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Abstract

In the rodent model of temporal lobe epilepsy, there is extensive synaptic reorganization within

the hippocampus following a single prolonged seizure event, after which animals eventually

develop epilepsy. The perineuronal net (PN), a component of the neural extracellular matrix,

primarily surrounds inhibitory interneurons and under normal conditions restricts synaptic

reorganization. The objective of the current study was to explore the effects of status epilepticus

(SE) on PNs in the adult hippocampus. The aggrecan component of the PN was studied, acutely

(48 hours post-SE), sub-acutely (1 week post-SE), and during the chronic period (2 months post-

SE). Aggrecan expressing PNs decreased by one week, likely contributing to a permissive

environment for neuronal reorganization and remained attenuated at 2 months. The SE exposed

hippocampus showed many PNs with poor structural integrity, a condition rarely seen in controls.

Additionally, the decrease in the aggrecan component of the PN was preceded by a decrease in

hyaluronan and proteoglycan link protein 1 (HAPLN1) and hyaluronan synthase 3 (HAS3), which

are components of the PN known to stabilize the connection between aggrecan and hyaluronan, a

major constituent of the extracellular matrix. These results were replicated in vitro with the

addition of excess KCl to hippocampal cultures. Enhanced neuronal activity caused a decrease in

aggrecan, HAPLN1, and HAS3 around hippocampal cells in vivo and in vitro leaving inhibitory

interneurons susceptible to increased synaptic reorganization. These studies are the foundation for

future experiments to explore how loss of the PN following SE contributes to the development of

epilepsy.
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Introduction

Temporal Lobe Epilepsy (TLE) is a common form of focal epilepsy associated with major

synaptic remodeling and rewiring of neuronal circuitry. In animal models of TLE, SE (a
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prolonged seizure) is followed by a latent period when synaptic reorganization and mossy

fiber sprouting occur (Gombos et al., 1999; Shibley and Smith, 2002). This reorganization is

thought to promote the progression of epilepsy. Alterations in inhibitory synaptic

transmission combined with synapse reorganization may have an essential role in initiating

and ultimately maintaining the seizure prone condition of the brain. The mechanisms for

these changes are still being determined.

Importantly, the integrity and stability of synapses require complex interactions with the

extracellular environment. The perineuronal net (PN) is a unique extracellular matrix (ECM)

structure that forms a lattice-like configuration around the synapses on the somata and

proximal dendrites of a subset of interneurons (Hockfield et al., 1990; Brückner et al., 1993),

and is therefore uniquely positioned to influence synaptic integrity and stability

(Frischknecht et al., 2009).

Chondroitin sulfate proteoglycans (CSPG), particularly members of the lectican family,

which include versican, neurocan, brevican, and aggrecan are the major components of the

PN (Yamaguchi, 2000). Neurocan, a brain specific lectican expressed primarily during

development (Yamaguchi 1996) re-appears in adulthood following SE (Kurazono et al.,

2001; Matsui et al., 2002). SE in adult rats leads to increased expression of brevican

cleavage products (Yuan et al., 2002). Previously we found a transient increase in aggrecan

expression following early-life SE (McRae et. al., 2010). Phosphacan, another CSPG, forms

PNs, however, after SE there is a decrease in phosphacan-expressing PNs surrounding

parvalbumin interneurons in the hippocampus (Okamoto et al., 2003). Suggesting that

seizures can alter components of the PN, but the specific proteins involved, the direction and

duration of changes may vary.

Aggrecan is found almost exclusively in the PN expressed in adulthood (Matthews et al.,

2002; Dino et al., 2006). During development decreased activity attenuates aggrecan

expression (Sur et al., 1988; Guimaraes et al., 1990; Kind et al., 1995, 2012; Lander et al.,

1997; McRae et al., 2007), while increased activity augments expression (McRae et al.,

2010). Importantly, once mature synapses are established and ensheathed by aggrecan

containing PNs, they are stable and subject to little reorganization (Hockfield et al., 1990;

McRae et al., 2007). Hyaluronan synthases (HASs) and hyaluronan and proteoglycan link

proteins (HAPLNs) stabilize interactions between lecticans and hyaluronan. In vivo loss of

HAPLN1 decreased PN production (Carulli et al., 2010). In vitro co-expression of aggrecan,

HAPLN1, and HAS3 was necessary for the formation of compact PNs (Kwok et al., 2010).

The goal of the current study was to determine the effects of SE on various components of

the PN. We found that increased neuronal activity leads to a temporal cascade of changes in

PN expression, which may contribute to increased plasticity in the hippocampus making the

environment conducive to aberrant synaptic reorganization.
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Materials and Methods

Animals and experimental groups

The institutional animal care and use committee at the Children’s Hospital of Philadelphia

approved all procedures used in this study. Male Sprague-Dawley rats ≥250 grams, from

Charles River (Wilmington, MA, USA), were randomly assigned into either the control

group or the experimental group. Rats were singly housed in standard plastic cages with

corncob bedding and ad libitum access to food and water.

Seizure Induction

Status epilepticus was induced in the experimental group using the pilocarpine-HCl

chemoconvulsant rodent model of epilepsy. All animals were given intraperitoneal (i.p.)

injections of methyl-scopolamine (1 mg/kg) 30 minutes prior to injections of pilocarpine.

The experimental seizure group received intraperitoneal pilocarpine HCL (385 mg/kg) with

a 1/2 dose administered one hour later until the animals reached stage V SE as described by

Treiman et al. (1990). Only rats that reached stage V SE were included in the experimental

group. The control group received 1/10 of a dose (38 mg/kg) of pilocarpine. The

experimental seizure group received an i.p. injection of diazepam (6 mg/kg) one hour after

the onset of stage V SE, while the control group received the same dose one hour after the

low dose pilocarpine injection. The seizure group received an additional half dose (3 mg/kg)

one hour after the initial diazepam injection.

Immunohistochemistry

Rats were deeply anesthetized with isofluorane and underwent transcardiac perfusion with

0.1 M PBS, followed by 4% phosphate-buffered paraformaldehyde, pH7.4. The tissue was

post-fixed in paraforamldehyde overnight, then immersed in 30% sucrose in phosphate

buffer. Forty-micron sections were cut on a cryostat, and free-floating sections, or coverslips

from primary neuronal cultures were incubated at 4°C overnight in the primary antibodies

Cat-315 which detects a glycoform of aggrecan (mouse IgM 1:10; a gift from Dr. Russell

Mathews, SUNY Upstate, Syracuse, NY, USA), Wisteria Floribunda Agglutinin (1:750;

Vector labs, Burlingame, CA, USA), parvalbumin (mouse IgG 1:50; Chemicon, Temecula,

CA, USA), HAPLN1 (goat 1:50; R&D Systems, Minneapolis, MN, USA), or HAS3 (rabbit

1:50; Santa Cruz; Santa Cruz, CA, USA) with 0.5%Triton X-100 in DMEM. The next day

the sections were rinsed with phosphate buffer then incubated with Alexa fluorescent-

conjugated goat anti-mouse, goat anti-rabbit, or donkey anti-goat secondary antibodies

(Invitrogen, Carlsbad, CA, USA) and 0.5%Triton X-100 in DMEM. 4′ 6-diamidino-2-

phenylindole DAPI (1:1000; Molecular Probes, Carlsbad, CA, USA) with 0.5%Triton

X-100 in DMEM was applied after the secondary antibody staining was complete. Sections/

coverslips were rinsed with phosphate buffer and mounted onto glass slides using Prolong

Antifade mounting medium (Invitrogen) or Vectashield mounting medium with DAPI

(Vector Labs, Burlingame, CA, USA).
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Cell Counts

Stained sections were visualized using a Zeiss Axioplan microscope (Thornwood, NY,

USA). Quantitative analyses were performed at 20x and colocalization was verified at 40x

magnifications. Stereological methods were employed using the fractionator method

(Gunderson et al., 1986), which provides an unbiased estimate of the total number of cells.

Systematically-randomly sampled (SRS) 40 μm thick sections through the dorsal

hippocampus, spanning from approximately −1.344 mm through −2.30 mm posterior to

bregma, were evaluated. The SRS was every 10th section through the hippocampal structure,

which yields between 6–8 sections per animal. The estimated number of cells was based on

the following formula:

ASF: area sampling fraction; SSF: number of sections sampled; TSF: thickness of sampling

fraction

RT-PCR

Fresh frozen whole hippocampal tissue samples were homogenized on ice with a sonicator.

The mirVana Isolation Kit (Ambion Inc., Austin, TX, USA) was used to extract RNA from

the tissue. RNA concentrations were measured with a spectrophotometer (NanoDrop

ND1000). Five micrograms of purified RNA per 8 μl were reverse transcribed with the

SuperScript II reverse transcription kit and random hexamers (Invitrogen). The cDNA

concentrations were quantified with a spectrophotometer and diluted so that either 500 ng

per (2μl) sample underwent real-time PCR in a 384-well plate. Each master mix was

prepared using the Taqman Universal Master Mix (Applied Biosystems, Branchburg, NJ,

USA) and a probe for aggrecan (Acan Rn01477603_m1), HAPLN1 (Rn00569884_m1), or

HAS3 (Rn00515092_m1) (Applied Biosystems, Carlsbad, CA, USA). Each sample was

assayed in triplicate to minimize error and matched to a standard curve of rat cortex cDNA.

The real-time PCR assay was executed by an SDS 7900HT thermocycler (Applied

Biosystems), comprised of a 2 min cycle at 50 °C, followed by a 10 min cycle at 95 °C, and

40 cycles of 15s at 95 °C and 60 s at 60 °C. Data was expressed as a percent change relative

to control values in the same run.

Neuronal Cultures

Standard culture techniques were used as described in (Cummings et al., 1996; Wilcox et al.,

1994). Pregnant Sprague-Dawley rats were anesthetized and underwent cervical dislocation.

Hippocampi from E17-19 rat embryos were dissected and trypsinized in Dulbecco’s

minimum essential medium (DMEM) (Whittaker Bioproducts, Walkersville, MD, USA)

containing 0.027% trypsin at 37°C for 15 minutes. They were triturated in media consisting

of DMEM supplemented with 10% fetal calf serum (Hyclone Lab, Nampa, ID, USA).

Dissociated cells were plated in 35-mm Petri dishes with glass coverslips (Bellco, Vineland,

NJ, USA) coated with poly-l-lycine (Peptide International, Louisville, KY, USA). The

dishes were then placed in a 37°C humidified 5% CO2 incubator. For serum-free cultures

that inhibit glia growth, the dissociated cells were plated at a density of 100,000 cells/ml in
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Neurobasal media (Gibco) supplemented with B27 (Gibco). In vitro others have

demonstrated that PNs develop over time and are only expressed in mature neuronal cultures

(Brückner and Grosche, 2001; Dino et al., 2006; Miyata et al., 2005; Giamanco et al., 2010,

2012), therefore we used dissociated hippocampal cultures 30 DIV. Cultures were treated

with the addition of a highly concentrated solution of KCl to a final concentration of 20 mM

for six hours or two days or an equal volume of normal saline. Cells were fixed with 4%

phosphate-buffered paraformaldehyde, pH7.4 for ten minutes and prepared for

immunostaining at the end of six hours. After the two-day treatment the cultures were

washed and cultured media from sister cultures was added. One week later the cells were

fixed with 4% phosphate-buffered paraformaldehyde, pH7.4 for ten minutes and prepared

for immunostaining.

Statistical Analysis

Aggrecan, WFA, HAPLN1 and parvalbumin immunoreactivity were analyzed using a two-

way repeated measures ANOVA comparing control and seizure animals across different

regions of the hippocampus with a Bonferroni multiple comparison post-test run for all

groups. Between 4–6 animals were used for each group. For the analysis of RT-PCR data a

one-way ANOVA statistical test with a Bonferroni multiple comparison post-test run for all

groups was used to evaluate aggrecan, HAPLN1, HAS3 and Parvalbumin mRNA levels

following a seizure relative to control mRNA levels. Between 6–10 animals used for each

group. For the tissue culture KCl analysis a one-way ANOVA statistical test with a

Bonferroni multiple comparison post-test run for all groups was used and results were

compiled from three different experiments (each having a minimum of 500 DAPI positive

cells counted). The null hypothesis states that there would be no changes in aggrecan, WFA,

parvalbumin, HAPLN1 or HAS3 protein expression or mRNA levels following SE.

Results

Aggrecan expression decreases following SE

Aggrecan containing PNs prominently surround interneurons in the hippocampus (Fig.

1A,E,I,M). To evaluate whether a long seizure alters the expression of aggrecan, SE was

induced with pilocarpine in adult rats and aggrecan expression was evaluated after an acute

(48 hours post-SE), sub-acute (1 week post-SE), or chronic time point (2 months post-SE).

The aggrecan component of the PN was detected with the monoclonal antibody Cat-315.

Cat-315 detected PNs throughout the dorsal hippocampus and its expression was not altered

48 hours after SE induction (Fig. 1B,F,J,N). One week following SE, there was a decrease in

aggrecan expressing PNs throughout the hippocampus (Fig. 1C,G,K,O). Two months after

SE, aggrecan positive PN expression remained attenuated (Fig. 1D,H,L,P). The PNs in the

dentate gyrus were the most sensitive to the effects of SE and demonstrated a substantial

loss (Fig. 1C,D). Subiculum PNs were the most resistant to SE (Fig. 1O,P), but expression

levels in the subiculum were still lower than control levels (Fig. 1M). These data indicate

that SE is deleterious to aggrecan expressing PNs, reducing expression at sub-acute and

chronic time points.
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There is a decrease in PNs around parvalbumin positive cells following SE

Next, we asked if SE alters the appearance of PNs that surround the parvalbumin-expressing

inhibitory interneurons. The PN is a structure that normally surrounds the cell body and

proximal processes of parvalbumin positive interneurons in the hippocampus (Fig. 2A–C).

Nearly 80 percent of parvalbumin expressing cells in the hippocampus were ensheathed by

this specialized matrix (Fig. 2G). Aggrecan expression around parvalbumin expressing cells

did not change 48 hours after SE relative to control (Fig. 2G; two-way repeated measures

ANOVA: p=0.6644; Bonferroni’s post-hoc test p>0.05; DF=49). However, one week

following SE, there was a significant decrease in aggrecan staining around parvalbumin cells

in all regions of the hippocampus (Fig. 2H; two-way repeated measures ANOVA: p=0.0013;

Bonferroni’s post-hoc test p<0.001; DF=39). Two months post-SE all regions of the

hippocampus displayed fewer aggrecan labeled PNs around parvalbumin immunoreactive

cells. (Fig. 2I; two-way repeated measures ANOVA: p=0.0002; Bonferroni’s post-hoc test

CA3 and the subiculum p<0.05, CA1 p<0.01, DG and CA4 p<0.001; DG=39). We use

wisteria floribunda agglutinin (WFA), another marker for PNs, and its expression was not

altered at 48 hours post-SE, there was a significant decrease at one week and two months

post-SE (Table 1; two-way ANOVA: p=0.0881, p=0.0007, p=0.0001 respectively; DF=49,

44, and 49 respectively).

The integrity of the PN around parvalbumin positive cells is compromised following SE

At one week and two months after SE, in addition to having a loss in expression of PNs

there was a simultaneous appearance of PNs with poor structural integrity (Fig. 3A,B).

There was no change in the expression of degraded PNs 48 hours after SE (Fig. 3C; two-

way repeated measures ANOVA: p=0.4391; Bonferroni’s post-hoc test p>0.05; DF=49).

There were significantly more degraded aggrecan labeled PNs one week following SE in all

hippocampal regions except the dentate gyrus (Fig. 3D; two-way repeated measures

ANOVA: p=0.0004; Bonferroni’s post-hoc test CA4 p<0.05, CA3, CA1 and subiculum

p<0.001; DF=34). Two months post-SE there were more degraded aggrecan positive PNs

within all regions in the hippocampus, the subiculum was unchanged (Fig. 3E; two-way

repeated measures ANOVA: p=0.0003; Bonferroni’s post-hoc test DG and CA4 p<0.001,

CA3 p<0.05, CA1 p<0.01; DF=39).

Following SE parvalbumin positive cells increase at 1 week and are unchanged at 48 hours
and 2 months

Importantly, the changes we observed in aggrecan expression were not associated with

decreased parvalbumin expression. At 48 hours there was no change in the number of

parvalbumin positive cells following SE (Table 2; Two-way ANOVA, p=0.1218; DF=49).

One week following SE there was an increase in parvalbumin positive cells, but at two

months there was no significant difference in the number of parvalbumin cells after SE

(Table 2; two-way ANOVA, p=0.0124 and p=0.0659 respectively; DF=39 and 39

respectively). No differences in hippocampal parvalbumin mRNA expression levels

between control and SE groups were detected at one week and two months post-SE (one-

way ANOVA, p=0.2890; DF=38).
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The decrease in aggrecan protein expression precedes the decrease in aggrecan mRNA

To determine if the changes in aggrecan immunohistochemistry were associated with

decreased transcription, we analyzed the expression of aggrecan mRNA using RT-PCR.

There was a significant decrease in aggrecan mRNA (Table 3; one-way ANOVA,

p<0.0001; DF=47). The Bonferroni post-hoc test showed no change in aggrecan mRNA

levels 48 hours or one week following SE induction (Table 3; Bonferroni’s post-hoc test

p>0.05), with a significant decrease in aggrecan mRNA 2 months post-SE (Bonferroni’s

post-hoc test p<0.0001). This suggests that the chronic decreased expression of aggrecan in

the PN is in part mediated by a late decrease in the transcription of aggrecan mRNA which

does not account for PN loss prior to two months post-SE. These findings led us to

investigate extracellular matrix components that stabilizing components of the PN.

Hyaluronan and proteoglycan link protein 1 (HAPLN1) immunoreactivity decreases
following SE and precedes the loss of aggrecan expressing PNs

To better understand why the PNs are poorly organized following SE, we investigated the

expression of HAPLN1. HAPLN1 links aggrecan with hyaluronan, the most prominent

component of the extracellular matrix (Mörgelin et al., 1994). In the adult hippocampus

HAPLN1 expression was extensively colocalized with aggrecan, 92 % of HAPLN1 PNs

were also aggrecan positive. A subset of aggrecan expressing PNs co-expressed HAPLN1

(11.6% of aggrecan expressing PNs in the dentate, 53.3% in CA4, 66.1% in CA3, 61.8% in

CA1, and 60% in the subiculum). HAPLN1 cellular distribution closely mimics the pattern

of aggrecan and was found around the cell body and proximal processes (Fig. 4A–C). Forty-

eight hours post SE, HAPLN1 expression was significantly decreased (Fig. 4G; two-way

repeated measures ANOVA: p=0.012; Bonferroni’s post-hoc test CA4 and CA1 p<0.0001;

DF=39). When HAPLN1 was present at 48 hours post-SE it was localized to the cell body

(Fig. 4D) in comparison aggrecan was still expressed along the processes (Fig. 1J). One

week after SE induction there was a significant decrease in HAPLN1 (Fig. 4E,H; two-way

repeated measures ANOVA: p=0.0023; Bonferroni’s post-hoc test CA1 p<0.001; DF=39).

At two months HAPLN1 levels remained attenuated (Fig. 4F,I; two-way repeated measures

ANOVA: p=0.0003; Bonferroni’s post-hoc test CA4, CA3, CA1 p<0.001; DF=39).

HAPLN1 mRNA was significantly decreased at 2 months post-SE (Table 3; one-way

ANOVA p<0.0001; Bonferroni’s post-hoc test p<0.0001; DF=48). These data suggest that

the process of epileptogenesis correlates with the loss of HAPLN1 protein and HAPLN1

mRNA.

Hyaluronan synthase 3 (HAS3) immunoreactivity decreases following SE and precedes the
loss of aggrecan expressing PNs

To further investigate proteins capable of interacting with hyaluronan, we measured

hyaluronan synthase 3 (HAS3) following SE. HAS3 is a membrane bound enzyme that both

synthesizes and acts as a receptor for hyaluronan, immobilizing it on neuronal cell surfaces.

The secretion and docking of hyaluronan forms a dense matrix sheath that is required for PN

expression (Carulli et al., 2006; Galtrey et al., 2008; Kwok et al., 2010). Here we show that

in the adult hippocampus, cells with aggrecan positive PNs express HAS3. However, HAS3

is also expressed in cells lacking an aggrecan positive PN (Fig. 5A,B,F and K,L,P). HAS3
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expression decreased 48 hours post-SE (Fig. 5C,H,M,R) relative to the control (Fig. 5B,G).

The loss of staining following SE was most apparent in CA3 (Fig. 5M,R). At both one week

and two months following SE HAS3 immunoreactivity was markedly decreased (Fig. 5D–E,

I–J, N–O, S–T). HAS3 mRNA was not altered 48 hours post-SE, trended toward a decrease

at one week, and was significantly decreased at 2 months (Table 3; one-way ANOVA

p=0.0007; Bonferroni’s post-hoc test p<0.0001; DF=44). Following SE there is a loss of

HAS3 protein followed by the loss of HAS3 mRNA. The loss of HAS3 protein appears to

preceded the loss of aggrecan positive PNs.

Neuronal activity in vitro alters the expression of multiple PN components

In vivo following SE we observed the loss of aggrecan, HAPLN1, and HAS3 along with a

corresponding reduction in aggrecan, HAPLN1, and HAS3 mRNA. To determine if neuronal

activity could precipitate these effects in vitro we treated neuronal cultures with 20mM KCl

for 6 hours or two days, with cultures fixed at 6 hours or one week respectively. Under

control conditions aggrecan positive PNs were detected in neuronal cultures on the cell body

and proximal neuronal processes (Fig. 6A1,A4,D1,D4). HAPLN1 expression was highly

associated with aggrecan (Fig. 6A2,A4). HAS3 expression was associated with aggrecan,

however it was also expressed in the soma and processes of cells lacking an aggrecan

positive PN (Fig. 6D2,D4). HAPLN1 and HAS3 were expressed around the cell body and

proximal processes in a similar pattern to aggrecan, therefore lack of co-expression along

aggrecan positive processes was used as a parameter for abnormal HAPLN1 and HAS3

expression. After 6 hours of treatment with KCl the aggrecan component of the PN structure

was still intact (Fig. 6B1,B4,E1,E4), HAPLN1 expression was significantly decreased and

when visible only extended partially down the processes (Fig. 6B2,B4,G). HAS3 expression

was also significantly decreased and localized to the cell body not extending down the

processes (Fig. 6E2,E4,H). Following two days of KCl treatment aggrecan expression was

diminished (Fig. 6C1,C4) and in some cases abolished (Fig. 6F1,F4). HAPLN1 expression

was eliminated (Fig. 6C2,C4,G) while HAS3 expression remained restricted to the cell body

(Fig. 6F2,F4,H). KCl treatment likely affects the general health of the neuronal cultures

similar to the deleterious effects of SE, however the uniform size and expression of DAPI

stained nuclei (Fig. 6A3,B3,C3,C3,E3,F3) and parvalbumin positive cells (data not shown)

indicate that there are still viable cells even after the 2 day treatment. There was a significant

decrease in HAPLN1 and HAS3 expression following 6 hours KCl treatment and two days

of KCl treatment (One-way ANOVA, p=0.0116, p<0.0001 respectively). The Bonferroni

post-test shows a significant decrease in HAPLN1 and HAS3 after KCl treatment for 6

hours p<0.05, p<0.0001 and two days p<0.05, p<0.0001 respectively; (DF=8 and 8

respectively). Taken together these data suggest that increased neuronal activity is sufficient

to alter the expression of aggrecan in established PNs in culture. Similar to our in vivo

findings HAPLN1 and HAS3 may be more acutely sensitive to excess neuronal activity

since their expression was altered prior to changes in aggrecan.

Discussion

In the present study, we demonstrate that the expression of PNs detected with the antibody

Cat-315, a marker of aggrecan, and the lectin WFA decrease following SE and remained
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diminished for at least two months. In addition to the loss of PNs in the hippocampus, there

is an emergence of PNs with poor structural integrity, a phenotype that has not been reported

previously. Furthermore, we show altered expression of both HAPLN1 and HAS3, two other

net components, which may impact the stability of the PN. These effects are replicated in

vitro with the addition of KCl to mature hippocampal neuron cultures. To our knowledge

this is the first demonstration that SE, decreases aggrecan, HAPLN1, and HAS3 in the

mature hippocampus.

Aggrecan expression in the PN is dependent on normal neuronal activity in the adult

The PN component of the extracellular matrix (ECM) likely plays a role in synapse

stabilization (Frischknecht et al., 2009). Previous work has demonstrated that synapses on

GABAergic parvalbumin-positive cells are surrounded by PNs and that the PN may

contribute to the ability of these cells to maintain high rates of action potential firing (Morris

and Henderson, 2000). Interestingly, loss of tenascin-R and disruption of HNK-1

components of the PN caused diminished sensitivity to direct stimulation of inhibitory

interneurons in CA1 (Saghatelyan et al., 2001). Loss of the PN could lead to disruption of

inhibition, as the structure is primarily expressed around inhibitory cells, and may contribute

to the increased excitation found in epilepsy.

The expression of the aggrecan component of the PN has been shown to require neuronal

activity during development for normal expression based on studies where attenuated

activity disrupted aggrecan formation (Sur et al., 1988; Kalb and Hockfield 1988, 1990;

Hockfield et al., 1990; McRae et al., 2007). The same studies show that in the mature central

nervous system once the net structure develops, activity is not required for maintenance of

the PN and expression is unchanged following decreased activity paradigms. In contrast,

here we demonstrate that SE leads to a persistent loss in aggrecan containing PNs around

parvalbumin cells in the adult hippocampus. The decrease of aggrecan-positive PNs is

detected in all sub regions of the dorsal hippocampus. At one week and two months post-SE

all regions of the hippocampus displayed significantly less aggrecan labeled PNs around

parvalbumin cells than control counter parts. Two months post-SE there is a modest level of

recovery relative to the one week post-SE group, which is driven by slight increases of PN

expression in CA3, CA1 and the subiculum (Bonferroni Post-test p<0.01, p<0.01, p<0.05

respectively). This recovery does not reach control levels, therefore, the decrease in PNs is

long-lasting following SE. In addition, at one week and two months after SE, PNs lacking

structural integrity are present. Using excess KCl as a simple paradigm for increased

neuronal activity in vitro yields similar results with a decrease in aggrecan containing PNs

and the presence of poorly formed PNs.

Importantly, the attenuation of aggrecan expression was not associated with the loss of

parvalbumin positive interneurons. We demonstrate that parvalbumin levels in the dorsal

hippocampus were not attenuated, and actually increased one week following SE induction.

It is unclear why there was an increase in parvalbumin immunostaining at this time-point,

the increase may be due to a transient increase in parvalbumin expression in the

hippocampus. However, epileptic tissue is frequently associated with a loss of interneurons

(for review see Dudek and Shao, 2003). Interneuron loss is most severe in the ventral/
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temporal dentate gyrus of the hippocampus, which is often the only region to show a

reduction in parvalbumin (Buckmaster and Dudek, 1997; Kobayashi and Buckmaster, 2003).

One possible reason for our study showing no loss of parvalbumin cells is we focused on the

dorsal hippocampus for our stereological counts as opposed to the ventral/temporal

hippocampus. In fact a decrease in mRNA for GAD65, a global marker for interneurons,

was more acute in slices form the temporal hippocampus than dorsal slices (Kobayashi and

Buckmaster, 2003). However, our RT-PCR data included the entire hippocampus and we did

not detect a change in parvalbumin mRNA levels following SE. Taken together, these data

indicate that, depending on the location within the hippocampus SE may differentially affect

interneurons, including parvalbumin immunoreactive cells.

We have demonstrated that aggrecan protein, detected with the antibody Cat-315, is

decreased around parvalbumin cells in the hippocampus following SE. The loss of PNs we

observe at the two month time point correlated with a decrease in aggrecan mRNA. But the

decreased mRNA levels would not explain the loss of PNs at one week. One possibility is

that there is in fact a decrease in aggrecan mRNA that we are unable to detect because our

RT-PCR was done on whole hippocampal homogenate and not just the dorsal hippocampus.

If there was a specific effect present only in the dorsal hippcampas our methods may not be

sensitive enough to detect it. However this explanation would not account for the presence

of PNs with poor structural integrity. To our knowledge, this is the first time that PNs with

poor structural integrity have been described. Previously, decreases in aggrecan mRNA

correlated with fewer PNs without the presence of PNs with poor structural integrity

(McRae et al., 2007). Therefore, the decrease in aggrecan mRNA is not likely to be a major

driving force behind the loss of PN structural compactness.

Other components of the PN are altered by increased neuronal activity

To better understand the effects of epileptogensis on the PN and the presence of the

degraded PN we investigated two other PN components HAPLN1 and HAS3. The PN is

thought to provide structural stability at synapses as well as an organizational scaffold for

the surrounding extracellular space. Hyaluronan is the most abundantly expressed

component of the ECM, and molecules that bind hyaluronan help organize the extracellular

space. Lecticans, the family of chondroitin sulfate PGs (CSPGs) to which aggrecan belongs,

have a large globular N-terminal capable of binding hyaluronan, and a C-terminal domain

that can bind other ECM and cell-surface molecules. This unique ability of lecticans to bind

hyaluronan, allows them to serve as a molecular bridge between ECM and cells, giving them

a prominent role in organizing the extracellular space (Yamaguchi, 2000).

HAPLN is thought to stabilize interactions between lecticans and the hyaluronan backbone

of the PN, contributing to its compact lattice structure. A study by Carulli and colleagues

(2010) supported the importance of HAPLN in PN distribution by exploring HAPLN1

knockout animals. They found that knockout animals have decrease PN production,

resulting in residual PN formation around the cell somata with no coverage of proximal

dendrites. Here we show that HAPLN1 protein and mRNA decrease following SE, which

may contribute to the appearance of PNs with an abnormal aggrecan pattern of expression.
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HAS3 has been shown to have a dual role, including promoting the synthesis of hyaluronan

and acting as a receptor for hyaluronan on neurons (Kwok et al., 2010). Members of the

HAS family are expressed before the PN develops making it a candidate for initiating PN

development and expression. All cells with a PN express one of three HASs (Carulli et al.,

2006, 2007; Galtrey et al., 2008), with HAS3 being most commonly co-expressed with

aggrecan expressing PNs (Kwok et al., 2010). In HEK cell lines co-expression of HAS3,

HAPLN1 and aggrecan was necessary for the formation of compact PNs in the extracellular

matrix (Kwok et al., 2010). The ability to bind and dock hyaluronan in the adult

extracellular space is required for PN expression and aggrecan, HAPLN1, and HAS3 are

capable of doing this (Carulli et al., 2006).

During development, high levels of hyaluronan keep the ECM permissive for axonal

outgrowth and cell motility, because of its ability to provide large hydrated spaces. In adults

hyaloronan is expressed at lower levels and the ECM is less soluble. Hyaluronan insolubility

in the adult is likely due to interaction with lecticans through their hyaluronan-binding

domain. In the mature brain, aggrecan binds hyaluronan and forms insoluble aggregates

within the extracellular space (Rauch, 2004). These insoluble aggregates ultimately seem to

play an important role in the decreased plasticity and motility found in the mature nervous

system (Rauch, 2004). Interestingly, seizures have been shown to increase hyaluronan in the

hippocampus, both in vivo and in vitro, and this upregulation is believed to play a role in

mossy fiber sprouting (Perosa et al., 2002a,b Bausch, 2006).

Here we show that 48 hours after SE HAPLN1 and HAS3 decreased, prior to the decrease in

aggrecan immunostaining within the PNs. It is possible that the decrease in these two

important PN stabilizing proteins contributed to the appearance of aggrecan expressing PNs

with poor structural integrity. In human and animal models of TLE hyaluronan was

increased (Perosa et al., 2002a,b Bausch, 2006). The increase in hyaluronan and the

decreases in aggrecan, HAPLN1, and HAS3 we describe suggest an increase in unbound

hyaluronan, likely contributing to increased neurite outgrowth and synaptic plasticity after

SE.

Changes in aggrecan, HALPN1, and HAS3 protein precede changes in their respective
mRNAs

All of the decreases in protein expression, aggrecan, HAPLN1 and HAS3 preceded the

decrease in mRNA. This suggests an additional mechanism exists for altering protein

production/expression prior to the observed decrease in mRNA levels. One possibility is

reduced or suppressed translation impacting the production of functional proteins. Another

possibility is that there are alterations in post-translational modifications to the proteins

altering their ability to contribute to the PN structure. There is evidence for post-

translational modifications taking place in the production of aggrecan (Matthews et al.,

2002), HAPLN1 (Roughley et al., 1982), and HAS3 (for review see Tammi et al., 2011;

Goentzel et al., 2006). Alterations in post-translational modifications of these proteins may

lead to diminished or non-functioning proteins. An additional possibility is that the proteins

are produced and fully functional but due to alterations in other components remain diffuse

in the matrix unable to form a proper PN.
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The mechanism for the loss of HAPLN1, and HAS3 at 48 hours, prior to any detectable

change in aggrecan suggests they are undergoing changes in protein translation, production

or degradation earlier than aggrecan. We cannot however rule out that or our methods for

detecting changes in HAPLN1 and HAS3 expression are more sensitive than aggrecan.

These data suggests either suppressed translation, altered post-translation modifications, or

protein degradation contributes to the loss of the PNs in addition to suppressed transcription

at two months. Future studies are needed to further clarify the mRNA independent changes

in aggrecan, HAPLN1, and HAS3 prior to two months post-SE.

Functional implication of PN loss in the progression of epileptogenesis

Interestingly, SE in the developing and mature brain has opposing effects on the aggrecan

component of the PN. Our previous work showed that SE induced before PN development

leads to aggrecan-positive PN expression earlier in the dorsal hippocampus with normal

levels of expression in the adult (McRae et al., 2010). However, as the current study

demonstrates, SE induced in the adult affects multiple components of the PN and leads to a

persistent decrease in aggrecan-positive PNs as well as the emergence of PNs with

diminished structural integrity and compactness. One difference between the adult and

developing brain’s response to SE is the adults tend to develop frequent spontaneous seizure

and robust mossy fiber sprouting while SE induction early in life, leads to infrequent

spontaneous seizures and modest mossy fiber sprouting (Jensen et al., 1992; Dube et al.,

2000; Zhang et al., 2004a,b; Raol et al., 2006). It is possible that the transient increase of

aggrecan early in development contributes to the milder synaptic rearrangement while the

loss of aggrecan and the PN in the adult may provide a permissive extracellular environment

for the remodeling of neural networks that coincides with more severe epilepsy.

SE induction in adult rats led to changes in the PN throughout the dorsal hippocampus.

There was some level of recovery of PN expression by two months in all regions except the

dentate gyrus and CA4. Fewer PNs on parvalbumin interneurons in the adult dentate gyrus

may leave interneurons more susceptible to synaptic remodeling. Interestingly, parvalbumin

basket cells, the primary cell with a PN within the dentate gyrus display reduced synaptic

input and output following pilocarpine induced SE (Zhang and Buckmaster 2009). Two

months following SE the parvalbumin cells in the dentate had the lowest PN expression and

the highest level of degraded PNs, which might contribute to their reduced synaptic input.

Here, we describe changes in components of the PN, following SE in adulthood. Decreases

in aggrecan containing PNs around parvalbumin cells throughout the dorsal hippocampus

occurred concurrent with a loss of structural integrity in some of the remaining PNs.

Decreases in HAPLN1 and HAS3 protein expression occurred prior to the loss of aggrecan,

likely contributing to the deterioration of the matrix by decreasing aggrecan’s ability to bind

hyaluronan. Taken together the data suggest that following SE changes in the PN may

contribute to a more permissive extracellular environment within the hippocampus

providing a space conducive for the progression of epileptogenisis.
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Figure 1. Status epilepticus decreases expression of aggrecan positive PNs in the rat dorsal
hippocampus
PN expression was observed in the dentate gyrus/CA4 (A–D), CA3 (E–H), CA1 (I–L), and

subiculum (M–P) under control conditions (A, E, I, M) or following pilocarpine induced SE.

Aggrecan expression did not differ from control 48 hours post-SE (B, F, J, N). One week

post-SE there was a decrease in the expression of Cat-315 in all regions of the hippocampus,

(C, G, K, O), which remained attenuated two months following SE (D, H, L, P). Scale bar,

200 μ.m.
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Figure 2. Status epilepticus alters the quantity of Aggrecan expressing PNs surrounding
parvalbumin interneurons in the rat dorsal hippocampus
In the control CA1 region of the hippocampus aggrecan PNs (green) encapsulated

parvalbumin cells (red) (A–C). Two months post-SE there were parvalbumin cells lacking

the PN (D–F). Stereological counts of aggrecan positive PNs with normal morphology (G–I)

and were performed at 48 hours (G), one week (H), and two months (I) post-SE. There was

no change in aggrecan expressing PNs 48 hours after SE (G). There was a significant

decrease in aggrecan PNs one week following SE in all regions of the hippocampus

Bonferroni’s post-hoc test p<0.001 (H). There was a significant decrease in aggrecan PNs

two months post-SE in all regions of the hippocampus, Bonferroni’s post-hoc test CA3 and

the subiculum p<0.05, CA1 p<0.01, DG and CA4 p<0.001 (I). Error bars represent the

standard error of the mean. Scale bar, 50 μ.m.
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Figure 3. Status epilepticus alters the quality of aggrecan expressing PNs surrounding
parvalbumin interneurons in the rat dorsal hippocampus
The PN normally ensheathes the soma and proximal processes (A), however after SE the

structural integrity of the PN was compromised (B). Stereological counts of aggrecan

positive PNs with poor integrity (degraded) (C–E) were performed at 48 hours (C), one

week (D), and two months (E) post-SE. There were few degraded PNs 48 hours after SE

(C). There was a significant increase in degraded PNs in all regions excluding the dentate

gyrus at one week, Bonferroni’s post-hoc test CA4 p<0.05, CA3, CA1 and subiculum

p<0.001 (D). There was a significant increase in degraded PNs in all regions excluding the

subiculum two months post-SE, Bonferroni’s post-hoc test DG and CA4 p<0.001, CA3

p<0.05, CA1 p<0.01 (E). Error bars represent the standard error of the mean. Scale bar, 40

μ.m.
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Figure 4. HAPLN1 expression decreases in the rat dorsal hippocampus following status
epilepticus
In the control CA1 region HAPLN1 (A) and aggrecan (B) colocalize (C, HAPLN1 is red,

Cat-315 is green). HAPLN1 expression decreased in the CA1 region 48 hours (D), one week

(E) and two months (F) following SE. HAPLN1 expression significantly decreased 48 hours

post-SE, Bonferroni’s post-hoc test CA4 and CA1 p<0.0001 (G), and remains attenuated one

week post-SE, Bonferroni’s post-hoc test CA1 p<0.001 (H), and two months post-SE,

Bonferroni’s post-hoc test CA4, CA3, CA1 p<0.001 (I). Error bars represent the standard

error of the mean. Scale bar, 100 μ.m.
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Figure 5. HAS3 expression is decreased in the rat dorsal hippocampus following status
epilepticus
In the DG/CA4 region aggrecan (green) colocalizes with HAS3 (red) (A,B,F). Aggrecan

colocalized with HAS3 in CA3 (K,L,P). There was a decrease in HAS3 expression 48 hours

post-SE in DG/CA4region (C,H) and CA3(M,R). There was a more pronounced decrease in

HAS3 1 week post-SE in the DG/CA4 and CA3 regions (D,I; N,S). HAS3 expression

remained suppressed at 2 months in the DG/CA4 and CA3 regions (E,J; O,T). High

magnification images (G–J and Q–T). Scale bar, 100 μ.m (A–F, K–P). Scale bar 50 μ.m (G–

J, Q–T).
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Figure 6. Increased neuronal activity in-vitro decreases aggrecan, HAPLN1 and HAS3
expression
Saline (A1-A4, D1-D4) or 20 mM KCl was added to hippocampal neurons at 30 DIV for 6

hours (B1-B4, E1-E4) or 2 days (C1-C4, F1-F4). In the control condition aggrecan

expression was found in the cell body and along the processes of hippocampal neurons (A1,

A4, D1, D4), 6 hours after the addition of the addition of KCl aggrecan was still expressed

(B1, B4, E1, E4). HAPLN1 expression was significantly decreased throughout the cell (B2,

B4, G) and HAS3 expression was limited to the soma and no longer expressed in the

processes (E2, E4, H). However, following 2 days of KCl treatment, with cultures fixed at

one week, aggrecan expression decreased (C1, C4, F1, F4) while HAPLN1 (C2, C4, G) and

HAS3 (F2, F4, H) levels remain depressed. DAPI expression (A3, B3, C3, D3, E,3, F3). The

Bonferroni post-test shows a significant decrease in HAPLN1 after KCl treatment for 6

hours (p<0.05) and two days (p<0.05) and HAS3 after 6 hours (p<0.0001) and two days

(p<0.0001). Scale bar, 50 μ.m.
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