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Neurobiology of Disease

Hyaluronan Deficiency Due to Has3 Knock-Out Causes
Altered Neuronal Activity and Seizures via Reduction in
Brain Extracellular Space
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Hyaluronan (HA), a large anionic polysaccharide (glycosaminoglycan), is a major constituent of the extracellular matrix of the adult
brain. To address its function, we examined the neurophysiology of knock-out mice deficient in hyaluronan synthase (Has) genes. Here
we report that these Has mutant mice are prone to epileptic seizures, and that in Has3 ~'~ mice, this phenotype is likely derived from a
reduction in the size of the brain extracellular space (ECS). Among the three Has knock-out models, namely Has3 /=, Has1~'~, and
Has2%°, the seizures were most prevalent in Has3 ~'~ mice, which also showed the greatest HA reduction in the hippocampus. Electro-
physiology in Has3 '~ brain slices demonstrated spontaneous epileptiform activity in CA1 pyramidal neurons, while histological
analysis revealed an increase in cell packing in the CA1 stratum pyramidale. Imaging of the diffusion of a fluorescent marker revealed that
the transit of molecules through the ECS of this layer was reduced. Quantitative analysis of ECS by the real-time iontophoretic method
demonstrated that ECS volume was selectively reduced in the stratum pyramidale by ~40% in Has3 '~ mice. Finally, osmotic manip-
ulation experiments in brain slices from Has3 '~ and wild-type mice provided evidence for a causal link between ECS volume and
epileptiform activity. Our results provide the first direct evidence for the physiological role of HA in the regulation of ECS volume, and

suggest that HA-based preservation of ECS volume may offer a novel avenue for development of antiepileptogenic treatments.

Introduction

Epilepsy is one of the most common neurological disorders, yet it
remains among the least understood of major chronic condi-
tions. It is characterized by recurrent spontaneous seizures
caused by abnormal synchronous firing of neurons. Although
changes in synaptic transmission can lead to epileptic hypersyn-
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chrony, nonsynaptic mechanisms, such as ionic changes in the
extracellular solution and enhanced electric field effects and ep-
haptic interactions (Jefferys, 1995), can also play a role in the
generation of epileptiform activity (Traynelis and Dingledine,
1989; Dudek et al., 1998; Margineanu, 2010).

Tonic effects, electric field effects, and ephaptic interactions
depend on the extracellular space (ECS). The ECS comprises a
system of contiguous narrow spaces interposed between the brain
cells, filled with ionic solution and macromolecules of the extra-
cellular matrix. ECS structure is characterized by two macro-
scopic parameters: volume fraction «, which is defined as the
proportion of the tissue occupied by the ECS; and diffusion per-
meability 6, which quantifies how the diffusion process in an ECS
microenvironment is slowed down compared with an obstacle-
free medium (Nicholson, 2001; Hrabe et al., 2004). Changes in
the structure of ECS influence accumulation and clearance of
ions and neuroactive substances as well as the effectiveness of
electric-field effects and ephaptic interactions, and thus affect the
excitability of the neuronal population (Sykova and Nicholson,
2008). It has been speculated that matrix macromolecules play a
role in the maintenance of a and 6 (Sykova and Nicholson, 2008).

Hyaluronan (HA), a large anionic polysaccharide (glycosami-
noglycan), is a major component of extracellular matrices
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(ECMs). Although HA is ubiquitous in various organs and tis-
sues, the brain is one of the organs that contains high levels of HA
(Fraser etal., 1997). With its pronounced hydration capacity, HA
occupies a very large molecular domain in solution and forms a
porous meshwork in the extracellular matrix that exerts pressure
on surrounding cells (Toole, 2000, 2004). In mammalian cells,
there are three hyaluronan synthases, namely HAS1, HAS2, and
HAS3, which are channel-like transmembrane molecules resid-
ing on the plasma membrane. HA is extruded directly into the
ECM through the pore of these HAS molecules while it is being
synthesized. This mode of synthesis is thought to allow direct and
rapid modulation of the hydrated property of the microenviron-
ment surrounding cells (Toole, 2004).

Because of its unique physicochemical property, we hypothe-
size that HA plays a key role in the regulation of ECS in the adult
brain. In this paper, we show that mutant mice deficient in Has
genes, especially Has3 '~ mice, exhibit an epileptic phenotype.
The hippocampal CA1 region of Has3 '~ mice shows synchro-
nous firing in a population of pyramidal cells, along with a pro-
nounced reduction in the level of tissue HA. Quantitative analysis
of ECS by the real-time iontophoretic method revealed that the
ECS volume in the CA1 stratum pyramidale of Has3 ™'~ mice is
significantly reduced. Our data indicate that HA plays a key role
in the maintenance of ECS in this region and that its deficit leads
to altered neuronal activity and epilepsy.

Materials and Methods

Mice. Mouse HasI- (Mack et al., 2012) and Has3-null (Bai et al., 2005)
alleles were obtained from Dr John McDonald (Mayo Clinic, Scottsdale,
AZ) as Hasl ' ;Has3 '~ compound mutant mice, from which
Has1 '~ and Has3 ~/~ mice were segregated for this study. As reported
previously (Bai et al., 2005; Mack et al., 2012), HaslI /= Has3 7', and
Hasl ~'~;Has3 '~ mice exhibited no apparent developmental abnor-
malities and had normal life spans. Because Has2 ~/~ mice are embryonic
lethal (Camenisch et al., 2000), brain-targeted conditional Has2 knock-
out mice (Has2%®) were generated using the conditional Has2-null al-
lele (Matsumoto et al., 2009) and the nestin-Cre transgene (Tronche et
al., 1999). Like HasI '~ and Has3 ~/~ mice, Has2X° mice were born
and grew normally with no apparent morphological defects in their
brains. All mutant and WT control mice used in this study were in 100%
C57BL/6 background. Both male and female mice were used in the study.
Mice were bred at Sanford-Burnham Medical Research Institute (SBMRI)
and adult animals were shipped to SUNY Downstate Medical Center
when needed. All protocols for animal use were in accordance with NIH
guidelines and local IACUC regulations of SBMRI and SUNY Downstate
Medical Center.

HISS test. The handling-induced seizure susceptibility (HISS) test
(Todorovaetal., 1999) was used to examine seizure susceptibility in mice
at 3—4 months of age. The test consisted of two handling trials, separated
by 30 min, in which the mouse was held by the tail 15 cm above the cage
for 30 or 15 s and then returned to its home cage. Behavior of mice was
video recorded immediately after cage changing. The test was repeated
after 1 week. Mice had no routine cage changing for at least 1 week before
testing. Mice were diagnosed to be seizure-susceptible if they exhibited
behaviors ranging from immobility and/or head clonus to tonic-clonic
movements (Todorova et al., 1999).

Video-electroencephalogram monitoring. Behavioral and electroen-
cephalogram (EEG) observations were made by using the Pinnacle 8200
three-channel monitoring system with simultaneous video recording
(Pinnacle Technology). For this analysis, mice at 3—4 months of age were
surgically implanted in the left and right frontoparietal cortex with elec-
trodes. Briefly, mice were anesthetized and the skull surface was exposed
with a single rostral/caudal incision, cleaned of all connective tissue, and
dried. A headmount was attached to the skull with cyanoacrylate, and
four holes were drilled to place the sterile stainless steel screw recording
electrodes epidurally (two placed 2 mm anterior to bregma, and two
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Table 1. Occurrence of induced and spontaneous seizures in Has mutant mice

Spontaneous
Induced by handling? (video + EEG recorded)”
WT  Has1™/7;Has3™/~ WT  Has1™/~  Has2®®  Has3~/~
Total mice tested 29 40 10 7 8 9
Mice with 0 19 0 1 2 5
seizures (no.)
Mice with 0 475 0 143 25.0 55.6

seizures (%)

“Seizures were induced using the HISS test (Todorova et al., 1999) and video-recorded. Mice were diagnosed to be
seizure-susceptible when they exhibited behaviors ranging from immobility followed by head clonus to tonic-clonic
behavior.

®Spontaneous epileptic seizures were detected by simultaneous video-EEG recording. Mice were diagnosed as
epileptic when they exhibited during 24 h recording session at least one abnormal EEG episode that lasted at least 5 s
and was accompanied by behavioral seizures.

Table 2. Summary of electrographic seizures observed in Has mutant mice

Animal Duration (s)* Frequency (per 24 h)* Seizure score**
Has3~/~
1 31478 4314 Grade IV
2 123+6.8 1505 Grade IV
3 113 +21 27+03 Grade IV
4 6.1 0.1 3010 Grade lll
5 6.2+ 04 1505 Grade Il
Has2©
1 175 *+49 2020 Grade lll
2 7303 1.0+10 Grade Il
Has1~/~
1 1.6 £3.6 40*1.0 Grade lll

*Duration and frequency data are shown as mean == SEM.
**See Materials and Methods for the criteria used to score electrographic seizures.

placed 4 mm posterior to bregma; each 1-2 mm lateral to the sagittal
suture). After surgery, mice were allowed to recover for 7 d before initi-
ation of the simultaneous video-EEG monitoring. For monitoring, a
preamplifier was connected to the headmount and a commutator, which
was attached to the Data Acquisition and Control System (Pinnacle
Technology). Simultaneous video recording for analysis of the behavior
was obtained using Sony CCD-TRV328 video camera linked via a port to
a PC. Each mouse was subjected to two nonconsecutive 24 h video-EEG
monitoring sessions. Recordings were sampled at 400 Hz and low-pass
filtering was done at 55 Hz (EEG). Amplified EEG signals were collected,
digitized, and analyzed with the Sirenia software package (Pinnacle Tech-
nology). EEG signals were rated according to the following criteria, based
on Baraban et al. (2009): grade I, basic background, no epileptiform
spikes; grade II, mostly normal background, some high voltage spikes;
grade III, mostly abnormal background with low-frequency, high voltage
spiking; and grade IV, high-frequency, high voltage synchronized poly-
spike waves with amplitude at least three times greater than the baseline.
Only abnormal EEG events of grade III or IV that lasted =5 s and were
accompanied by behavioral seizures were included in the data tables
(Tables 1, 2).

Histology and immunohistochemistry. For HA and perineuronal nets
(PNN’s) staining, mice were transcardially perfused with PBS followed by
4% paraformaldehyde in PBS. Brains were removed, postfixed overnight
in 4% paraformaldehyde, and transferred to 10% and then 30% sucrose
in PBS at 4°C. Coronal sections (30 wm thick) were cut on a cryostat
(Leica). Free-floating sections were incubated for 2 h with Wisteria flori-
bunda agglutinin (WFA; FITC-labeled, 1:500; EY Laboratories) to visu-
alize PNNs. Staining of HA was performed by incubating free-floating
sections with biotinylated hyaluronan-binding protein (HABP; 10 g/
ml; Seikagaku) in 3% BSA in PBS overnight at 4°C, followed by washing
and incubation with AlexaFluor 488-conjugated streptavidin (Life Tech-
nologies) for 2 h at room temperature. For immunohistochemistry, free-
floating sections were blocked with either 3% normal goat serum and
0.2% Triton X-100 in PBS, or 3% BSA and 0.2% Triton X-100 in TBS for
1 h at room temperature. Sections were incubated overnight at 4°C with
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Table 3. ECS parameters measured with the RTI method in the CA1 region of hippocampus in mouse brain slices

Genotype Layer a 17 n No. of slices
SR 0.207 + 0.009 0.474 + 0.020 12 4
WT SO 0.212 +£0.012 . 0.456 + 0.024 . 14 3
SP 0.119 £ 0.023 0.328 +0.035 17 5
SR 0.205 + 0.011 N 0.480 + 0.035 16 5
Has3™” SO 0.213£0.002 ' | 0.454£0.002 ' | 6 3
SP 0.071 £ 0.014 0.350 + 0.041 22 5

Values are expressed as mean = SD. SR, s. radiatum, SO, s. oriens, SP, 5. pyramidale. The number of measurements was n and several measurements were made in each slice. No. of slices = number of mice. In SR and SO, values of « and
0 were determined using a traditional analysis of RTI diffusion curves. There was no statistically significant difference between SR and SO values of cand 6 (Student’s ¢ test, p > 0.05). Values of cc and 6 were pooled within each genotype
W atgp 4 5o =0.210, Oz 5o = 0.465;Has3 ' :aegg , 50 = 0207, 05 . 5o = 0.473) and used in a multilayer analysis to extract ECS parameters for P from RTI diffusion curves obtained across three layers (Fig. 70). For each ECS
parameter, SR + SO values and SP values from both genotypes were compared using two-way ANOVA followed by pairwise multiple comparison procedures. For e, factor layer, factor genotype, and their interaction had p << 0.001. For 6,
factor layerhad p < 0.001. Statistically significant difference between groups ( p << 0.05) is marked with asterisks. No statistically significant differences were found for the nonspecific clearance (s ). Inthe WT, i was 0.0086 = 0.0014,
0.0056 = 0.0011,0.0033 == 0.0025 in SR, SO, and SP, respectively; and g - 5o was 0.0070. In Has3 "~ « was 0.0028 = 0.0019, 0.0031 = 0.0006, 0.0079 = 0.0025 in SR, SO, and SP, respectively; and 5 , 5o Was 0.0029.

the following primary antibodies: rabbit polyclonal anti-aggrecan (1:500,
AB1031; Millipore), rabbit polyclonal anti-brevican (1:200; Yamada et
al., 1997), mouse monoclonal anti-phosphacan (1:100, clone 3F8; Devel-
opmental Studies Hybridoma Bank), and mouse monoclonal anti-
tenascin-R (1:100, clone 619; Synaptic Systems). For aggrecan staining,
sections were preincubated with chondroitinase ABC (0.02 U/ml, Seika-
gaku). Sections were then incubated with rhodamine Red- or Cy-2-
conjugated secondary antibodies (Jackson Laboratories) for 2 h at room
temperature. After washing with PBS, sections were mounted on a glass
slide with ProLong Gold medium (Life Technologies).

For NeuN staining, fresh brains were cut into 2-mm-thick coronal
slices and subjected to “extracellular space-preserving fixation” (Cragg,
1980). Briefly, the slices were immersed in 0.135 Osm sodium phosphate
buffer, pH 7.3, containing 2 mm CaCl, and 0.135 M sucrose (immersion
solution) in a magnetically stirred beaker. After 2 min, an equal volume
of the fixation solution (8% paraformaldehyde in the immersion solu-
tion) was added over a period of 3 min. The slices were incubated over-
night at 4°C and then transferred to 10% and then 30% sucrose in PBS at
4°C. From these slices, 30-um-thick sections were cut on a cryostat, and
free-floating sections were incubated with mouse monoclonal anti-
NeuN (1:100, MAB377; Millipore), followed by Cy-2-conjugated sec-
ondary antibody.

Immunofluorescence images were captured with an Olympus Flu-
oview Laser Point Scanning confocal microscope. Morphometric analy-
ses of the CA1 stratum pyramidale were performed on confocal images
obtained from 3 coronal hippocampal sections per mouse (between
bregma levels —1.58 and —2.06 mm; Franklin and Paxinos, 2008) in a
total of four mice for each genotype. The thickness of the hippocampal
stratum pyramidale, the number and density of neurons contained
within the layer, and the size of soma of pyramidal neurons were deter-
mined on 12 NeuN-stained sections per genotype (3 sections per animal,
4WT and 4 Has3 ~'~ mice) using Image]J software. The number of PNNs
was quantified in WFA-stained sections by counting the number of neu-
ronal cell bodies surrounded by discrete PNN staining in coronal sec-
tions through the cingulate/retrospenial cortex (layers II-III, IV, and V)
and through the hippocampus of WT and Has3 ~/~ mice. Quantifica-
tions were performed on three coronal sections per mouse in a total of
four mice for each genotype. Labeled cells were counted on a fluores-
cence microscope using a 20X objective (4 animals per genotype). Re-
sults were analyzed by Student’s ¢ test.

Brain slice preparation. Brain slices were used for electrophysiology,
imaging of extracellular marker distribution, and diffusion measure-
ments. Altogether, coronal brain slices 400 um thick were prepared from
24 WT and 30 Has3 '~ mice, as described previously (Xiao and Hrabe-
tova, 2009; Saghyan et al., 2012). The animals were anesthetized with
sodium pentobarbital (50 mg/kg, i.p.) or halothane, and decapitated. The
brain was extracted, cooled with ice-cold artificial CSF (ACSF; composi-
tion in mm: NaCl 124, KCl 5, NaHCO; 26, NaH,PO, 1.25, p-glucose 10,

MgCl, 1.3, CaCl, 1.5), and sliced with a vibrating blade microtome (VT
1200 S; Leica Instruments). In some experiments, only where indicated,
brain slices from which the CA3 region of the hippocampus had been
excised were used. For those experiments only, the CA3 region was cut
out of the coronal slice in a dissecting chamber using a scalpel blade.
Thereafter, the slices were held in an incubation chamber submerged in
ACSF at room temperature. The ACSF was gassed with a mixture of 95%
0, and 5% CO, to buffer pH at 7.4. The ACSF osmolality, determined
with a freezing point-depression osmometer (Osmette A no. 5002; Pre-
cision Systems), was ~300 mosmol/kg. For osmotically modified ACSF,
the concentration of NaCl was adjusted to obtain hypertonic (400
mosmol/kg) or hypotonic (200 mosmol/kg) solutions (Kume-Kick et al.,
2002).

Electrophysiology. For extracellular field recording, each brain slice was
placed in a submersion recording chamber (Warner model RC-27L;
Harvard Apparatus) and superfused with ACSF at a flow rate of 2.0
ml/min delivered by a peristaltic pump. The ACSF temperature was
maintained at 34 = 1°C by a dual automatic temperature controller
(Warner model TC-344B; Harvard Apparatus) operating an in-line
heater (Warner model SH-27A; Harvard Apparatus) in tandem with the
heating element of the recording chamber. The recording chamber was
placed on the fixed stage of a compound microscope (BX51WI; Olympus
America) equipped with a water-immersion objective (Olympus UMPlanFl;
10X, numerical aperture 0.3) and infrared differential interference con-
trast optics for visualization of the specimen and microelectrodes. The
glass microelectrode for recording of extracellular field potentials was
held in a robotic manipulator (MP 285; Sutter Instrument), which en-
sured a high precision of movement and stability. Extracellular field
recordings were performed in the stratum pyramidale of the hippocam-
pal CALl region. In some experiments, dual extracellular field recordings
were made by placing the second extracellular microelectrode in the
stratum pyramidale of the hippocampal CA3 region or in the granular
layer of the hippocampal dentate gyrus. The extracellular microelec-
trodes were filled with 150 mm NaCl. Voltage was recorded using a dual-
channel microelectrode preamplifier (model 1X2-700; Dagan). The
signal was further amplified and low-pass filtered (6 Hz) using a Cyber-
Amp 320 signal conditioner (Axon-CNS; Molecular Devices), then dig-
itized and stored on a personal computer.

Statistical analysis of extracellular field recordings was performed us-
ing Sigma Stat 3.5 (Systat Software). In each experimental condition, the
number of field potential events occurring in a 10 min recording segment
were counted and converted to frequency in hertz. Frequency of events
was used in the statistical analysis. We used the Mann—Whitney rank sum
test for unpaired groups and the Wilcoxon signed rank test for paired
groups. For all tests performed, p < 0.05 was considered significant.

Simultaneous intracellular microelectrode recording and extracellular
field recording was performed in five Has3 '~ brain slices (5 mice). For
these experiments, each slice was placed on a net in the recording cham-
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Before digitization, the voltage recording was fil-
tered at 2 kHz using the low-pass Bessel filter on the
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Warner [E-210. Intracellular and field potential data
points were simultaneously collected at 9.5-16.7
kHz using pClamp software (Axon CNS, Molecular
Devices).
500 uv | Imaging of extracellular marker distribution.
Experiments were performed on a recording
5s setup equipped for imaging in brain slices.
Each brain slice was placed and maintained in
\ the same type of submersion recording cham-
‘ ber described in the electrophysiology section
above. Imaging experiments were performed
in four Has3 '~ brain slices (4 mice) and in
four WT brain slices (4 mice). The recording
chamber was placed on the fixed stage of a
compound microscope (BX61WI; Olympus
America) equipped with a fluorescence illumi-
nator system, a water-immersion objective
(Olympus UMPlanFl, 10X, numerical aper-
ture 0.3), and infrared (IR) differential inter-
ference contrast (DIC) optics for visualization
of the specimen and micropipette. The glass
micropipette was pulled from thin-wall glass
tubing (catalog #6170, AM System) and back-
filled with fluorophore-labeled dextran (MW
3000) labeled with fluorophore Texas Red
(dex3, 1 mmin 150 mm NaCl; catalog #D-3329,
Invitrogen). The tip of the micropipette, 2—4
pm in diameter, was positioned in the stratum
radiatum of the hippocampal CAIl region in
close proximity to the stratum pyramidale. The
v glass micropipette was held in a robotic manip-
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seconds on x-axis).

ber (Fine Science Tools) at an interface between humidified 95% O,/5%
CO, gas and extracellular solution saturated with 95% O,/5% CO, gas.
The slice was allowed to stabilize 30 min to 1 h at 34°C before recording.
The extracellular field recording was performed with a glass microelec-
trode placed at or very near the border of CAl stratum radiatum and
stratum lacunosum-moleculare. The extracellular microelectrode was
filled with 150 mm NaCl plus 3 mm KCl; the microelectrode
impedance was 0.5-1.0 M(Q) in extracellular solution. Voltage was re-
corded in DC using a IE-210 high-impedance amplifier at 50 times gain
and further amplified at 20 times gain using a Warner LPF-100B (Harvard
Apparatus). Before digitization, the voltage recording was filtered at 100 Hz
using the low-pass Bessel filter on the Warner LPF-100B. The slices chosen
for simultaneous intracellular and extracellular recording were those that
had a spontaneous field potential every 5-30 s. The intracellular microelec-
trode was placed in CA1 stratum pyramidale as close as possible to the field
microelectrode. Current-clamp recording was performed using a second
high-impedance microelectrode amplifier (Warner IE-210; Harvard Appa-
ratus). The intracellular microelectrode was filled with 3 M potassium acetate
plus 50 mm KCl; the microelectrode impedance was 22—42 M(). Only re-
cordings with a resting potential of —50 mV or more negative, overshooting
action potentials, and an input impedance of =15 M() were accepted. The
input impedance of accepted cells was 22 + 5 M() (mean = SD, n = 8).
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Spontaneous epileptic seizures in Has mutant mice. Representative tracings of electrographic seizures (Ictal) and of
interictal abnormal activity (Interictal) observed in three independent Has3 ~/~ mice are shown. A tracing of baseline EEG activity
ina WT mouse is shown at the top. Spike amplitude (in microvolts on y-axis) is plotted as a function of recorded time course (in
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f ulator (MP 285; Sutter Instrument), and the
back of the micropipette was connected to a
pressure pulse system (PicoSpritzer III, Parker
Hannifin). The dex3 molecules were released
by a brief pressure pulse of compressed nitro-
gen. Dex3 distribution in the hippocampal
CA1 region was imaged with a CCD camera
(QuantEM 512SC, Photometrics).

RTI. The real-time iontophoretic (RTI)
method (Nicholson and Phillips, 1981; Hrabe-
tovaand Nicholson, 2007) was used to quantify
two parameters of ECS: volume fraction
(o0 =Vieo/ Vigsue) and diffusion permeability
(0 =Dgs/ Dy Where Dy is an effective dif-
fusion coefficient in brain and Dy, is a diffu-
sion coefficient in a medium without obstacles; Nicholson, 2001; Hrabe
et al., 2004). ECS parameters in the stratum pyramidale of CA1 hip-
pocampus were quantified using an improved multilayer analysis
(Saghyan et al., 2012). The software for fitting the RTI data and for
simulating diffusion using the multilayer model is available at
http://claymore.rfmh.org/~lewis/programs/. In Has3 '~ mice, diffu-
sion measurements from slices showing rhythmic spontaneous field po-
tentials in the CAl region were included in the analysis. Diffusion
measurements in dilute agarose gel (0.3% in 150 mm NaCl; NuSieve
GTG, FMC BioProducts) and in brain slices were performed with the
same recording setup as the extracellular field recordings. Tetramethyl-
ammonium (TMA) chloride (0.5 mm) was added to the dilute agarose gel
and the ACSF to provide a calibration standard. TMA was released by
iontophoresis from a microelectrode and detected by an ion-selective
microelectrode (ISM) positioned ~100 wm away from the source. Mi-
croelectrodes were prepared from double-barreled theta glass (Warner
Instrument) as described in detail by Nicholson (1993). Both barrels of
the iontophoretic microelectrode were filled with 150 mm TMA chloride.
A continuous positive bias current of 20 nA was applied from a constant
current, high-impedance source (model ION-100; Dagan) to maintain a
steady transport number (n,) throughout the experiment. Diffusion
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curves were obtained by stepping up the ionto-
phoretic current to 60—120 nA for 50 s. The
TMA detecting barrel of the ISM was filled with
150 mM TMA chloride and contained a short
column of tetraphenylborate based exchanger
in the tip (Corning exchanger 477317; cur-
rently available as IE 190 from WPI). The ref-
erence barrel, which detected DC potential,
was filled with 150 mm NaCl. Each ISM was
calibrated in a set of standard solutions (0.5, 1,
2,4, and 8 mMm TMA in 150 mm NaCl). Calibra-
tion voltages were fitted to the Nikolsky equa-
tion to obtain the slope and interference of
each ISM (Nicholson, 1993). In the recording
setup, the iontophoretic microelectrode and
the ISM were held in robotic manipulators
(MP 285; Sutter Instrument) and indepen-
dently positioned in the agarose gel or the brain
slice (Hrabetova et al., 2002). Slice measure-
ments were made at a depth of 200 um. The
TMA signal was obtained as a difference be-
tween potentials of the detecting barrel and the
reference barrel, using a dual-channel micro-
electrode preamplifier (model 1X2-700; Da-
gan). The TMA signal and DC potential were
amplified, low-pass filtered (6 Hz) using a Cy-
berAmp 320 signal conditioner (Axon-CNS;
Molecular Devices), and monitored on an an-
alog chart recorder. Diffusion curves obtained
with the RTI method in dilute agarose gel or
brain slices were fitted with a solution of the
diffusion equation (Nicholson and Phillips,
1981; Saghyan et al., 2012) using MATLAB
(MathWorks) and C language based programs.
Measurements in the agarose gel yielded the
transport number #, of the iontophoretic mi-
croelectrode and the diffusion coefficient
D,g.r- Dilute agarose gel was used to minimize
thermal convection currents known to cause
inaccuracies when water or physiological solu-
tions are used (Nicholson, 2001). The D,g,,
measured under these experimental conditions
is essentially a free diffusion coefficient Dy,
(cm?/s). To verify stability of the transport
number throughout the experiment, additional
measurements in the agarose gel were made after
recording in the brain slices. Once n, and Dy,
were known, measurements in the brain slices
provided estimates of the ECS volume fraction «
(00 =Vgeo/ Vissue)» effective diffusion coefficient
Dy (cm?/s), and nonspecific clearance k (s ~').
The nonspecific clearance quantifies loss of the
diffusing substance from the ECS due to effects
such as removal by the ACSF superfusing the
brain slice and cellular uptake (Hrabetova and
Nicholson, 2007; Kaur et al., 2008). Diffusion
permeability was calculated (6 = Dygcg/Dyeos
Hrabe et al., 2004). Diffusion records obtained
with the RTI methods in the strata radiatum and
oriens of the hippocampal CA1 region were pro-
cessed using traditional analysis (Nicholson and
Phillips, 1981). To obtain ECS parameters for the
CAl stratum pyramidale, iontophoretic and
TMA-selective microelectrodes were placed in the stratum radiatum and in
the stratum oriens, respectively (Fig. 7C), and diffusion curves recorded
across the three layers were processed using improved multilayer analysis
(Saghyan et al., 2012). After each measurement involving the stratum pyrami-
dale ofhippocampal CA1, the thickness of the stratum pyramidale was estimated
in the slice using infrared differential interference contrast (IR-DIC) optics. Sta-

WT

Has3"-

Has17-

Figure 2.

hyaluronan-binding protein (Laurent et al., 1991) was performed in the forebrain sections of WT (4, E), Has3 ~'~ (B, F), Has.
(€, G), and Has1 ~'~ (D, H) mice. Note that in WT mice, HA is strongly expressed in the hippocampus (4). In Has3 '~ mice,
hippocampal HA staining is markedly reduced (B). On the other hand, HA staining in the hippocampus is largely preserved in
Has2*° mice (). Instead, reductionin HA s prominent in the superficial layers of the cortexand in fiber tracts in Has2““ mice (e.g.,
the corpus callosum and the cingulum bundle; C, asterisk). The HA staining pattern in Has7 ~/~ mice is essentially indistinguish-
able from that of WT mice (D). Scale bar, 200 sum. E-H, High-magnificationimages of the CA1 region. Note that not only s the level
of HA staining greatly reduced in Has3 ~/~ mice, but intercellular HA staining between neurons in the stratum pyramidale is
essentially lost in Has3 '~ mice (F). Scale bar, 30 um.
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Spatial patterns of HA reduction in three Has mutant mouse models. Tissue staining of HA with biotinylated

2(K0

tistical analysis of e, 6, and k obtained with traditional and multilayer analyses of
RTI data were performed using SigmaStat 3.5 (Systat Software). For all tests
performed, p << 0.05 was considered significant.

Multilayer diffusion analysis. Because the thickness of the stratum py-
ramidale is less than the microelectrode spacing used in the RTI experi-
ments, measurements in the stratum pyramidale involved diffusion in
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Figure 3.  Spontaneous epileptiform activity in the CAT region of Has3 ~/~ hippocampus. A, Extracellular field potential
recordings in the stratum pyramidale of CAT hippocampus in brain slices from WT and Has3 ~/~ mice. No activity was found in the
WT slices, whereas rhythmic spontaneous field potentials were observed in the Has3 '~ slices. B, These spontaneous field
potentialsinthe Has3 "~ slices were blocked by the AMPA/kainate glutamate receptor antagonist NBQX (10 m), and they were
restored in NBQX-free ACSF. €, Extracellular recordings were made in the stratum pyramidale of the CA3 region (CA3; n = 5) and
the granule cell layer of the dentate gyrus (DG; n = 5) of the hippocampal formationin Has3 ~~ brain slices. We found no or very
small field potentials in CA3 and DG. In two of the slices, dual extracellular recordings were performed with one electrode in the
stratum pyramidale of CAT hippocampus and the other in either the stratum pyramidale of CA3 hippocampus (left) or the granule
cell layer of the DG (right). Dual extracellular recordings showed rhythmic spontaneous field potentials in CA1 and much smaller

field potentials, occurring synchronously with the CA1 field potentials, in CA3 and DG.

the adjacent layers as well. The ECS parameters in the stratum pyrami-
dale were determined using the multilayer analysis method as described
previously (Saghyan et al., 2012). However, two improvements were im-
plemented. First, linear nonspecific clearance was now incorporated into
the model by subtracting a term proportional to the concentration in
Equation 1 (Saghyan et al., 2012):

aC(?’, t) Dfree
ar ald

V- [a(7) 0(F) - Ve(7, )] + % — k(7) (7, )

where (7, 1) is the concentration at position 7 = (x, y, z) and time t, Dy,

is the diffusion coefficient in obstacle-free medium, « is the ECS volume
fraction, 0 is the diffusion permeability tensor, s is the source strength,
and k is the nonspecific clearance. The boundary conditions at the inter-
face between two layers were unchanged. Second, the RTI diffusion re-
cords were processed individually, using the pertinent values for D,
iontophoretic current, transport number, microelectrode spacing, and
thickness of the stratum pyramidale layer for each record. The parame-
ters «, 0, and k were assumed to be constant within each layer. Averaged
parameters « and 60 obtained in stratum radiatum and stratum oriens
were used in the model for these two layers (Table 3). The ECS parame-
ters in the stratum pyramidale were determined by fitting the model to
RTI data obtained with the microelectrodes on opposite sides of stratum
pyramidale, as shown in Figure 7C. It was assumed that k was the same in
all layers. The multilayer analysis thus determined the ECS parameters
volume fraction « and diffusion permeability 6 in stratum pyramidale
and the global nonspecific clearance parameter k.

The model was implemented in the C programming language, and all
records (WT: n = 17; Has3 ~'~: n = 22) were fitted on a 256 core high
performance computing cluster. Cylindrical coordinates were used, tak-
ing advantage of the cylindrical symmetry. To reduce the number of
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iterations of the fitting algorithm at the full res-
olution of the model and thus reduce the total
fitting time, we performed an initial fit at a low
resolution (grid size 100 X 200, radial and axial
dimensions) with starting values of agp = 0.2,
Osp = 04,and k = 0 s L. The final values of
these parameters for the low-resolution fit
were used as the starting values for a medium-
resolution fit (grid size 250 X 500). The final
values of these parameters for this medium res-
olution fit were in turn used as starting values

Recovery for the fit at the full resolution (grid size 500 X
1000). Total fitting time per record ranged
—10.2mV from ~5 min for the low resolution fits to sev-

25s eral days for the full resolution fits.
Simulations of extracellular diffusion. To
CA1-DG demonstrate how the different diffusion pa-

rameters of the different layers affect extracel-
lular concentration of a substance in the CA1
region, we used the multilayer model to run
simulations of extracellular diffusion in CA1 of
WT and Has3 '~ mice. The region modeled in
the simulation was an imaginary cylinder in
CAl, 75 pm in radius and 150 pum in length,
whose axis was perpendicular to the layers.
Calculations were done using cylindrical coor-
dinates to take advantage of the cylindrical
symmetry, on a 600 X 1200 grid (radial and
axial dimensions). The top, middle, and bot-
tom 50 um of the cylinder consisted of the stra-
tum oriens, stratum pyramidale, and stratum
radiatum, respectively. Values for «, 6, and
used in the simulations were the averaged val-
ues measured in the experiments (Table 3), for
WT and Has3 ~/~ mice. The averaged SR + SO
values were used for the stratum radiatum and
stratum oriens. The free diffusion coefficient
was 1.24 X 10~ cm/s and the transport num-
ber was 0.3, typical values measured in the ex-
periments. In the center of each layer, an iontophoretic source of 100 nA
was applied for 1 ms and allowed to diffuse. The concentrations through-
out the cylinder were calculated for times up to 100 ms. Diffusion curves
were generated for positions 5 wm from each source (measured radially
from the axis of symmetry), and an image of the concentration through-
out the cylinder was generated for the time point of 10 ms after the start
of the source.

I 0.5 mVv

50s

Results
Epileptic phenotypes in Has knock-out mice
To define the physiological function of HA in the adult brain, we
set out to examine neurophysiological phenotypes associated
with mutant mice carrying various mutant Has alleles. We first
noticed that routine animal handling, such as cage-to-cage trans-
fer, occasionally elicited seizures in Hasl ' ;Has3 '~ com-
pound knock-out mice. During seizures, mice typically showed
tonic arching of the back and tail extension, followed by loss of
posture with synchronous forelimb and hindlimb clonus for
10-15 s before starting to recover. To quantitatively analyze sei-
zure activity, the HISS test (Todorova et al., 1999) was performed
on Hasl ~/7;Has3 ™'~ mice (n = 40) and control littermates
(WT; n = 29) at 3—4 months of age. This revealed that 19 of 40
Has1 ~'~;Has3 ™'~ mice exhibited behavioral seizures following
the HISS procedure, whereas none (0 of 29) of the WT mice
underwent any seizures (Table 1).

To further characterize this seizure phenotype and dissect the
contribution of the three Has isoforms, we generated mutant
mice of three Has genotypes, namely Hasl '~, Has3 ', and
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Has2%%©. At 3—4 months of age, these
mice were subjected to simultaneous EEG
and video recording to evaluate the inci-
dence of spontaneous seizures. This anal-
ysis revealed that seizures are most

A Has3--

Intracellular
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20mv |

prevalent in recordings from Has3 /'~
mice: 56% (5/9) of Has3 '~ mice exhib-
ited at least one episode of epileptic EEG
bursts accompanied by behavioral sei-
zures within the two nonconsecutive
24 h recordings, whereas 25% (2/8) of B
Has2°%9 and 14% (1/7) of Hasl ~'~ mice
exhibited such episodes (Table 1). This re-
sult also suggests that Has3 deficiency
plays a more critical role than Hasl
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deficiency in the seizure susceptibility of
Hasl ~/~;Has3 ™'~ mice. Typical EEG ab-  Extracellular

0.5mV |

normalities in Has3 ~/~ mice were epi- i
sodes of high-voltage polyspike bursting
with a peak frequency of 4—6 Hz (Fig. 1).
The duration, total number, and severity
of electrographic events are summarized
in Table 2. Electrographic abnormalities

Has3"-

Intracellular

*

5s 05s

20 mV |

observed in Has2““° and Hasl ~'~ mice
were generally milder than those in
Has3™'~ mice; episodes with high-
frequency, high-voltage polyspike waves
seen in Has3 ™'~ have never been ob-
served in these mutants. Behaviors associ-
ated with these EEG abnormalities in
Has3 ™'~ mice were typically a period of
behavioral arrest followed by head and
forelimb clonus, sometimes showing
arching of the back. Has3 ™'~ mice also
displayed abnormal interictal activity
during normal resting behavior (Fig. 1).

Figure 4.

0.5mV |
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*

i
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Simultaneous intracellular and field potential recordings in the CA1 region of the Has3 ~/~ hippocampus. A—C,
Tracings illustrate the range of excitatory activity seen in CA1 stratum pyramidale neurons coincident with the spontaneous field
potentials in brain slices from Has3 '~ mice. Top tracing is intracellular recording from the Has3 ~/~ CA1 stratum pyramidale,
and bottom tracing is simultaneous field potential recording with extracellular electrode placed at the border of CA1 stratum
radiatum and stratum lacunosum-moleculare. Asterisk indicates the event that is expanded in the right column. A, This neuron
showed interictal-like epileptiform events coincident with the rhythmic field potentials. Input resistance 23 M), resting potential
—70 mV. B, This neuron showed a small depolarization and single action potential coincident with each of the rhythmic field

potentials. Input resistance 23 M(), resting potential —65 mV. €, This neuron showed only a tiny depolarization or no apparent

Different patterns of HA reduction in
the brain of the three Has mutant
mouse models

Our initial histological analysis of the
brains of the three Has mutants (i.e.,
Hasl ~'~, Has2°%°, and Has37'7) re-
vealed no apparent morphological defects that were thought to be
causally associated with the epileptic phenotype. Thus, we sought
to find a relationship between the spatial pattern of HA reduction
and the severity of the epileptic phenotype among the three Has
genotypes using HA staining with biotinylated HABP (Matsu-
moto et al., 2009).

In WT mice, HA is expressed broadly in the forebrain, and the
most intense expression is seen in the hippocampus proper (Fig.
2A,E). Has3 ™'~ mice, which showed the strongest epileptic phe-
notype, exhibited a pronounced reduction in the level of HA in
the hippocampus proper (Fig. 2B, F). This is in contrast to the
pattern of HA reduction in Has2““° mice, in which HA staining
in the hippocampus proper was largely preserved (Fig. 2C,G).
Instead, HA staining in the Has2“““ cortex was diminished more
significantly compared with Has3 ™'~ mice, and there was an
almost total loss of HA along major fiber tracts, such as the corpus
callosum and the cingulum bundle (Fig. 2C, asterisk). The HA
staining in the Hasl ~/~ brain was essentially indistinguishable
from WT (Fig. 2 D, H), suggesting that HasI makes no substantial
contribution to HA production in the adult brain. This observa-

three different slices.

membrane potential change coincident with each of the small rhythmic field potentials (arrows). However, ictal-like bursting
occurred in the cell coincident with infrequent, larger, ictal-like field potentials. Right side of the figure shows that the ictal-like
field potential began before this cell began to fire, but that the later individual peaks in the field potential correspond to depolar-
izations and action potentials in the cell. Input resistance 16 M(), resting potential —55 mV. Results presented in A—Care from

tion is consistent with the weak epileptic phenotype of Hasl '~
mice and with the much lower enzymatic activity of HAS1
compared with HAS2 and HAS3 (Itano et al., 1999). Because
of the more robust epileptic phenotype in Has3 '~ mice, we
focused the subsequent physiological analyses on that group.

Spontaneous epileptiform activity in the CA1 hippocampus of
Has3 ™'~ mice

To explore the neuronal activity related to the seizure phenotype
observed in Has3 '~ mice, we performed a series of electrophys-
iological experiments in the hippocampal region of Has3 /'~
brain slices, because this region was implicated in our HA expres-
sion experiments (Fig. 2) and is often the focus of epileptic sei-
zures (Schwartzkroin, 1994). Rhythmic, spontaneous field
potentials were routinely observed (17 of 19 slices, from 19 mice)
in the CA1 hippocampal region of brain slices from Has3 '~
mice (Fig. 34; 0.11 = 0.05 Hz, mean = SD, n = 17 slices). In
addition to these rhythmic field potential events, several slices
also had longer events (Fig. 4C, bottom). These longer events
occurred infrequently and were of greater amplitude than the
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other cells (n = 5 cells, 4 slices, 4 mice; Fig.
4B). The eighth cell showed no spiking ac-
tivity during the rhythmic, small sponta-
neous field potentials but showed robust,
ictal-like epileptiform bursting (3—4 s du-
ration) coincident with the infrequent,
larger amplitude, longer duration field
events (Fig. 4C). These recordings con-
firm that the spontaneous field potentials
recorded in brain slices from Has3 '~
mice reflect synchronous excitatory activ-
ity in a population of CA1 pyramidal cells.

B ex n.s C ns ns Increased cell packing in Has3 ~/~ CA1
§ 100 = 5T 150 — = stratum pyramidale
5 . .
E_ 80 25 100 COWT The above electrophyswlogcal observations
LE 60 g S suggest that defects in the hippocampus un-
f = 40 EN 5o B Has3- derlie the epilepsy in Has3 '~ mice. Relevant
@ 20 S’ g’.’_ to this possibility, we noted that the cells
3 0 T T 0 T T in the CAl stratum pyramidale of
CA1 CA3 CA1 CA3 Has3™'~ mice appeared more densely
D &g Tk n.s. E n.s. n.s. packed than normal, with much smaller
! 0.8 8 20 spaces between cells. We therefore exam-
= § 0.6 qéA 15 ined hippocampal sections, prepared us-
s 5 0.4 8 g_ 10 ing an extracellular space-preserving
2 202 -_:“ 5 tissue fixation method (Cragg, 1980), by
g2~ 8 morphometric analyses. These analyses
5 0.0 ' ) ° 0 ’ j showed that the thickness of the CA1 stra-
* CA1 CA3 CA1 CA3 ¢ . . - .
um pyramidale in Has3 ™'~ mice was de-
Figure5. Increased cell packing in the CA1 stratum pyramidale of Has3 '~ mice. 4, NeuN immunostaining of the hippocam- creased by 14.7% compared with WT

pus of Has3 ~/~ mice and WT littermates. Low-magnification views of hippocampus (left). Scale bar, 200 wm. CA1 stratum
pyramidale (middle). Scale bar, 100 m. High-magpnification views of the CA1 (right). Scale bar, 50 wm. B—E, Morphometric
analyses ofthe stratum pyramidale of Has3 ~/~ mice and WT littermates. The thickness of the stratum pyramidale (B), the number
of neurons contained within the layer (per 200 m long segment; €), the density of neurons contained within the layer (per 100
um 2. D), and the size of soma (longest diameter) of pyramidal neurons (E) were determined in NeuN-stained sections; n = 24

per genotype, ***p << 0.001; n.s., not significant (Student's ¢ test).

rhythmic events in the same slice. In contrast, no spontaneous
field potential activity was found in WT slices (Fig. 34; 15 WT
slices, 15 mice; 0 Hz WT vs 0.11 Hz Has3 ™'~ p < 0.001 by
Mann—Whitney rank sum test). The rhythmic, spontaneous field
potentials in Has3 '~ CAl hippocampus were reversibly blocked
by the AMPA/kainate glutamate receptor antagonist NBQX (Fig.
3B; 6 slices, 6 mice; 0.11 * 0.03 Hz before and 0 Hz after NBQX;
p < 0.05 by Wilcoxon signed rank test). Additional extracellular
recordings in Has3 '~ brain slices (5 slices, 5 mice) found very
small or no spontaneous field potentials in other regions of the
hippocampal formation (Fig. 3C), suggesting that the rhythmic,
spontaneous field potentials in the CA1 region were initiated in a
population of CA1 neurons. Further recordings from the CAl
region of Has3 '~ brain slices lacking the CA3 region revealed
rhythmic, spontaneous field potentials in all slices (7 slices, 7
mice; 0.10 * 0.04 Hz), confirming that these events are generated
in the CA1 region independent of the CA3 region.

To investigate the intracellular potential and spiking activity
associated with each spontaneous field potential in CA1 hip-
pocampus, simultaneous intracellular (n = 8 CAl pyramidal
cells in 5 slices from 5 mice) and extracellular recordings were
made in Has3 ' brain slices in the interface chamber. Intracel-
lular excitatory activity coincident with each of the rhythmic
spontaneous field potentials ranged from interictal-like bursts of
action potentials (1 = 2 cells, 2 slices, 2 mice; 350—600 ms dura-
tion; Fig. 4A) to a depolarization accompanied by 0—4 spikes in

mice (Fig. 5B, CAI; Has3 '™, 46.5 + 0.9
pm; WT, 545 = 1.3 um; n = 245 p <
0.001 by Student’s ¢ test). A similar degree
of reduction (14.5%) in the thickness of
the CAl stratum pyramidale was inde-
pendently demonstrated by observation
in live slices under IR-DIC optics (WT:
62 = 4 um, n = 17; Has3 ' 7:53 = 5 um, n = 22; p < 0.001 by
Student’s t test), which was performed after each RTI measure-
ment. Although the thickness of the stratum pyramidale was de-
creased, there was no difference in the number of pyramidal
neurons contained within this layer (Fig. 5C, CAI). This resulted
in 15% higher cell density in the stratum pyramidale of Has3 '~
mice (Fig. 5D, CAI; Has3~/750.739 = 0.015; WT: 0.637 *+ 0.014
cells/100 um?; n = 24; p < 0.001 by Student’s ¢ test). Meanwhile,
there was no difference in the size of individual neuronal cell
bodies (Fig. 5E, CAI), suggesting that the change in cell packingis
primarily due to a decrease in the size of the extracellular space. In
contrast, there were no differences in any morphometric param-
eters in the CA3 stratum pyramidale of Has3 ~/~ mice (Fig. 5B-E,
CA3).

Has3 ™'~ mice display no detectable changes in

perineuronal nets

HA is a component of the PNN (Carulli et al., 2006), which is a
special type of extracellular matrix associated primarily with in-
terneurons. A paper using cultured hippocampal neurons impli-
cated the disruption of PNNs in hyaluronidase-induced
epileptiform activity (Vedunova et al., 2013). Therefore, we ex-
amined the possibility of reduced HA altering the organization of
PNNs. The analysis with WFA, a general marker for PNNs, and
antibodies to four major PNN components revealed no changes
in the distribution and frequency of PNNs in the Has3 '~ brain,
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including the hippocampus (Fig. 6A,B). A
Moreover, there was no detectable differ-
ence in the morphology of PNNs between
WT and Has3 '~ mice (Fig. 6C). These
results indicate that the degree and pat-
tern of HA depletion achieved in Has3 ™/~
mice do not affect the assembly of PNNs,
and suggest that defective PNNs are not
the cause of the epileptic phenotype in
Has3 ™'~ mice.

WT

Reduced ECS volume fraction in the
CA1 stratum pyramidale of Has3 ™/~
mice

Two findings in the CA1 stratum pyrami-
dale of Has3 ™/~ mice, namely a pro-
nounced reduction in extracellular HA
staining and an increase in cell packing,
suggest that the ECS structure is altered in
this layer. A previous study in rat hip-
pocampal slices (Saghyan et al., 2012)
demonstrated that transit of molecules
was reduced through the CA1 stratum
pyramidale because ECS volume and
diffusion permeability were significantly
smaller there than in the two adjacent lay-
ers. We predicted that HA deficiency
would further reduce the transit of mole-
cules through the CAl stratum pyrami-
dale of Has3 ™'~ mice.

To test this hypothesis, we imaged dif-
fusion in the CAl hippocampus of the
fluorophore-labeled extracellular marker
dextran 3000 (dex3) released in the stra-
tum radiatum. We found a marked asymmetry arising at the
border between the stratum radiatum and the stratum pyrami-
dalein Has3 '~ mice (Fig. 7A), indicating that the transit of dex3
through the stratum pyramidale is indeed impaired in Has3 '~
mice as compared with WT mice.

To quantify this change in ECS parameters in the CA1 region,
we used the RTI method (Nicholson and Phillips, 1981). Tradi-
tional analysis extracted o and 6 in the stratum radiatum and the
stratum oriens. Because the RTI method cannot measure directly
in the stratum pyramidale due to the small thickness of this layer,
we measured across all three layers under investigation (Fig. 7C)
and used improved multilayer analysis (Saghyan et al., 2012) to
obtain @ and 6 in the stratum pyramidale. We found that e and 6
in the strata oriens and radiatum of Has3 '~ mice were similar to
those in the WT mice (Fig. 7B; Table 3), demonstrating that the
ECS structure of the stratum oriens and the stratum radiatum
remains unperturbed in Has3 '~ mice. By contrast, diffusion
curves recorded across the three layers in Has3 '~ mice were
markedly different from those of WT mice (Fig. 7C), indicating a
profound change of the ECS in the stratum pyramidale of
Has3 '~ mice. Multilayer analysis revealed that « of the stratum
pyramidale decreased by ~40% in Has3 ~/~ mice (Fig. 7D; Table
3), confirming a large reduction of ECS volume. On the other
hand, the differences in 6 were insignificant (Fig. 7D; Table 3).
These results are consistent with an approximately uniform
shrinkage of the intercellular pores of the stratum pyramidale
in Has3 ™'~ mice. The RTI experiments thus quantified our
prediction of a reduced ECS volume in the CA1 stratum pyra-

Figure 6.
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PNN are normally formed in the Has3 ~/~ brain. A, Cortical sections of WT and Has3 ~/~ mice were stained with
FITC-conjugated WFA (WFA), and antibodies to aggrecan (Aqgc), brevican (Brev), phosphacan (Phos), or tenascin-R (TN-R). Scale
bar, 30 m. B, The number of neurons bearing PNNs was determined in the cortex (Cortex) and the hippocampus (Hippocampus),
as described in Materials and Methods. There are no statistical differences in the number of PNNs between WT and Has3 ~/~ mice
(Student's ¢ test; n = 5 per genotype). (, Representative confocal images of PNN-bearing neurons double-labeled with FITC-
conjugated WFA (WFA) and anti-aggrecan antibody (Agc). Note that staining patterns of PNNs are indistinguishable between WT
and Has3 ~/~ neurons. Scale bar, 5 um.

midale of Has3 /™ mice, where epileptiform activity appears
to be initiated.

Spontaneous epileptiform activity is blocked in the Has3 ~/~
mice by restoration of ECS volume, and induced in the WT
mice by reduction of ECS volume

Given the implied importance of ECS volume, next we asked
whether its restoration in Has3 /™ mice would block spontane-
ous epileptiform activity, and conversely, whether a reduction of
the ECS volume in WT mice would induce such abnormal activ-
ity. Acute reversible changes in ECS volume fraction were in-
duced in brain slices by osmotically modified ACSF. In Has3 ™/~
mice, we used hypertonic 400 mosmol/kg ACSF, previously
shown to increase the ECS volume by ~70% (Kume-Kick et al,,
2002, their Eq. 13), a relative increase needed to bring the volume
fraction in stratum pyramidale from 0.07 to the 0.12 measured in
WT mice under control conditions. We found that the spontane-
ous synchronous activity in Has3 '~ mice was reversibly blocked
in the hypertonic ACSF (n = 7 slices, 7 mice; 0.11 £ 0.04 Hz
normal ACSF, 0 Hz hypertonic ACSF; Wilcoxon signed rank test,
p < 0.02; Fig. 8A).

In WT mice, we used hypotonic 200 mosmol/kg ACSF, previ-
ously shown to decrease the ECS volume by ~40% (Kume-Kick
etal., 2002), a relative decrease needed to bring the volume frac-
tion in the stratum pyramidale from 0.12 to the 0.07 measured in
Has3 ™'~ mice. We found that reversible spontaneous synchro-
nous activity was induced in the CA1 region of slices from WT
mice by hypotonic ACSF, in both whole slices (n = 7 slices, 7
mice; 0 Hz normal ACSF, 0.11 * 0.03 Hz hypotonic ACSF; Wil-
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Figure7. ECSisreducedin the CAT stratum pyramidalein Has3 '~ mice. 4, Transit of extracellular marker molecules through

the CA1 stratum pyramidale. Fluorescently labeled extracellular marker dex3 was released by a short pufffrom a glass micropipette
(black square denotes tip) placed in the stratum radiatum close to the border with the stratum pyramidale. Overlay of bright field
and fluorescence images at 80 s after release. Distribution of dex3 molecules showed an asymmetry, which was much more
prominentin the Has3 ~/~ mice than in the WT mice. The asymmetry arose at the border between the stratum radiatum and the
stratum pyramidale. SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum. B-D, Quantitative analysis of ECS in the
CA1 hippocampus by the RTI method. B, Representative examples of diffusion records from the stratum oriens and the stratum
radiatum of WT and Has3 ~/~ mice. TMA curves (data) fitted with traditional model curves (t-model) are shown, together with
corresponding values of cvand 6. For stratum oriens,  was 0.0050s ~'inWTand 0.0059s ~"in Has3 ™. For stratum radiatum,
rcwas 0.0092s ~'inWTand0.0014s ~"in Has3 '~ . Microelectrode spacing was 80 and 124 um for the stratum oriens records
and the stratum radiatum records, respectively, and n, was 0.31 for both records taken in the two locations. , Representative
examples of multilayer diffusion curvesin WTand Has3 ~/~ mice. TMA curves (WT, Has3 ~ ) fitted with multilayer model curves
(m-model) are shown, and a diagram indicates the placement of TMA-selective (detector) and iontophoretic (source) microelec-
trodes. Multilayer analysis was used to obtain ECS parameters for the CA1 stratum pyramidale:in WT, & = 0.129, 6 = 0.308, and
Kk =0.0039s " in Has3 ~/~, & = 0.073, 6 = 0.297, and k = 0.0070 s ~". Microelectrode spacing was 120 yxm and n,
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coxon signed rank test, p < 0.02; Fig. 8B)
and in slices lacking the CA3 region (n =7
slices, 7 mice; 0 Hz normal ACSF, 0.10 =
0.03 Hz hypotonic ACSF; p < 0.02 by Wil-
coxon signed rank test). The epileptiform
activity induced by hypotonic ACSF was
blocked by the AMPA/kainate glutamate
receptor antagonist NBQX (n = 6 whole
slices, 6 mice; 0.10 * 0.02 Hz before
NBQX, 0 Hz after NBQX; p < 0.05 by
Wilcoxon signed rank test; Fig. 8C), as in
Has3 ™/~ mice. Together, these results
demonstrate that restoration of ECS
volume in Has3 '~ slices blocks sponta-
neous epileptiform activity while a reduc-
tion of ECS volume in WT slices induces
it.

Discussion

In recent years, increasing attention has
been focused on potential roles of matrix
molecules in the regulation of neuronal
function, synaptic transmission, and
learning and memory (Dityatev et al.,
2010; Dityatev and Rusakov, 2011). Al-
though HA is considered to be the most
abundant matrix polysaccharide in the
adult brain, only a few studies have ad-
dressed the neurophysiological roles of
HA or the neurological consequences of
its reduction. Enzymatic disruption of the
matrix with hyaluronidase was shown to
affect AMPA receptor lateral diffusion
(Frischknecht et al., 2009) and to modu-
late postsynaptic L-type calcium channels
(Kochlamazashvili et al., 2010), whereas
disruption of the matrix with hyaluroni-
dase and chondroitinase impaired fear con-
ditioning (Hylin et al, 2013). Moreover,
even though previous studies have reported
the effects of genetic ablation of matrix gly-
coproteins on neuronal function (Saghat-
elyan et al., 2001; Brenneke et al., 2004;
Sykovdé et al., 2005; Bekku et al., 2010), none
of those ablation studies targeted HA. Our
study is the first one that uses genetic abla-
tion of HA synthesis and provides the evi-
dence that a deficit in HA is epileptogenic in
vivo.

Although all Has mutant mouse mod-
els showed increased susceptibility to
epileptic seizures, the seizures were most
prevalent in recordings from Has3
mice. Has3 ~/~ mice also showed a pro-
nounced reduction in hippocampal HA

<«

was 0.33 for both records takenin the two genotypes. D, Summary
of ECS volume fraction and diffusion permeability values in the
stratum pyramidale of WT and Has3 ~/~ mice. ECS volume frac-
tion was reduced by 40% in Has3 '~ mice, whereas diffusion
permeability was not changed (Table 3 shows statistical analysis
and values of k). Data are expressed as mean = SD.
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that was not seen in the other mice. This
difference in the prevalence of the epi-
lepsy phenotype most likely reflects the
expression pattern of each Has gene. Al-
though the possibility remains that HA
synthesized by HAS3 may be functionally
distinct, this does not seem likely because
each of the Has enzymes possesses both
the N-acetylglucosaminyltransferase and
glucuronyltransferase activities necessary
for the synthesis of complete HA (Itano et
al., 1999).

Based on the analysis of the spatial ex-
pression pattern of HA in three Has
knock-out mouse models, we hypothe-
sized that a change in the ECS in the
hippocampus is the key mechanism un-
derlying the epileptic phenotype in these
mice. Results from our multidisciplinary
analyses supported the hypothesis and re-
vealed the role of HA in regulating brain
ECS. Most importantly, both the imaging
of extracellular markers and the quantita-
tive diffusion analysis in Has3 '~ mice
identified a substantial reduction in the
ECS volume in the CA1 stratum pyrami-
dale. The CAl stratum pyramidale was
also the location that had a near total loss
in HA staining and a significant increase
in cell packing in Has3 '~ mice. Further-
more, electrophysiological analyses dem-
onstrated epileptiform activity in the CA1
stratum pyramidale. Together, these re-
sults suggested that the reduction of ECS
volume in the CAl stratum pyramidale
is the key defect underlying the epileptic
phenotype of Has3 '~ mice, and the os-
motic experiments supported that
conclusion.

In accord with our finding of increased
seizure susceptibility and reduced ECS
volume in Has3 ™'~ mice, decreased sei-
zure susceptibility and enlarged ECS
volume were previously reported in
aquaporin-4-deficient mice (Binder et al.,
2004; Yao et al., 2008). We also note that
other studies have demonstrated modula-
tion of ongoing epileptiform activity by
osmotically induced ECS volume changes
(Andrew et al., 1989; Traynelis and
Dingledine, 1989; Dudek etal., 1998). Our
osmotic experiments go further because
we show that an ECS volume reduction
can actually initiate epileptiform activity,
and our Has3 knock-out experiments ex-
tend that finding to show that a highly lo-
calized volume reduction can cause
epileptiform activity.

Previous studies provide independent

support for the role of reduced ECS volume in seizure promo-
tion. It has been proposed that the regional variation of the ECS
properties in hippocampus underlies the susceptibility of the
CALl region to seizure-like activity (McBain et al.,
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Figure 8. Restoration of ECS volume in Has3 ~/~ slices blocks spontaneous epileptiform activity, whereas reduction of ECS
volumein WT slices mimics Has3 ~/~ phenotype. A, InHas3 ~/~ slices, hypertonic conditions (400 mosmol/kg) were used to shift
water from the intra- to the extracellular compartment and increase ECS volume fraction «. This manipulation reversibly blocked
spontaneous epileptiform activity in the CA1 hippocampus. B, In WT slices, hypotonic conditions (200 mosmol/kg) were used to
shift water from the extracellular to the intracellular compartment and decrease the ECS volume fraction. This manipulation
induced spontaneous epileptiform activity in the CAT hippocampus, which was blocked upon return to normo-osmotic ACSF. €,
Epileptiform activity induced in WT brain slices was reversibly blocked by NBQX. This NBQX sensitivity was also observed in
Has3 '~ slices (Fig. 3B). Field potential recordings were made with electrode placed in the CA1 stratum pyramidale.
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Figure9.  Simulations of diffusion in the ECS of the CA1 hippocampusin WT and Has3 /™ mice. In these simulations, informed
by ourresults on ECS parameters in individual layers, molecules were released for 1 ms from point sources in the center of each layer
and allowed to diffuse. The same number of molecules was released into each layer. A, Images show concentration of diffusing
molecules at 10 ms after the start of the release. Concentration is higher in the stratum pyramidale of Has3 '~ mice than in that
of WT mice because of the reduced ECS volume fraction. Scale bar, 25 p.m. B, Concentration versus time profiles at a distance of 5
m from each point source (measured radially from axis of symmetry). Simulations show that the concentration of a substance
released into stratum pyramidale will stay higher longer in Has3 ~/~ than in WT mice, and that a larger number of cells will
simultaneously be exposed to the released substance.

experiments in rat hippocampus showed that even under normal
conditions, the CA1 stratum pyramidale has significantly lower
ECS volume than the two adjacent layers (McBain et al., 1990;

1990). RTI ~ Saghyan et al., 2012). Tissue resistance measurements also
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demonstrated a gradual reduction of the ECS volume in CAl
stratum pyramidale immediately preceding a seizure (Trayne-
lis and Dingledine, 1989), suggesting that the seizure was pre-
cipitated by a further reduction of an already low ECS volume
in the CA1 stratum pyramidale.

Despite the fact that the epileptiform activity in Has3 '~ mice
is dependent upon glutamate-mediated synaptic transmission,
our data do not support the hypothesis that a developmental
change in glutamate-mediated synaptic transmission is responsi-
ble for the epileptogenesis. First, a very similar NBQX-sensitive
and CA3-independent epileptiform activity could be induced in
the CA1 hippocampal region of brain slices from WT mice by
acutely reducing ECS volume via osmotic manipulation. Second,
the in vitro epileptiform phenotype in Has3 '~ slices could be
rescued by acutely increasing ECS volume. Furthermore, as ex-
cising the CA3 region did not affect the epileptiform activity re-
corded in the CAl region of Has3 ™'~ mice, the data do not
support the hypothesis that an increase in synaptic transmission
at the Schaffer collateral input from CA3 pyramidal cells to CA1l
pyramidal cells is responsible for the epileptiform activity. Fi-
nally, a recent in vitro study using enzymatic degradation of HA
in dissociated neurons (Vedunova et al., 2013) suggests the pos-
sibility that epileptogenesis in the absence of HA is mediated by
the disruption of PNNs. Our results, however, revealed no detect-
able changes in the structure or composition of PNNsin Has3 ~/~
mice (Fig. 6). Thus, it is unlikely that functional alterations in
PNNs are the primary cause of the epileptic phenotype in
Has3 ™'~ mice.

From the biochemical and biophysical points of view, it is not
surprising that a consequence of the reduction in HA is a reduc-
tion in ECS volume: with its pronounced hydration capacity, HA
occupies a very large molecular domain in solution, unparalleled
by any other matrix macromolecule (Toole, 2004). How does this
ECS volume reduction lead to epilepsy? Our results from the RTI
experiments indicate an approximately uniform shrinkage of the
ECS of the stratum pyramidale in Has3 '~ mice. Thus, one pos-
sibility is that ECS volume reduction in the stratum pyramidale
alters the spatiotemporal distribution of neuroactive substances
such that a larger number of pyramidal cells simultaneously ex-
perience higher concentrations of any released substance. In fact,
our simulation model of extracellular diffusion within the stra-
tum pyramidale predicts such an effect in the Has3 '~ hip-
pocampus (Fig. 9). This effect may be particularly relevant for
K™, which is released from firing neurons. Because of the reduced
ECSvolume, K * released from an active CA1 pyramidal cell body
in the Has3 /"~ brain would be more likely to induce depolariza-
tion and firing in neighboring cells, and thereby promote syn-
chronous activity. A second possible mechanism is the increased
likelihood of electric field effects and ephaptic interactions: close
apposition of membranes of CA1 pyramidal cell bodies may in-
crease the effect of extracellular currents, enabling depolarization
in one cell to induce depolarization in neighboring cells (Jefferys,
1995), resulting in an increased population of synchronously ex-
cited cells. Either of these possible explanations suggests that
nonsynaptic mechanisms acting on the somatic compartment of
CA1 pyramidal neurons play a key role in epileptogenesis in
Has3 ™'~ mice.

In conclusion, this study demonstrates that the ablation of
Has3-dependent HA causes reduced ECS volume in the CA1 stra-
tum pyramidale, epileptiform activity in the CAl region, and
epileptic seizures in the mutant mouse. Although the possibility
that Has genes may be involved in the pathogenesis of human
epilepsy has yet to be explored, it is interesting to note that an
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acute CNS injury, which can trigger epileptogenesis (Lowenstein,
2009), also activates the expression of hyaluronidase (Sherman et
al., 2002) and the generation of reactive oxygen species (Gilgun-
Sherki et al., 2002), both of which cause HA degradation (Bates et
al., 1984). Our finding linking a loss of HA to epileptogenesis thus
may open an avenue for development of new antiepileptogenic
therapies based on the inhibition of HA degradation.
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