vestibular neurons within the longitudinal columns of the alar plate is determined by successive actions of Hox genes from r2 rhombomeres to the caudal part of the hindbrain from E10 and the VNC could be first identified at E11.5 in the mouse hindbrain (Pasqualetti et al., 2007). After populating the rhombomeres, the majority of these neurons continue their development at the site of their generation. The subdivision of the vestibular nuclear complex (VNC) into different vestibular nuclei is based on their rhombomeric origin. In mice, the rostral rhombomeres give rise to neurons establishing the superior vestibular nucleus, the middle rhombomeric segments (r3-r5) produce the cells for the lateral vestibular nucleus, whereas progenitors from r5 to caudal cryptorhombomeres settle the medial and descending vestibular nuclei. According to the time of origin lateral to medial and superior to inferior gradients were observed in the settlement of the component of the VNC from E12 until E14 (Altman and Bayer, 1980; Maklad and Fritzsch, 2003; Lipovsek and Wingate, 2018). Our data showed that hyaluronan and versican were accumulated in the vestibular nuclei at the later stage of embryonic (Figures 5B,D) and in the early phases of postnatal development (Figures 6B,D). The perineuronal net was first recognized as the accumulation of hyaluronic acid around the vestibular neurons at P4 in our work (Figure 7B), similar time scale was detected in another study showing diffuse contour around vestibular neurons at P5 by using WFA labeling (Ma et al., 2019a,b). At P7 the ECM molecules produced intense staining in the interstitium and also in the perineuronal net of the VNC (Figures 8B–F), except for the HAPLN1 the distribution of different ECM molecules in the VNC resembles those of the adult form. Our data are in agreement with other studies showing that the critical period for the formation of perineuronal net falls between P3-7 when the connection between the afferents and vestibular neurons begins to function (Lai et al., 2006; Ma et al., 2019a,b).

The pontine nuclei constitute the majority of the mossy fiber input to the cerebellum. They begin to develop in the rhombic lip of the caudal hindbrain (r6-8) from E12.5. From the caudal rhombic lip, the pontine neurons undertake a long-distance migration in the anterior extramural stream: first, they move ventrally, then turn rostrally and migrate through r5-4 and go again ventrally to reach their final location on the sides of the floor plate in r3-4 (Kratochwil et al., 2017). After arriving at the ventral side of the neural tube between E14.5-E18.5, the pontine neurons settle their target regions according to their location which gives rise to distinct dorsoventral and anteroposterior subsets of neurons within the nucleus at the time of birth (Altman and Bayer, 1987a; Di Meglio et al., 2013). In our analysis, the different ECM molecules persisted below the detectable level during the whole embryonic development, therefore the pontine nuclei could not be delineated in the hindbrain with ECM immunohistochemistry. Postnatally, the tenascin-R was detected at birth (Figure 6E), and the other ECM molecules during the first week (Figures 7B–D,G). In the adult stage, only the tenascin-R could be seen (Figure 11D) whereas the level of the other ECM molecules decreased.

The inferior olivary nucleus gives origin to the climbing fiber input to the cerebellum. The cells for this nucleus originate from progenitors in the ventral area of the posterior rhombic lip in r6-8 at E9.0–10.5. The postmitotic cells migrate through the submarginal stream and establish a compact cell mass called olivary primordium close to the floor plate at E15. By E17 the cub-shaped cell group is divided by lamellae into three neuronal clusters called principal, dorsal, and accessory olive (Azizi and Woodward, 1987; Altman and Bayer, 1987b; Bourrat and Sotelo, 1990; Backer et al., 2007). Before birth, our results showed the position of the nucleus in the hindbrain with versican immunoreactivity at E16.5 (Figure 5D). After birth hyaluronan and HAPLN1 were detected in the nucleus at the end of the first and second week, respectively (Figures 8B, 9H), while almost all molecules appeared at relatively high levels in the adult animals (Figures 11C–F).

The lateral superior olive is the part of the superior olivary complex. As an important component of the ascending cochlear pathways, it is involved in the localization of sound. Via its efferent neurons, it is also responsible for the modulation of the excitability of the cochlear nerve and protection of the cochlea. The neurons of the LSO derive predominantly from the neuroepithelium in the r5 rhombic lip (Louvi et al., 2007; Maricich et al., 2009; Marrs et al., 2013), but its efferent neurons also come from the progenitor domain of visceral motor neurons in the basal plate of r4 (Bruce et al., 1997). Our works presented that the lateral superior olivary nucleus was intensively labeled with a juvenile form of the versican at E16.5 (Figure 5D) then hyaluronan and tenascin-R at the time of birth (Figures 6B,E). During postnatal development, the HA was kept at a high level in the nucleus until the adult stage (Figures 7B, 8B, 9B), whereas tenascin-R decreases after P4. The neurocan labeling appeared at P4 and remained within the nucleus in all postnatal stages (Figures 7C, 8C, 9C).



4.2 Temporal distribution of extracellular molecules in the embryonic and postnatal hindbrain

In the embryonic and early postnatal periods, the brain extracellular matrix is deposited in a relatively loose juvenile form constituting hyaluronan, neurocan, versican V0, and V1, as well as tenascin-C (Rauch et al., 1991; Milev et al., 1998). After P14 a mature denser network appears where the embryonic matrix molecules are exchanged by versican V2, aggrecan proteoglycans, tenascin-R, and HAPLNs. The expression of different proteoglycan molecules in the developing rat brains was investigated earlier with the help of radioimmunoassay, quantitative real-time PCR, and immunohistochemistry (Milev et al., 1998; Snyder et al., 2015).

In our samples, the hyaluronan appeared in a high amount at E13.5, showed constant intense staining in the interstitium of the embryo then reached a peak at P4 and decreased till the adult stage (Figures 4A, 10A). The HA was first detected in the nuclei at E15.5 and achieved the highest level at P4 when it was detected also in the PNN (Figures 4B, 10B). During postnatal development the hyaluronan level decreased by more than 30% in the nuclei (Figure 10B). Similarly to our data, hyaluronan was found in high concentration in the embryonic brain, reached a peak shortly after birth and was reduced to one-fourth of the postnatal level in the adult (Margolis et al., 1975). In the embryo, the HA forms a loosely packed network in the interstitium of the developing brain where it spreads into the synaptic cleft of the immature synapses to attenuate synaptogenesis (Wilson et al., 2020). During maturation of the synapses the hyaluronan, via its interaction with the CD44 receptor, initiates the formation of the postsynaptic density and stabilization of the synaptic contact (Wilson and Litwa, 2021). During postnatal development of the cerebellum, HA showed very weak diffuse labeling at P7 and displayed in the perineuronal net at P14 (Carulli et al., 2006).

The staining intensity for neurocan seemed to be kept at relatively constant high values during embryonic and postnatal development in the hindbrain, its level changed only about 15% in the interstitium between the different stages (Figures 4E, 10C). Despite its high embryonic level in the internuclear territories, the neurocan was revealed in the nuclei after birth (Figure 10D). In the rat brain, the neurocan was also detected in high concentration in the embryo, then reached a high peak by P10 and decreased abruptly during the second week of the postnatal period (Milev et al., 1998). Expression of neurocan in early periods of brain development and down-regulation during the postnatal period was also described in different cortical and subcortical areas of the brain (Köppe et al., 1997). After birth, the neurocan showed strong staining in the ECM in the cerebellar nuclei (Carulli et al., 2006) and the lateral geniculate nucleus (Sabbagh et al., 2018) during the first postnatal week then decreased after P14. The neurocan was first detected in the neuropil of pontine and vestibular nuclei at P14 and in the trigeminal nucleus at P21 by Brückner et al. (2000), whereas we found labeling for the neurocan in earlier developmental stages (P4) in the pontine and vestibular nuclei, and P7 in the trigeminal nucleus, respectively.

In our study, the V0 and V1 forms of the versican were found in the interstitium in all embryonic developmental stages and the first investigated postnatal week in the mouse hindbrain (Figures 4C,D, 7G, 8G). The amount of versican mRNA was the highest at E13.5 in the whole brain and accumulation of versican was detected in the periventricular region of the hindbrain by using immunohistochemistry (Snyder et al., 2015). The expression pattern of V0 and V1 forms of the versican in the rat brain was found to be similar to the neurocan but it appeared at a higher quantity in the embryo (Milev et al., 1998).

In our results aggrecan was first detected after birth and it was kept at a low level in the internuclear areas of the postnatal hindbrains (Figure 10I). In the nuclei the aggrecan labeling increased by more than 20% between P7 and the adult stage (Figure 10J). At P7 the aggrecan was also incorporated into the PNN but its level decreased more than half until the adult. Similarly to our data, the aggrecan could not be revealed in the embryonic brain with the help of immunohistochemical methods (Zimmermann and Zimmermann, 2008), and its mRNA was not expressed in the brain and spinal cord before E19 (Matthews et al., 2002). In another study however, the aggrecan was found in low concentration in the embryo, and its level was raised twice by the time of birth and during the first two weeks of postnatal development (Milev et al., 1998). The postnatal changes of aggrecan showed a similar distribution in the hippocampus and parietal cortex to our nuclear labeling between P7 and P14 (Zimmermann and Zimmermann, 2008). In the early postnatal stages, the aggrecan was not detected in the deep cerebellar nuclei (Carulli et al., 2007) or appeared as weak labeling in the cells of the medial nucleus of the trapezoid body (Schmidt et al., 2020) and in the lateral geniculate nucleus (Sabbagh et al., 2018).

The Wisteria floribunda agglutinin is a lectin that labels selectively N-acetylgalactosamine residues of glycoproteins and has been routinely used to reveal the perineuronal net around the neurons (Matthews et al., 2002). It is widely believed that WFA lectin mostly detects the side branches of the aggrecan, although the exact glycan motif is unknown (Miyata and Kitagawa, 2017; Fawcett et al., 2019). In our specimens, neither WFA nor aggrecan labeling could be registered in the embryonic hindbrain. Both of them appeared in the interstitium at P4 (Figures 7E,F) and were accumulated in the nuclei at P7 (Figures 8E,F). In the nuclei the strength of WFA staining was increased by about 20% in the adult hindbrains compared to P7 (Figure 10H) and WFA labeling showed a continuous increase in the PNN during postnatal development.The staining level of aggrecan was below WFA which may indicate that WFA should bind to the carbohydrate moieties of other chondroitin sulfate ECM components such as neurocan, or brevican (Härtig et al., 2022).

The tenascin-R was found in the hindbrain at E15.5 (Figure 3E). It showed a relatively weak diffuse labeling in the hindbrain during the whole embryonic development where its immunoreaction was increased by about 20% by the time of birth (Figure 4F). During the postnatal stages the level of tenascin-R was continuously increased in the hindbrain outside in inside the nuclei until the adult stage (Figures 10E,F). Similar temporal distribution for tenascin was reported in the mouse cortex where it was first detected around E16, and its level was increased until the third postnatal week (Wen et al., 2018). In the lateral geniculate nucleus, the level of tenascin-R was increased from P3 to P12 and then decreased until P25 (Sabbagh et al., 2018).

The HAPLN1 was revealed in the hindbrain in the last stage of the developmental periods we examined (Figure 9H). Although its intensity level was not changed too much in the interstitium and nuclei of the hindbrain at P14 and in the adult animals, its amount was increased more the three-folds in the PNN of the neurons between the same stages (Figures 10K,L). In the medial and lateral nuclei of the trapezoid body, HAPLN1 presented a faint immunoreactivity at P7 but its labeling intensity increased systematically between P14 and P28 (Sabbagh et al., 2018; Schmidt et al., 2020). With the help of proteomic analyses, HAPLN1 was revealed at P3 in very low concentration in the visual thalamus but its amount was abruptly increased at P12 (Sabbagh et al., 2018).



4.3 Formation of perineuronal net in the postnatal hindbrain

In the interstitium of the embryonic brain and spinal cord, the extracellular matrix molecules establish a loose meshwork whose chief components are the hyaluronic acid, neurocan, juvenile (V0 and V1) forms of versican as well as tenascin-C (Guldfinger et al., 2010; Frischknecht and Happel, 2016). In the developing brain, these molecules control the proliferation and differentiation of neurons and glial cells, as well as migration, axonal pathfinding, and synaptogenesis of neurons. During postnatal development, new chondroitin sulfate proteoglycans such as aggrecan and brevican are upregulated in the ECM, while tenascin changes its molecular structure into the form of tenascin-R. As a consequence of these molecular changes, the relatively loose, embryonic ECM becomes a netlike insoluble complex in the late postnatal and adult brains which inhibits regeneration and reorganization processes. Not only the molecular constitution of the ECM but also the sulfation pattern of the glycosaminoglycans within the chondroitin sulfate proteoglycans undergo deep changes after birth: in the embryonic brain the GAGs are mostly 6-sulfated, whereas in the adult CNS only 2.5% of the GAGs are 6-sulfated and more the 90% are sulfated in the 4 positions (Nadanaka et al., 1998 Fawcett et al., 2019). The sulfation pattern of GAGs plays a pivotal role in the functional properties of CSPGs, it determines, for example, the promoting or suppressing properties of the ECM to axon growth or plasticity.

During postnatal development of the brain, the overwhelming majority of the ECM macromolecules remain in the parenchyma as an interstitial matrix but about 2% of them establish a very condensed and stable network around cell bodies, proximal dendrites and axon initial segments of the neurons as perineuronal net or enwrap the node of Ranvier as perinodal matrix (Fawcett et al., 2019). We found the first sign of accumulation of the extracellular matrix in the form of aggregates of hyaluronan around the neurons in the hindbrain on the fourth postnatal day (Figure 7B). Our data that HA could be detected as the first component of PNN are in agreement with the generally accepted view that the hyaluronic acid establishes the main structural component of the perineuronal net (Bosiacki et al., 2019; Carulli and Verhaagen, 2021), and most CSPGs are bound to the cell surface via hyaluronic acid. Accumulation of hyaluronic acid was accompanied by incorporation of different proteoglycan macromolecules and tenascin-R into the PNN during the first and second postnatal weeks in different nuclei of the hindbrain (Figures 8, 9). The formation of PNN was completed by upregulation of HAPLN1 at P14 (Figure 9H) which stabilizes the PNN by linking the proteoglycan aggregates to the hyaluronan backbone (Fawcett et al., 2019).

Although the formation of the perineuronal net was investigated in the different areas of the brain, only a limited number of studies were concerned with describing the formation of PNNs around different neurons of the brainstem (Köppe et al., 1997; Brückner et al., 2000; Schmidt et al., 2020). By using WFA staining and CSPG-immunoreactivity Köppe et al. (1997) detected weak immature PNN in different brainstem regions between the first and second postnatal weeks while the strong adult-like staining pattern of PNN was attained in the third one. In this work, WFA labeling appeared around the cell bodies of the trigeminal motor nucleus and in the vestibular nucleus at the second postnatal week, whereas we found weak staining for WFA and different CSPGs in the same nuclei one week earlier (Figures 8C,E,F). But our results are in agreement with Brückner et al. (2000), who also found that antiserum to chondroitin sulfate proteoglycans showed faintly stained PNN in the trigeminal and vestibular nuclei in the first postnatal week and produced fully developed labeling at P14. WFA-positive PNN was first described at P5 around GABAergic neurons in the superior vestibular nucleus, while consolidated PNNs were observed from P7 to P9 in the other vestibular nuclei. The number of PNN-bearing cells reached the adult number by P21 when the cells were mostly surrounded by an adult-like form of the net (Ma et al., 2019a,b). According to these works and our study, the PNNs in the different nuclei of the brainstem could be detected between the first and second postnatal weeks usually as faintly stained immature structures which was fully developed after P14.

Besides the brainstem, the constitution of PNN was also studied in the developing deep cerebellar nuclei, and Golgi, Purkinje, and granule cells of the cerebellar cortex by using histochemistry and in situ hybridization (Carulli et al., 2007). Similarly to the results in the hindbrain, WFA labeling was first detected in the PNN at P7, and the HAPLN1 displayed from P14, but aggrecan and neurocan appeared one week later in the deep cerebellar nuclei. In the cerebral cortex and hippocampus, the perineuronal net was mostly associated with GABAergic parvalbumin-containing inhibitory neurons and to a lesser extent with pyramidal neurons (Carulli and Verhaagen, 2021). In different areas of the forebrain net-like structures were detected with WFA and CSPGs at P14 and they reached their adult-like structures from P21 to P40 but the exact time of termination of PNN formation could be strongly modulated under environmental factors (Köppe et al., 1997; Brückner et al., 2000; Miyata and Kitagawa, 2017).

In different brain areas, the conversion between the juvenile and adult forms of ECM and the formation of the perineuronal net coincided with the end of the critical period. The critical period is defined as an interval where experience from the environment is necessary to shape and refine the neuronal circuits involved in processing the sensory information (Cisneros-Franco et al., 2022). The critical periods were thoroughly investigated in the visual and auditory cortex (Pizzorusso et al., 2002; de Villers-Sidani et al., 2010; Lee et al., 2017), and both studies showed that the closure of the critical periods coincided with the formation of PNNs around GABAergic neurons in V1 and A1, respectively. After the critical period, the incoming sensory stimulus is not able to reshape the cortical circuits which gives the morphological background to process the information within the cortex in a reliable manner (Cisneros-Franco et al., 2022). Activity-dependent formation of the perineuronal net was also described in the barrel cortex of rats and mice where the first month of life seemed to be critical for the formation of PNN around parvalbumin-expressing cells (Mcrea et al., 2007) and in the basolateral amygdala where the formation of PNN protects fear memories from erasure (Gogolla et al., 2009; Hylin et al., 2013; Xue et al., 2014).

It was described that the maturation of negative geotaxis in the vestibular area of the brainstem coincided with the consolidation of PNN around GABA-ergic interneurons in the vestibular nuclei at P9 when the connections between vestibular afferents and neurons became functional (Ma et al., 2019a,b). The connections between the vestibular afferents with otolith-related vestibular neurons become functional by the end of the first postnatal week when vestibular neurons can detect vertical linear acceleration (Lai et al., 2006). In agreement with these results, we detected strong PNN labeling composed of HA and CSPGs around the vestibular neurons about the same time scale (Figures 8B,C,E,F).




5 Conclusion

For the time being this study is the only comprehensive work on the ECM expression in the developing brainstem. Using histochemistry and immunohistochemistry, we have described the spatial and temporal distribution of the major ECM molecules in the neuropil and perineuronal net in the embryonic, postnatal and adult hindbrain of the mice. Our results showed differences in the spatial and temporal distribution of the ECM expression pattern in the developing hindbrain. Until the time of birth hyaluronic acid and versican were present in the internuclear and nuclear areas, whereas neurocan and tenascin-R were only detected in the internuclear areas. Four days after birth, all ECM molecules examined here were found in both areas, nevertheless only HA, TN-R and neurocan showed further continuous expression during the period studied. The early disappearance of versican indicates the changing of the juvenile matrix into the adult form. Expression of HAPLN1 along with the elevation of aggrecan, TN-R and neurocan in the nuclei parallel with the formation of the perineuronal net may indicate the stabilization of the synaptic contacts and the reduction of neural plasticity.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was approved by the study protocol was reviewed and approved by the Animal Care Committee of the University of Debrecen, Hungary according to national laws and EU regulations [European Communities Council Directive of 24 November 1986 (86/609/EEC)] and was properly carried out under the control of the University’s Guidelines for Animal Experimentation (license number: 11/2011/DEMAB). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

IW: Data curation, Investigation, Methodology, Visualization, Writing – original draft, Writing – review & editing. AD: Data curation, Formal analysis, Software, Writing – original draft, Writing – review & editing. ZM: Funding acquisition, Investigation, Methodology, Supervision, Writing – original draft, Writing – review & editing. CM: Conceptualization, Investigation, Supervision, Validation, Writing – original draft, Writing – review & editing. AB: Conceptualization, Data curation, Investigation, Supervision, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was supported by financial aid from University of Debrecen, MTA-TKI 355, and OTKA K115471. Zoltán Mészár was funded by the ERA-NET Neuron project EPINEURODEVO (This action has received funding from the ERA-NET COFUND Program with co-funding from the European Union Horizon 2020 research and innovation program, 2019-2.1.7-ERA-NET-2022-00039).



Acknowledgments

The authors thank Timea Horvath for her skillful technical assistance.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1   http://developingmouse.brain-map.org


2   imagej.nih.gov




References

 Afshari, F. T., Kwok, J. C., White, L., and Fawcett, J. W. (2010). Schwann cell migration is integrin-dependent and inhibited by astrocyte produced aggrecan. Glia 58, 857–869. doi: 10.1002/glia.20970 

 Altman, J., and Bayer, S. A. (1980). Development of the brainstem in the rat. III. Thymidine-radiographic study of the time and origin of neurons of the vestibular and auditory nuclei of the upper medulla. J. Comp. Neurol. 194, 877–904. doi: 10.1002/cne.901940410 

 Allen Developing Mouse Brain Atlas. (2015). Allen Institute for Brain Science. Available at: http://developingmousebrain-mmap.org/

 Altman, J., and Bayer, S. A. (1987a). Development of the precerebellar nuclei in the rat: IV. The anterior precerebellar extramural migratory stream and the nucleus reticularis tegmenti pontis and the basal pontine gray. J. Comp. Neurol. 257, 529–552. doi: 10.1002/cne.902570405

 Altman, J., and Bayer, S. A. (1987b). Development of the precerebellar nuclei in the rat: II. The intramural olivary migratory stream and the neurogenetic organization of the inferior olive. J. Comp. Neurol. 257, 490–512. doi: 10.1002/cne.902570403 

 Aroca, P., and Puelles, L. (2005). Postulated boundaries and differential fate in the developing rostral hindbrain. Brain Res. Brain Res. Rev. 49, 179–190. doi: 10.1016/j.brainresrev.2004.12.031 

 Azizi, S. A., and Woodward, D. J. (1987). Inferior olivary nuclear complex of the rat: morphology and comments on the principles of organization within the olivocerebellar system. J. Comp. Neurol. 263, 467–484. doi: 10.1002/cne.902630402 

 Backer, S., Hidalgo-Sánchez, M., Offner, N., Portales-Casamar, E., Debant, A., Fort, P., et al. (2007). Trio controls the mature organization of neuronal clusters in the hindbrain. J. Neurosci. 27, 10323–10332. doi: 10.1523/jneurosci.1102-07.2007 

 Balashova, A., Pershin, V., Zaborskaya, O., Tkachenko, N., Mironov, A., Guryev, E., et al. (2019). Enzymatic digestion of hyaluronan-based brain extracellular matrix in vivo can induce seizures in neonatal mice. Front. Neurosci. 13:1033. doi: 10.3389/fnins.2019.01033

 Bartsch, S., Bartsch, U., Dorries, U., Faissner, A., Weller, A., Ekblom, P., et al. (1992). Expression of tenascin in the developing and adult cerebellar cortex. J. Neurosci. 12, 736–749. doi: 10.1523/JNEUROSCI.12-03-00736.1992 

 Bartsch, U., Pesheva, P., Raff, M., and Schachner, M. (1993). Expression of janusin (J-160/180) in the retina and optic nerve of developing and adult mouse. Glia 9, 57–69. doi: 10.1002/glia.440090108 

 Bekku, Y., Saito, M., Moser, M., Fuchigami, M., Maehara, A., Nakayama, M., et al. (2012). Bral2 is indispensible for the proper localization of brevican and structural integrity of the perineuronal net in the brainstem and cerebellum. J. Comp. Neurol. 520, 1721–1736. doi: 10.1002/cne.23009 

 Beurdelely, M., Spatazza, J., Lee, H. H. C., Sugiyama, S., Bernard, C., Di Nardo, A. A., et al. (2012). Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex. J. Neurosci. 32, 9429–9437. doi: 10.1523/jneurosci.0394-12

 Bicknese, A. R., Sephard, A. M., O'Leary, D. D. M., and Pearlman, A. L. (1994). Thalamocortical axons extend along chondroitin sulfate proteoglycan-enriched pathway coincident with the neocortical subplate and distinct the efferent path. J. Neurosci. 14, 3500–3510. doi: 10.1523/JNEUROSCI.14-06-03500.1994 

 Bosiacki, M., Gassowska-Dobrowolska, M., Kojder, K., Fabiansak, M., Jezewski, D., Gutowska, I., et al. (2019). Perineuronal nets and their role in synaptic homeostasis. Int. J. Mol. Sci. 20:4108. doi: 10.3390/ijms20174108 

 Bourrat, F., and Sotelo, C. (1990). Early development of the rat precerebellar system: migratory routes, selective aggregation and neuritic differentiation of the inferior olive and lateral reticular nucleus neurons. An overview. Arch. Ital. Biol. 128, 151–170.

 Briscoe, J., Sussel, L., Serup, P., Hartigan-O’Connor, D., Jessell, T. M., Rubenstein, J. L., et al. (1999). Homeobox gene Nkx2.2 and specification of neuronal identity by graded sonic hedgehog signalling. Nature 398, 622–627. doi: 10.1038/19315 

 Bruce, L. L., Kingsley, J., Nichols, D. H., and Fritzsch, B. (1997). The development of vestibulocochlear efferents and cochlear afferents in mice. Int. J. Dev. Neurosci. 15, 671–692. doi: 10.1016/S0736-5748(96)00120-7 

 Brückner, G., Grosche, J., Schmidt, S., Härtig, W., Margolis, R. U., Delpech Seinbecher, C. I., et al. (2000). Postnatal development of perineuronal nets in wild-type mice and in a mutant deficient in tenascin-R. J. Comp. Neurol. 428, 616–629. doi: 10.1002/1096-9861(20001225)428:4<616::AID-CNE3>3.0.CO;2-K

 Brückner, G., Morawski, M., and Arendt, T. (2008). Aggrecan-based extracellular matrix is an integral part of the human basal ganglia circuit. Neuroscience 151, 489–504. doi: 10.1016/j.neuroscience.2007.10.033 

 Cambronero, F., and Puelles, L. (2000). Rostrocaudal nuclear relationships in the avian medulla oblongata: a fate map with quail chick chimeras. J. Comp. Neurol. 427, 522–545. doi: 10.1002/1096-9861(20001127)427:4<522::AID-CNE3>3.0.CO;2-Y 

 Carulli, D., Rhodes, K. E., Brown, D. J., Bonnert, T. P., Pollack, S. J., Oliver, K., et al. (2006). Composition of perineuronal nets in the adult rat cerebellum and the cellular origin of their components. J. Comp. Neurol. 494, 559–577. doi: 10.1002/cne.20822

 Carulli, D., Rhodes, K. E., and Fawcett, J. W. (2007). Upregulation of aggrecan, link protein 1 and hyaluronan synthesis during formation of perineuronal net in the rat cerebellum. J. Comp. Neurol. 501, 83–94. doi: 10.1002/cme.21231 

 Carulli, D., and Verhaagen, J. (2021). An extracellular perspective on CNS maturation: perineuronal nets and the control of plasticity. Int. J. Mol. Sci. 22:2434. doi: 10.3390/ijms22052434 

 Casini, P., Nardi, I., and Ori, M. (2010). RHAMM mRNA expression in proliferating and migrating cells of the developing central nervous system. Gene Expr. Patterns 10, 93–97. doi: 10.1016/j.gep.2009.12.003 

 Casini, P., Nardi, I., and Ori, M. (2012). Hyaluronan is required for neural crest migration and craniofacial development. Dev. Dyn. 241, 294–302. doi: 10.1002/dvdy.23715 

 Chandrasekhar, A. (2004). Turning heads: development of vertebrate branchiomotor neurons. Dev. Dyn. 229, 143–161. doi: 10.1002/dvdy.1044 

 Cisneros-Franco, J. M., Voss, P., Thomas, M. E., and De Villers-Sidani, E. (2022). “Critical periods in brain development” in Handbook of clinical neurology, vol. 173. eds. A. Gallagher, C. Bulteau, D. Cohen, and D. L. Michaud (Amsterdam: Elsevier), 1–14.

 Clement, A. M., Sugahara, K., and Faissner, A. (1999). Chondroitin sulfate promotes neurite outgrowth of rat embryonic day18 hippocampal neurons. Neurosci. Lett. 269, 125–128. doi: 10.1016/S0304-3940(99)00432-2 

 Cragg, B. (1979). Brain extracellular space fixed for electron microscopy. Neurosci. Lett. 15, 301–306. doi: 10.1016/0304-3940(79)96130-5

 Davenne, M., Machonochie, M. K., Neun, R., Pattyn, A., Chambon, P., Krumlauf, R., et al. (1999). Hoxa2 and Hoxb2 control dorsoventral patterns of neuronal development in the rostral hindbrain. Neuron 22, 677–691. doi: 10.1016/S0896-6273(00)80728-X 

 de Villers-Sidani, E., Alzghoul, L., Zhou, X., Simpson, K. L., Lin, R. C. S., and Merzenich, M. M. (2010). Recovery of functional and structure age-related changes in rat primary auditory cortex with operant training. Proc. Natl. Acad. Sci. USA 107, 13900–13905. doi: 10.1073/pnas.1007885107 

 Deepa, S. S., Carulli, D., Galtrey, C., Rhodes, K., Fukuda, J., Mikami, T., et al. (2006). Composition of perineuronal net extracellular matrix in rat brain: a different disaccharide composition for net-associated proteoglycans. J. Biol. Chem. 281, 17789–17800. doi: 10.1074/jbc.M600544200 

 Di Meglio, T., Kratochwil, C. F., Vilain, N., Loche, A., Vitobello, A., Yonehara, K., et al. (2013). Ezh2 orchestrates topographic migration and connectivity of mouse precerebellar neurons. Science 339, 204–207. doi: 10.1126/science.1229326 

 Dityatev, A., Brückner, G., Dityateva, G., Grosche, J., Kleene, R., and Schachner, M. (2007). Activity dependent formation and functions of chondroitin sulfate-rich extracellular matrix of perineuronal net. Dev. Neurobiol. 67, 570–588. doi: 10.1002/dneu.20361 

 Dzwonek, J., and Wilczynski, G. M. (2015). CD44: molecular interactions signalling and functions in the nervous system. Front. Cell. Neurosci. 9:175. doi: 10.3389/fncel.2015.00175 

 Faissner, A. (1997). The tenascin gene family in axon growth and guidance. Cell Tissue Res. 290, 331–341. doi: 10.1007/s004410050938

 Faissner, A., Clement, A. M., Lochter, A., Streit, A., Mandl, C., and Schachner, M. (1994). Isolation of neural chondroitin sulfate proteoglycan with neurite outgrowth promoting properties. J. Cell Biol. 126, 783–799. doi: 10.1083/jcb.126.3.783 

 Farago, A. F., Awatramani, R. B., and Dymecki, S. M. (2006). Assembly of the brainstem cochlear nuclear complex is revealed by intersectional and subtractive genetic fate maps. Neuron 50, 205–218. doi: 10.1016/j.neuron.2006.03.014 

 Fawcett, W. J., Oohashi, T., and Pizzorusso, T. (2019). The roles of perineuronal nets and perinodal extracellular matrix in neuronal function. Nat. Rev. Neurosci. 20, 451–465. doi: 10.1038/s41583-019-0196-3 

 Friedlander, D. R., Milev, P., Karthikeyan, N., Margolis, R. K., Margolis, R. I. J., and Grumet, M. (1994). The neural chondroitin sulfate proteoglycan neurocan binds to neural cell adhesion molecules ng-CAM/L1//NILE and N-CAM inhibits neuronal adhesion and neurite outgrowth. J. Cell Biol. 125, 669–680. doi: 10.1083/jcb.125.3.669 

 Frischknecht, R., and Happel, M. F. K. (2016). Impact of the extracellular matrix on plasticity in juvenile and adult brains. e-Neuroforum 22, 1–76. doi: 10.1007/s13295-015-0021-z

 Gao, R., and Penzes, P. (2015). Common mechanisms of excitatory and inhibitory imbalance in schizophrenia and autism spectrum disorders. Curr. Mol. Med. 15, 146–167. doi: 10.2174/1566524015666150303003028 

 Giamanco, K. A., Morawski, M., and Matthews, R. T. (2010). Perineuronal net formation and structure in aggrecan knockout mice. Neuroscience 170, 1314–1327. doi: 10.1016/j.neuroscience.2010.08.032 

 Gogolla, N., Caroni, P., Lüthi, A., and Henry, C. (2009). Perineuronal nets protect fear memories from erasure. Science 325, 1258–1261. doi: 10.1126/science.1174146

 Götz, M., and Huttner, W. B. (2005). The cell biology of neurogenesis. Nat. Rev. Mol. Cell. Biol. 6, 777–788. doi: 10.1038/nrm1739

 Guldfinger, E. D., Frischknecht, R., Choquet, D., and Martin, H. (2010). Converting juvenile into adult plasticity: a role for the brain’s extracellular matrix. Eur. J. Neurosci. 31, 2156–2165. doi: 10.1111/j.9568.2010.07253.x 

 Härtig, W., Brauer, K., and Bruckner, G. (1992). Wisteria floribunda agglutinin-labelled nets surround parvalbumin-containing neurons. Neuroreport 3, 869–872. doi: 10.1097/00001756-199210000-00012 

 Härtig, W., Meinicke, A., Michalski, D., Schob, S., and Jäger, C. (2022). Update on perineuronal net staining with Wisteria floribunda agglutinin (WFA). Front. Integr. Neurosci. 16:851988. doi: 10.3389/fnint.2022.851988

 Hensch, T. K. (2004). Critical period regulation. Annu. Rev. Neurosci. 27, 549–579. doi: 10.1146/annurev.neuro.27.070203.144327

 Heyman, I., Faissner, A., and Lulmsden, A. (1995). Cell and matrix specialisations of rhombomere boundaries. Dev. Dyn. 204, 301–315. doi: 10.1002/aja.1002040308 

 Hou, X., Yoshioka, N., Tsukano, H., Sakai, A., Miyata, S., Watanabe, Y., et al. (2017). Chondroitin sulfate required for onset and offset of critical period plasticity in visual cortex. Sci. Rep. 7:12646. doi: 10.1038/s41598-017-04007-x 

 Hylin, M. J., Orsi, S. A., Moore, A. N., and Dash, P. K. (2013). Disruption of the perineuronal net in the hippocampus or medial prefrontal cortex impairs fear conditioning. Learn. Mem. 20, 267–273. doi: 10.1101/lm.030197.112 

 Itano, N., and Klimata, K. (2002). Mammalian hyluronan synthases. Life 54, 195–199. doi: 10.1080/15216540214929

 Itano, N., Sawai, T., Yoshida, M., Lenas, P., Yamada, Y., Imagawa, M., et al. (1999). Three isoforms of mammalian hyaluronan synthases have distinct enzymatic properties. J. Biol. Chem. 274, 25085–25092. doi: 10.1074/jbc.274.35.25085 

 Jacob, J., Hacker, A., and Guhrie, S. (2001). Mechanisms and molecules in motor neuron specification and axon pathfinding. BioEssays 23, 582–595. doi: 10.1002/bies.1084

 Jessell, T. M. (2000). Neuronal specification in the spinal cord: inductive signals and transcriptional codes. Nat. Rev. Genet. 1, 20–29. doi: 10.1038/3504.9541 

 Kabos, P., Matundan, H., Zandian, M., Bertolotto, C., Robinson, M. L., Davy, B. E., et al. (2004). Neural precursors express multiple chondroitin sulfate proteoglycans including the lectican family. Biochem. Biophys. Res. Commun. 318, 955–963. doi: 10.1016/j.bbrc.2004.04.114

 Kazanis, I., and ffrench-Constant, C. (2011). Extracellular matrix and neuronal stem cell niche. Dev. Neurobiol. 71, 1006–1017. doi: 10.1002/dneu.20970 

 Kim, M. C., Silberberg, Y. R., Abeyaratne, R., Kamm, R. D., and Asada, H. H. (2018). Computational modelling of three-dimensional ECM-rigidity sensing to guide directed cell migration. Proc. Natl. Acad. Sci. USA 115, E390–E399. doi: 10.1073/pnas.1717230115 

 Kind, P. C., Sengpiel, F., Beaver, C. J., Crocker-Buque, A., Kelly, G. M., Matthews, R. T., et al. (2013). Development and activity dependent expression of aggrecan in the cat visual cortex. Cereb. Cortex 23, 349–360. doi: 10.1093/cercor/bhs015 

 Kjellén, L., and Lindahl, U. (1991). Proteoglycans: structures and interactions. Annu. Rev. Biochem. 60, 443–475. doi: 10.1146/annurev.bi.60.070191.002303

 Köppe, G., Brückner, G., Brauer, K., Härtig, W., and Bigl, V. (1997). Developmental patterns of proteoglycan-containing extracellular matrix in perineuronal nets and neuropil of the postnatal rat brain. Cell Tissue Res. 288, 33–41. doi: 10.1007/s004410050790 

 Kratochwil, C. F., Maheshwari, U., and Rijli, F. M. (2017). The long journey of pontine nuclei neurons: from rhombic lip to cortico-ponto-cerebellar circuitry. Font. Neural Circuits 11, 1–33. doi: 10.3389/fncir.2017.00033

 Kwock, J. C., Carulli, D., and Fawcett, J. W. (2010). In vitro modeling of perineuronal nets: hyaluronan synthase and link protein are necessary for their formation and integrity. J. Neurochem. 114, 1447–1459. doi: 10.1111/j.1471-4159.2010.06878.x

 Lai, S. K., Lai, C. H., Yung, K. K., Shum, D. K., and Chan, Y. S. (2006). Maturation of otolith-related brainstem neurons in the detection of vertical linear acceleration in rats. Eur. J. Neurosci. 23, 2431–2446. doi: 10.1111/j.1460-9568.2006.04762x 

 Landolt, R. M., Vaughan, I., Winterhalter, K. H., and Zimmermann, D. R. (1995). Versican is selectively expressed in embryonic tissues that act as barriers to neural crest cell migration and axon outgrowth. Development 121, 2303–2312. doi: 10.1242/dev.121.8.2303 

 Lange, J. R., and Fabry, B. (2013). Cell and tissue mechanics in cell migration. Exp. Cell Res. 319, 2418–2423. doi: 10.1016/j.yexcr.2013.04.023 

 Lau, I., Cua, R., Keough, M. B., and Haylock-Jacobs, S. (2013). Pathophysiology of the brain extracellular matrix: a new target for remyelinization. Nat. Rev. Neurosci. 14, 722–729. doi: 10.1038/nrn3550

 Lee, H. H., Bernard, C., Ye, Z., Acampora, D., Simeone, A., Prochiantz, A., et al. (2017). Genetic Otx2 mis-location delays critical period plasticity across brain regions. Mol. Psychiatry 22, 680–688. doi: 10.1038/mp.2017.1 

 Lipovsek, M., and Wingate, R. J. T. (2018). Conserved and divergent development of brainstem vestibular and auditory nuclei. eLife 7:e40232. doi: 10.7554/eLife4032

 Long, K. R., Newland, B., Florio, M., Kalebic, N., Langen, B., Kolterer, A., et al. (2018). Extracellular matrix components HAPLN1, lumican, and collagen1 cause hyluronic acid-dependent folding of the developing human neocortex. Neuron 99, 702–719.e6. doi: 10.1038/s41598-020-73177 

 Louvi, A., Yoshida, M., and Grove, E. A. (2007). The derivatives of the Wnt3a lineage in the central nervous system. J. Comp. Neurol. 504, 550–569. doi: 10.1002/cne.21461

 Lumsden, A. (1990). The cellular basis of segmentation in the developing hindbrain. Trends Neurosci. 13, 329–335. doi: 10.1116/0166-2336(90)90144-Y

 Ma, C. W., Kwan, P. Y., Wu, K. L. K., Shum, D. K. Y., and Chan, Y. S. (2019a). Regulatory roles of perineuronal nets and semaphorin 3A in the postnatal maturation of the central vestibular circuitry for graviceptive reflex. Brain Struct. Funct. 224, 613–626. doi: 10.1007/s00429-018-1795-x 

 Ma, C. W., Zhang, F. X., Lai, C. H., Lai, S. K., Yung, K. K., Shum, D. K., et al. (2019b). Postnatal expression of TrkB receptor in rat vestibular neurons responsive to horizontal and vertical linear accelerations. J. Comp. Neurol. 521, 612–625. doi: 10.1002/cne.23193 

 Maeda, N., and Noda, M. (1998). Involvement of receptor-like protein tyrosine phosphatase ϛRPTPβ and its ligand pleitrophin/heparin binding growth isolated molecule (HB-GAM) in neuronal migration. J. Cell Biol. 142, 203–216. doi: 10.1083/jcb.142.1.203 

 Maeda, N. (2015). Proteoglycans and neuronal migration in the cerebral cortex during development and disease. Front. Neurosci. 9:98. doi: 10.3389/fnins.2015.00098

 Maklad, A., and Fritzsch, B. (2003). Development of vestibular afferent projections into the hindbrain and their central targets. Brain Res. Bull. 60, 497–510. doi: 10.1016/S0361-9230(03)00054-6 

 Margolis, R. U., and Margolis, R. K. (1989). Nervous tissue proteoglycans. Dev. Neurosci. 11, 276–288. doi: 10.1159/000111906

 Margolis, R. K., Margolis, R. U., Preti, C., and Lai, D. (1975). Distribution and metabolism of glycoproteins and glycosamino-glycans in subcellular fraction of brain. Biochemistry 14, 4797–4804. doi: 10.1021/bi00693a004 

 Maricich, S. M., Xia, A., Mathes, E. L., Wang, V. Y., Oghalai, J. S., Fritzsch, B., et al. (2009). Atoh1-lineal neurons are required for hearing and for the survival of neurons in the spiral ganglion and brainstem accessory auditory nuclei. J. Neurosci. 29, 11123–11133. doi: 10.1523/JNEUROSCI.2232-09.2009 

 Marrs, G. S., Morgan, W. J., Howell, D. M., Spirou, G. A., and Mathers, P. H. (2013). Embryonic origins of the mouse superior olivary complex. Dev. Neurobiol. 73, 384–398. doi: 10.1002/dneu.22069 

 Matthews, R. T., Kelly, G. M., Zerillo, C. A., Gray, G., Tiemeyer, M., and Hockfield, S. (2002). Aggrecan glycoforms contribute to molecular heterogeneity of perineuronal nets. J. Neurosci. 22, 7536–7547. doi: 10.1523/JNEUROSCI.22-17-07536.2002 

 Mcrea, P. A., Roco, M. M., Kelly, G., Brumberg, J. C., and Mathews, R. T. (2007). Sensory deprivation alters aggrecan and perineuronal net expression in the mouse barrel cortex. J. Neurosci. 27, 5405–5413. doi: 10.1523/JNEUROSCI.5425-06.2007 

 Mencio, C. P., Hussein, R. K., Yu, P., and Geller, H. M. (2021). The role of chondroitin sulfate proteoglycans in nervous system development. J. Histochem. Cytochem. 69, 61–80. doi: 10.1369/0022-155420959J47 

 Midura, R. J., Su, X., Morcuende, J. A., Tammi, M., and Tammi, R. (2003). Parathyroid hormone rapidly stimulates hyaluronan synthesis by periosteal osteoblasts in the tibial diaphysis of the growing rat. J. Biol. Chem. 278, 51462–51468. doi: 10.1074/jbc.M307567200

 Milev, P., Maurel, P., Chiba, A., Mevissen, M., Popp, S., Yamaguchi, Y., et al. (1998). Differential regulation of expression of hyluronan-binding proteoglycans in developing brain: aggrecan, versican, neurocan, and brevican. Biochem. Biophys. Res. Comm. 247, 207–212. doi: 10.1006/bbrc.1998.8759 

 Miyata, S., and Kitagawa, H. (2017). Formation and remodeling of the brain extracellular matrix in neuronal plasticity: roles of chondroitin sulfate and hyaluronan. Biochim. Biophys. Acta Gen. Subj. 1861, 2420–2434. doi: 10.1016/J.bbagen.2017.06.010 

 Morawski, M., Dityatev, A., Hartlage-Rübsamen, M., Blosa, M., Holzer, M., Flach, K., et al. (2014). Tenscin-R promotes assembly of the extracellular matrix of perineuronal nets via clustering of aggrecan. Phil. Trans. R. Soc. B369:20140046. doi: 10.1098/rstb.2014.0046

 Mukhina, I. (2019). Enzymatic digestion of hyaluronan-based extracellular matrix in vivo can induce seizures in neonatal mice. Front. Neurosci. 13, 1033–10445.

 Murphy, P., Davidson, D. R., and Hill, R. E. (1989). Segment-specific expression of a homeobox-containing gene in the mouse hindbrain. Nature 341, 156–159. doi: 10.1038/341156a0 

 Nadanaka, S., Clement, A., Massayama, K., Faissner, A., and Sugahara, K. (1998). Characteristic hexasaccaride sequences in octasacharides derived from shark cartilage chondroitin sulfate D with a neurite outgrowth promoting activity. J. Biol. Chem. 273, 3296–3307. doi: 10.1074/jbc.273.6.3296 

 Nagy, J. I., Hacking, J., Frankenstein, U. N., and Turley, E. A. (1995). Requirement of the hyaluronan receptor RHAMM in neurite extension and motility demonstrated in primary neurons and neuronal cell lines. J. Neurosci. 15, 241–252. doi: 10.1523/JNEUROSCI.15-01-00241.1995

 Nicholson, C., and Syková, E. (1998). Extracellular space structure revealed by diffusion analysis. Trends Neurosci. 21, 207–215. doi: 10.1016/s0166-2236(98)01261-2

 Pasqualetti, M., Díaz, C., Renaud, J. S., Rijli, F. M., and Glover, J. G. (2007). Fate-mapping the mammalian hindbrain: segmental origins of vestibular projection neurons assessed using rhombomere-specific Hoxa2 enhancer elements in the mouse embryo. J. Neurosci. 27, 9670–9681. doi: 10.1523/JNEUROSCI.2189-07.2007 

 Paxinos, G., and Franklin, K. (1997). The mouse brain stereotaxic coordinates. San Diego: Academic Press.

 Perris, R., Krotoski, D., Lallier, T., Domingo, C., Sorrell, J. M., and Bronner-Fraser, M. (1991). Spatial and temporal changes in the distribution of proteoglycans during avian neural crest development. Development 111, 583–599. doi: 10.1242/dev.111.2.583 

 Pesheva, P., Gloor, S., Schachner, M., and Probmeister, R. (1997). Tenascin-R is an intrinsic autocrine factor for oligodendrocyte differentiation and promotes cell adhesion by sulfatide-mediated mechanism. J. Neurosci. 17, 4642–4651. doi: 10.1523/JNEUROSCI.17-12-04642.1997 

 Pesheva, P., and Probmeister, R. (2000). The yin and yang of tenascin-R in CNS development and pathology. Prog. Neurobiol. 61, 465–493. doi: 10.1016/S0301-0082(99)00061-1 

 Pierres-Neto, M. A., Braga-De-Souza, S., and Lent, R. (1998). Molecular tunnels and boundaries for growing axons in the anterior commissure of hamster embyos. J. Comp. Neurol. 399, 176–188. doi: 10.1002/(SICI)1096-9861(19980921)399:2<176::AID-CNE3>3.0.CO;2-Y 

 Pizzorusso, T., Medini, P., Berardi, N., Chierzi, S., Fawcett, J. W., and Maffei, L. (2002). Reactivation of ocular dominance plasticity in the adult visual cortex. Science 298, 1248–1251. doi: 10.1126/science.1072699

 Preston, M., and Sherman, L. S. (2011). Neuronal stem cell niches: roles for hyaluronan-based extracellular matrix. Front. Biosci. S3, 1165–1179. doi: 10.2741/218

 Prin, F., Serpente, P., Itasaki, N., and Gould, A. P. (2014). Hox proteins drive cell segregation and non-autonomous apical remodelling during hindbrain segmentation. Development 141, 1492–1502. doi: 10.1242/dev.098954 

 Puelles, L., Harrison, M., Paxinos, G., and Watson, C. (2013). A developmental ontology for the mammalian brain based on the prosomeric model. Trends Neurosci. 36, 570–578. doi: 10.1016/j.tins.2013.06.004 

 Rauch, U., Gao, P., Janetzko, A., Flaccus, A., Hilgenberg, L., Tekotte, H., et al. (1991). Isolation and characterization of developmentally regulated chondroitin sulfate and chondroitin/keratan sulfate proteoglycans of brain identified with monoclonal antibodies. J. Biol. Chem. 266, 14785–14801. doi: 10.1016/S0021-9258(18)98755-7 

 Riou, J. F., Umbhauer, M., Shi, D. L., and Boucaut, J. C. (1992). Tenascin: a potential modulator of cell-extracellular matrix interactions during vertebrate embryogenesis. Biol. Cell. 75, 1–9. doi: 10.1016/0248-4900(92)90118-K 

 Romberg, C., Yang, S., Melani, R., Andrews, M. R., Horner, A. E., Spillantini, M. G., et al. (2013). Depletion of perineuronal nets enhances recognition memory and long term depression in the perirhinal cortex. J. Neurosci. 33, 7057–7065. doi: 10.1523/JNEUROSCI.6267-11.2013 

 Rowlands, D., Lensjø, K., Dinh, T., Yang, S., Andrews, M. R., Hafting, T., et al. (2018). Aggrecan directs extracellular matrix mediated neuronal plasticity. J. Neurosci. 38, 10102–10113. doi: 10.1523/JNEUROSCI.1122-18.2018 

 Sabbagh, U., Monovarfeshani, A., Su, K., Zabethmoghadam, M., Cole, J., Carnival, E., et al. (2018). Distribution and development of molecularly distinct perineuronal nets in visual thalamus. J. Neurochem. 147, 626–646. doi: 10.1111/jnc.14614 

 Schmidt, S., Arendt, T., Morawski, M., and Sonntag, M. (2020). Neurocan contributes to perineuronal net development. Neuroscience 442, 69–86. doi: 10.1016/j.neuroscience.2020.06.040 

 Schwartz, N. B., and Domowicz, M. (2004). Proteoglycans in brain development. Glycoconj. J. 21, 329–341. doi: 10.1023/B:GLYC.0000046278.34016.36

 Shaghatelyan, A., de Chevigny, A., Schachner, M., and Liedo, P. M. (2004). Tenascin-R mediates activity-dependent recruitment of neuroblasts in the adult mouse forebrain. Nat. Neurosci. 7, 347–356. doi: 10.1038/nn1211 

 Sirko, S., Holst, A., Wizenmann, A., Götz, M., and Faissner, A. (2007). Chondroitin sulfate glycosaminoglycans control proliferation, radial glia cell differentiation and neurogenesis in neural stem/progenitor cells. Development 134, 2727–2738. doi: 10.1242/dev.02871 

 Snyder, J. M., Washington, I. M., Birkland, T., Chang, M. Y., and Frevert, C. W. (2015). Correlation of versican expression, accumulation, and degradation during embryonic development by quantitative immunohistochemistry. J. Histochem. Cytochem. 63, 952–967. doi: 10.1369/0022155415610383 

 Song, M. R. (2007). Moving cell bodies: understanding the migratory mechanism of facial motor nucleus. Arch. Pharm. Res. 30, 1273–1282. doi: 10.1007/BF02980268 

 Su, W., Foster, S. C., Xing, R., Feistel, K., Olsen, R. H., Acevedo, S. F., et al. (2017). CD44 transmembrane receptor and hyaluronan regulate adult hippocampal neural stem cells quiescence and differentiation. J. Biol. Chem. 292, 4434–4445. doi: 10.1074/jbc.M116.774109 

 Tham, M., Ramasamy, S., Gyan, H. T., Ramachandran, A., Poonepalli, A., Yu, Y. H., et al. (2010). CSPG is a secreted factor that stimulates neural stem cell survival possibly by enhanced EGFR signaling. PLoS One 5:15341. doi: 10.1371/journal.pone.0015341 

 Tomas-Roca, L., Corral-San-Miguel, R., Aroca, P., Puelles, L., and Marin, F. (2016). Crypto-rhombomeres of the mouse medulla oblongata, defined by molecular and morphological features. Brain Struct. Funct. 221, 815–838. doi: 10.1007/s00429-014-0938-y 

 Vivian, S. C., Morrison, J. P., Southwell, M. F., Foley, J. F., Bolon, B., and Elmore, A. (2017). Histology atlas of the developing prenatal and postnatal mouse central nervous system with emphasis on prenatal days E7.5 to E18.5. Tox. Pathol. 45, 705–744. doi: 10.1177/019262331728134

 Wang, D., and Fawcett, J. (2012). The perineuronal net and the control of CNS plasticity. Cell Tissue Res. 349, 147–160. doi: 10.1007/s00441-012-1375-y 

 Watson, C., Bartholomaeus, C., and Puelles, L. (2019). Time for radical changes in brain stem nomenclature – applying lessons from developmental gene patterns. Front. Neuroanat. 13, 1–12. doi: 10.3389/nana2019.00010

 Wen, T. H., Binder, D. K., Ethell, I. M., and Razak, K. A. (2018). The perineuronal ‘safety’ net? Perineuronal net abnormalities in neurological disorders. Front. Mol. Neurosci. 11:270. doi: 10.3389/fnmol.2018.00270

 Wilson, E., Knudson, W., and Newell-Litva, K. (2020). Hyaluronan regulates synapse formation and function in developing neural networks. Sci. Reports 10, 16459–16472. doi: 10.1038/s41598-020-73177-y

 Wilson, E., and Litwa, K. (2021). Synaptic hyaluronan synthesis and CD44-mediated signaling coordinate neuronal circuit development. Cell 10:2574. doi: 10.3390/cells10102574 

 Xiao, Z. C., Taylor, J., Montag, D., Rougon, D., and Schachner, M. (1996). Distinct functions of recombinant tenascin-R domains on neuronal cell adhesion, growth cone guidance neuronal polarity and interaction with the immunoglobulin superfamily adhesion molecule F3/11. Eur. J. Neurosci. 8, 766–782. doi: 10.1111/j.1460-9568.1996.tb01262.x 

 Xu, J. C., Xiao, M. F., Jakovcevski, I., Sivukhina, E., Hargus, G., Cui, Y. F., et al. (2014). The extracellular matrix glycoprotein tenascin-R regulates neurogenesis during development and in the adult dentate gyrus of mice. J. Cell Sci. 127, 641–652. doi: 10.1242/jcs.137612 

 Xue, Y. X., Xue, L. F., Liu, J. F., He, J., Deng, J. H., Sun, S. C., et al. (2014). Depletion of perineuronal nets in the amygdala enhance the erasure of drug memories. J. Neurosci. 34, 6647–6658. doi: 10.1523/JNEUROSCI.5390-13.2014 

 Ye, Q., and Miao, Q. L. (2013). Experience-dependent development of perineuronal nets and chondroitin sulfate proetoglycan receptors in mouse visual cortex. Matrix Biol. 32, 352–363. doi: 10.1016/j.matbio.2013.04.001 

 Zhu, Y., Li, H., Zhou, L., Wu, J. Y., and Rao, Y. (1999). Cellular and molecular guidance of GABAergic neuronal migration from an extracortical origin to the neocortex. Neuron 23, 473–485. doi: 10.1016/S0896-6273(00)80801-6 

 Zimmer, G., Schanuel, S., Burger, S., Weth, F., Steinecke, A., and Bolz, J. (2010). Chondroitin sulfate acts in concert in semsaphorin 3A to guide tangential migration of cortical interneurons in the ventral telencephalon. Cereb. Cortex 20, 2411–2422. doi: 10.1093/cercor/bhp309 

 Zimmermann, D. R., and Zimmermann, M. T. D. (2008). Extracellular matrix of the central nervous system: from neglect to challenge. Histochem. Cell Biol. 130, 635–653. doi: 10.1007/s00418-008-0485-9 



Glossary

[image: Table4]


Copyright
 © 2024 Wéber, Dakos, Mészár, Matesz and Birinyi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnana-18-1369103-t002.jpg
Antisera Species of Supplier, Cat. no Dilution

origin
Biotinylated anti-rabbit IgG (aggrecan, versican) Goat Vector Laboratories, Burlingame, CA, United States, BA-1000, 1:200
Biotinylated anti-sheep IgG (neurocan) Rabbit R&D System Minneapolis, Minnesota, United States, AF5800 1:200

Biotinylated anti-goat IgG (tenascin-R, HAPLN1) Rabbit Vector Laboratories, Burlingame, CA, United States, BA-5000 1:200





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Developmental patterns of extracellular matrix molecules in the embryonic and postnatal mouse hindbrain



		1 Introduction



		2 Materials and methods



		2.1 Animals and tissue processing



		2.2 Histochemistry and immunohistochemistry



		2.3 Microscopy and quantitative analysis









		3 Results



		3.1 Distribution of ECM molecules in the embryonic hindbrain



		3.2 Distribution of ECM molecules in the postnatal and adult hindbrain



		3.2.1 Distribution of ECM molecules in the nuclei and internuclear territories of the postnatal and adult hindbrain



		3.2.2 Distribution of ECM molecules in the perineuronal net of the postnatal and adult hindbrain















		4 Discussion



		4.1 Spatial distribution of extracellular molecules in the embryonic and postnatal hindbrain



		4.2 Temporal distribution of extracellular molecules in the embryonic and postnatal hindbrain



		4.3 Formation of perineuronal net in the postnatal hindbrain









		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Footnotes



		References



		Glossary



















OPS/images/fnana-18-1369103-t001.jpg
Supplier

Species of

Immunogen

Dilution

Characterization

Controls

Biotinylated hyaluronic

nding protein
(bHABP)

Biotinyilated Wisteria
floribunda agglutinin
(bWEA)

Anti-aggrecan

Anti-neurocan (mouse/

rat)

Anti-tenascin R

Anti-versican
(GAG beta domain)

Anti-hyaluronic acid and
proteoglycan link
protein] (HAPLN1)

Provided by R.
Tammi and M.
Tammi, Kuopio,
Finland

Sigma-Aldrich
L1516

Merck Millipore
AB1031

R&D System
AF5800

R&D System, AF
3865

Merck Millipore,
AB1033

R&D System, AF
2608

origin, type
HA-binding
region of
aggrecan isolated
from bovine
articular

cartilage.

Lectin isolated
from Wisteria
foribunda

Rabbit,
polyclonal, IgG

Sheep, polyclonal
IgG

Goat, polyclonal
IgG

Rabbit,
polyclonal IgG

Goat, polyclonal
IgG

GST fusion protein
containing amino acids
1,177-1,326 of mouse
aggrecan

CHO cell derived rm
Neurocan (aa23-637)

Mouse myeloma cell line
NS0-derived recombinant
human tenascin-r
isoform1 Glu34-Phe 1,358
GST fusion protein
containing amino acids
1,360-1,439 of mouse
versican

Mouse myeloma cell line
NS0-derived recombinant
human HAPLN1 Aspl16-
Asn354

1:50 (021g/
mL)

1:500

1:500

1:100

1:300

1:500

1:300

By histochemistry (Midura
etal, 2003)

By histochemistry (Firtig
etal, 1992)

By Western blot (Afshari et al,
2010), single band of 60kDa

By Western blot (R&D Systems
datasheet) at 200kDa

By Western blot in our
laboratory; single band of
180kDA.

By Western blot positive
control: total 13days embryo

Used successfully for THC by
Carulli et al. (2006)

HC on rat sternal

cartilage

HC on rat sternal
cartilage; HC pattern
on cerebellum
identical to Carulli
etal. (2006)

WB in our laboratory
on rat brain, band of
approx. 60kDa.

IHC patern on rat
cerebellum identical
to Carallietal.
(2006)

WB on rat brain and
articular cartilage in
our laboratory.

WB on total 13-day
mouse embryo, HC
surrounding
cartilage.

IHC pattern on rat
cerebellum identical
to Carullietal.
(2006)





OPS/images/fnana-18-1369103-t004.jpg
Acan
bHABP
BSA
Cer
CSPG
Cu
DAB

ECM
HA
HAPLN1
10

LSO

MH

nv

avil

Nean

PH
PMH
Pn
PNN
PPH
RPO

TIN-R
Vean
Vest

WEA

aggrecan

biot

ylated hyaluronan binding protein
‘bovine serum albumin
cerebellum

chondroitin sulfate protcoglycans
cuneate nucleus

3,3 diaminobenzidine-tetrahydrochloride
embryonic

extracellular matrix

hyaluronic acid

hyaluronan and proteoglycan link protein |
inferior olive

lateral superior olive

medullary hindbrain

trigeminal motor nucleus

facial motor nucleus

neurocan

normal horse serum

normal goat serum

normal rabbit serum

postnatal

phosphate buffer

pontine hindbrain
pontomesencephalic hindbrain
pontine nuclei

perineuronal net

prepontine hindbrain

rostral preolivary region

reticular formation

nucleus of tractus solitarius
toluidine blue

tenascin-R

versican

vestibular nuclei

Wisteria floribunda agglutinin





OPS/images/fnana-18-1369103-t003.jpg
Nucleus HA WFA N HAPLN1
Trigeminal »7 7 »7 7 »7 P14
Facial P4 P7 7 >Pl4 »7 >Pl4
Vestibular P4 P7 7 7 p7 Pi4
Lateral superior olive P4 7 »7 7 p7 P14

Rostral preolivary region »7 P7 Pi4 P14 »7 P14





OPS/images/fnana-18-1369103-g011.jpg





OPS/images/fnana-18-1369103-g010.jpg
A ensty INTERNUCLEAR _p— NUCLEAR

1
10 10 §\
S Ee— . i,
: ’ i o
b 7
6 6
P4 P7 P14 ADULT
B Pa Plepa P ApuLr
D
— INTERNUCLEAR i T
11 1
10 10
A E— B E—
8 8
d 7
6 6
P4 P ancaN™ Aouct Pa L T— AouLT
F
E g INTERNUCLEAR iy NUCLEAR
n 1
: I | E—
8 P i —
7 7
L 3
v v P outr
——TEN-R o 7 eteng"™ our
G ntensiy INTERNUCLEAR L— NUCLEAR
1 1
10 10
9 9 /
8 8 L\_’r
7 7
6 6
b V7 e wra™ outr b Y e wra ™ aoutr
I J
ntensity INTERNUCLEAR — NUCLEAR
1 1
10 10
: : = -~
g 4 7
3 7 t
6 T 6
b v pia outr b v P outr
——AcaN —-ACAN
K . INTERNUCLEAR L NUCLEAR
intensity ntensity
1 1
10 10
9 9
x 2
8 s E:
rrm—
7 7
6 6
pia ouT b ] P outr
o4 7 AP = HAPLN1





OPS/images/cover.jpg
& frontiers | Frontiers in Neuroanatomy

Developmental patterns of
extracellular matrix molecules in
the embryonic and postnatal
mouse hindbrain












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Neuroanatomy






OPS/images/fnana-18-1369103-g005.jpg





OPS/images/fnana-18-1369103-g006.jpg
Ncan
TN-R
RE.






OPS/images/fnana-18-1369103-g003.jpg





OPS/images/fnana-18-1369103-g004.jpg
A

B

Intensity INTERNUCLEAR Intensitly NUCLEAR
1 ¥
10 10,0 }/i\I
8 80
7 7.0
6 60
E135 Et65 185 PO E135 5155_._“516.5 PO
Intensity INTERNUCLEAR Intensitiy NUCLEAR
1 1
10 10
9 9
8 8
7 7
6 6
E135 E155__ El65 PO E135 EEE, s PO
gy INTERNUCLEAR B INTERNUCLEAR
10 10
9 9
8 8 Q.————’/
7 7
6 6
E135 €155 E165 PO E135 E155 E16.5 PO
“®-NCAN —=-TENASCIN-R






OPS/images/fnana-18-1369103-g009.jpg





OPS/images/fnana-18-1369103-g007.jpg





OPS/images/fnana-18-1369103-g008.jpg





OPS/images/fnana-18-1369103-g001.jpg
A Measured intensity
200

160
120
80

40

HAPLN ACAN WFA TNR VCAN  HA  NCAN

B Intensity of labeling

6 B —

NCAN  HA  VCAN TNR  WFA  ACAN HAPLN1

ACAN HAPLN1





OPS/images/fnana-18-1369103-g002.jpg





