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Abstract
The juvenile onset form of neuronal ceroid lipofuscinoses (JNCL) is a recessively inherited
lysosomal storage disorder characterized by progressive neurodegeneration. JNCL results from
mutations in the CLN3 gene that encodes a lysosomal membrane protein with unknown function.

Utilizing a Cln3-knock-out mouse model of JNCL that was created on the 129S6/SvEv genetic
background, we have previously demonstrated that CLN3-deficient cerebellar granule cells
(CGCs) have a selectively increased sensitivity to AMPA-type glutamate receptor-mediated
toxicity. Our recent findings that CGCs from 129S6/SvEv and C57BL/6J wild type (WT) mice
have significant differences in glutamate receptor expression and in excitotoxic vulnerability
indicated that the genetic background possibly have a strong influence on how glutamate receptor
function is dysregulated in CLN3-deficient neurons. Indeed, here we show that in the Cln3Δex7/8-
knock-in mouse model, that is on the C57BL/6J genetic background, mimics the most frequent
mutation observed in JNCL patients and considered a null mutant, the sensitivity of CGCs to both
AMPA- and NMDA-type glutamate receptor overactivations is altered. Cultured wild type and
Cln3Δex7/8 CGCs were equally sensitive to AMPA toxicity after 2 or 3 weeks in vitro, whereas the
subunit-selective AMPA receptor agonist, CPW-399, induced significantly more cell death in
mature, 3-week-old Cln3Δex7/8 cultures. NMDA receptor-mediated toxicity changed during in
vitro development: Cln3Δex7/8 CGCs were less sensitive to high concentration of NMDA after 2
weeks in culture but became more vulnerable than their WT counterparts after 3 weeks in vitro.
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Abnormally altered glutamate receptor function in the cerebellum may result in motor deficits, and
we confirmed that 7-week-old Cln3Δex7/8 mice, similarly to Cln3-knock-out mice, have a motor
coordination deficit as measured by an accelerating rotarod.

Our results demonstrate altered glutamate receptor function in Cln3Δex7/8 neurons and suggest that
both AMPA and NMDA receptors are potential therapeutic targets in JNCL.

Keywords
juvenile neuronal ceroid lipofuscinoses; Batten disease; Cln3; cerebellar granule cells; AMPA
receptor; NMDA receptor

1. Introduction
Neuronal ceroid lipofuscinoses (NCLs, also known as Batten disease), are the most frequent
childhood neurodegenerative diseases caused by mutations in one of ten genes, CLN1-10
(Jalanko and Braulke, 2009). These recessively inherited, fatal lysosomal storage disorders
were originally categorized based on the onset and clinical course of the disease (Cooper,
2003). The juvenile onset form of NCL (JNCL) results from mutations in the CLN3 gene
(Consortium, 1995). CLN3 encodes a lysosomal membrane protein with unknown function
(Phillips et al., 2005) and therefore, the mechanism of how CLN3 mutations result in
selective neurodegeneration is completely unclear. The clinical symptoms of JNCL include
progressive vision impairment leading to blindness, frequent occurrence of seizures and
progressive motor and cognitive decline. Since there is no cure for the disease, JNCL
patients inevitably die in their late teens or early 20s (Goebel and Wisniewski, 2004).

The Cln3-knock-out (Cln3Δex1-6) mouse model of JNCL exhibits many characteristic
features of the human disease (Kovacs et al., 2006; Mitchison et al., 1999; Weimer et al.,
2009) and provides an invaluable tool to elucidate the molecular and cellular
pathomechanism of JNCL. A recent study found elevated glutamate levels in the cerebellum
and cortex of Cln3-knock-out mice (Pears et al., 2005), indicating that glutamate
neurotransmission may be altered in the absence of the Cln3 gene. Glutamate, besides its
normal physiological function as the main excitatory neurotransmitter in the central nervous
system, has been implicated in the pathophysiology of a number of neurodegenerative
disorders. Abnormal extracellular glutamate levels and/or dysregulation of glutamate
receptor function can result in neurological deficits and/or neuronal death (Bowie, 2008;
Planells-Cases et al., 2006). Glutamate activates three classes of fast-acting, ion channel-
coupled receptors [NMDA (N-methyl-D-aspartate), AMPA (α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate) and kainate receptors, originally named after their specific
agonists] as well as G-protein-coupled, metabotropic receptors that modulates fast synaptic
transmission (Kew and Kemp, 2005).

Utilizing the Cln3-knock-out mouse model of JNCL, we have previously demonstrated that
CLN3-deficient cerebellar granule cells (CGCs) have a selectively increased sensitivity to
AMPA-type glutamate receptor-mediated toxicity (Kovacs et al., 2006). Attenuating AMPA
receptor activity via a specific AMPA antagonist in one-month-old Cln3-knock-out mice
resulted in an immediate improvement of their motor skills (Kovacs and Pearce, 2008),
confirming that an abnormally increased AMPA receptor activity contributes to their motor
coordination deficit.

Here we show that in the Cln3Δex7/8-knock-in mouse model (Cotman et al., 2002), that
mimics the most frequent mutation observed in JNCL patients, the sensitivity of CGCs to
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glutamate receptor overactivation is also altered. Our results suggest that both AMPA and
NMDA receptors are potential therapeutic targets in JNCL.

2. Materials and methods
2.1. Chemicals

Neurobasal medium, B-27 neuronal serum replacement, glutamine, and penicillin-
streptomycin solution are products of Gibco BRL, Invitrogen Corporation (Grand Island,
NY). All glutamate receptor ligands used here [NMDA, MK-801, (RS)-AMPA,
Cyclothiazide, and CPW-399] were purchased from Tocris Cookson (Bristol, UK). The
clear, polystyrene 48- and 96-well plates used for cell culture, viability assay readout, and
determination of protein concentration were procured from Corning (Corning, NY).
Isopropanol used in this study was obtained from JT Baker/Mallinckrodt Baker
(Phillipsburg, NJ). The surface cross-linker, BS3, is produced by Pierce (Rockford, IL). All
other chemicals unless stated otherwise were acquired from Sigma Aldrich (St. Louis, MO).

2.2. Animals
Mice used in this study were wild type (WT) C57BL/6J and Cln3 Δex7/8 maintained on the
same genetic background and obtained from our in house breeding colony. All experiments
were carried out according to the Animal Welfare Act, NIH policies, and the guidelines
developed by the University of Rochester Institutional Animal Care and Use Committee.

2.3. Cell Cultures
Primary cerebellar granule cell (CGC) cultures were prepared from seven-day-old WT and
Cln3 Δex7/8 mouse pups as previously described (Finn et al., 2010). Briefly, meninges were
removed from cerebella and the tissue was minced with a tissue chopper (McIlwain Tissue
Chopper, Brinkmann). Minced tissue was then subjected to trypsinization and mechanical
dissociation. Cultures were plated at a density of 1.5 × 105 cells per well into 48 well plates
previously coated with poly-L-lysine. Cells were cultured in Neurobasal medium
(supplemented to include 2% B-27 neuronal serum replacement, 25 mM KCl, 0.5 mM
glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin) and maintained in a humidified
environment with an atmosphere of 5% CO2/95% air kept at 37 °C. The culture medium was
replaced completely approximately 24 hours after plating, and half of the culture medium
was removed and replaced every three days for the duration of time in culture.

2.4. Agonist treatment
After 21 days of in vitro development, cells were incubated for 30 min in culture medium
lacking B27 (Neurobasal medium containing 25 mM KCl, 0.5 mM glutamine, 100 U/ml
penicillin, and 100 μg/ml streptomycin) then exposed to AMPA, CPW-399 or NMDA for
two hours in fresh culture medium lacking B27. Cyclothiazide was added to AMPA
treatments to prevent desensitization of AMPA receptors. MK-801, a specific NMDA
receptor blocker, was added to all AMPA receptor agonist treatments (AMPA and
CPW-399) at a 50 μM concentration to prevent transactivation of NMDA receptors.

Upon termination of the two-hour treatments, the agonist-containing culture medium was
removed and replaced with Neurobasal medium containing 2% B-27, 25 mM KCl, 0.5 mM
glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin. Twenty-four hours later, cell
viability was determined using the MTT viability assay.
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2.5. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) viability assay
Microscopic inspection of cultures was performed to visualize shrinkage due to apoptosis
and disintegration due to osmotic lysis and thus determine approximate levels of cell death
before viability was quantified using the MTT assay. The results of the MTT viability assay
correlate well with what was seen in the preliminary visual inspection. The assay was
performed in 48 well culture plates as previously described (Kovacs et al., 2006). Briefly,
culture medium was removed and replaced with a 0.3 mg/ml solution of MTT dissolved in
Neurobasal medium containing 25 mM KCl, 0.5 mM glutamine, 100 U/ml penicillin, and
100 μg/ml streptomycin. Cells were incubated at 37 °C for one hour before the medium was
aspirated and plates dried. Isopropanol was added to the wells to lyse cells and dissolve the
formazan crystals. Aliquots of the isopropanol/formazan mix were then transferred to a 96
well plate, and absorbance was read at 562 nm with background subtraction at 690 nm using
a SpectraMax M5 multimode microplate reader (Molecular Devices). Viability as presented
here is expressed as a percentage of untreated controls.

2.6. Surface cross-linking in acute cerebellar slices
Cell surface proteins were covalently cross-linked using a cell impermeable cross-linking
agent, BS3, resulting in the formation of high molecular weight complexes. As there is no
modification of intracellular proteins (Boudreau and Wolf, 2005; Conrad et al., 2008; Finn
et al., 2010), surface and intracellular proteins can be separated based on molecular weight.
The reaction was performed as previously described (Finn et al., 2010); briefly, one-month-
old male WT and Cln3 Δex7/8 mice were euthanized with CO2 and decapitated. The brains
were rapidly extracted and a 2-mm-thick coronal slice was cut through the middle of each
cerebellum. Slices were immediately immersed in ice-cold artificial cerebrospinal fluid
(ACSF; 20 mM HEPES, 147 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl2, 1 mM MgCl2 and 10
mM dextrose) and kept on ice while subsequent brains were dissected. After being isolated
from the slices, cerebellar tissue was cut into 400-μm-thick slices using a tissue chopper.
Slices were transferred to 1.5-ml microtubes containing ice-cold ACSF. A 4 mM solution of
BS3 was added to the tubes to start the cross-linking reaction, and the tubes were gently
shaken at 4 °C for 30 min. Glycine was added to a final concentration of 100 mM to quench
the cross-linking reaction and the tissue pieces were pelleted by centrifugation. Ice-cold lysis
buffer with protease and phosphatase inhibitors [25 mM HEPES, pH 7.4, 500 mM NaCl, 2
mM EDTA 20 mM NaF, 1 mM sodium orthovanadate, 0.1% NP-40 substitute, 1X protease
inhibitor cocktail, and 1X phosphatase inhibitor cocktail (Sigma, St. Louis, MO)] was used
to resuspend the pellet. Samples were completely homogenized by sonication before protein
concentration was determined by the Pierce 660 nm protein assay (Pierce, Rockford, IL).
Samples were aliquotted and stored at −80°C until analyzed by Western blotting.

2.7. Western Blotting
Surface cross-linked cerebellar samples containing thirty or sixty μg of proteins were
separated on 5% (NMDA receptor subunits) or 6% (AMPA receptor subunits) Tris-HCl-
SDS gels. After the electrophoretic separation, proteins were transferred to nitrocellulose
membranes. Membranes were rinsed twice with ultrapure water before being blocked in 5%
non-fat dry milk in Tris-buffered saline (TBS) with 0.1% Tween-20 (TBS-T) for two hours
at room temperature. After blocking, membranes were incubated with antibodies to either
AMPA receptor subunits [rabbit anti-GluR1 (Cat. No. Ab1504), 1:2000, overnight; rabbit
anti-GluR2 (Cat. No. Ab1768), 1:1000, 60 hrs; rabbit anti-GluR4 (Cat. No. 06-308), 1:1000,
72 hours; all from Millipore (Temecula, CA)] or NMDA receptor subunits [goat anti-NR1
(cat no SC-1467) 1:250, overnight, goat anti-NR2A (Cat. No. sc-1468), 1:1000, 60 hrs; goat
anti-NR2B (Cat. No. sc-1469), 1:400, goat anti-NR2C (Cat. No. sc-1470), 1:200, 65-68 hrs;
all from Santa Cruz Biotech. (Santa Cruz, CA)] in blocking buffer at 4 °C. Membranes were
rinsed twice with ultrapure water and then washed in TBS-T, once for ten minutes followed
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by three five-minute washes. The HRP-conjugated secondary antibodies were also diluted in
blocking buffer [anti-rabbit IgG (1:5000; GE Healthcare, Piscataway, NY) or anti-goat IgG
(1:5000; Santa Cruz Biotech, Santa Cruz, CA)] and membranes were incubated in those
solutions for 1.5 hours at room temperature. Membranes were then rinsed twice with
ultrapure water and washed in TBS-T: once for ten minutes followed by four five-minute
washes. Membranes were incubated in Amersham’s ECL Plus Chemiluminescence
Detection Reagent (GE Healthcare, Piscataway, NY) for five minutes and imaged using a
Biospectrum 500 Imaging System (UVP, Upland, CA). Image J (NIH) was used to quantify
band densities. Care was taken to avoid measuring the density of saturated bands; many
figures were made using longer exposure times to enhance visibility. Total protein load was
determined by Ponceau S staining and used to normalize all band intensities as described
previously (Boudreau and Wolf, 2005; Conrad et al., 2008; Finn et al., 2010).

2.8. Rotarod test
An accelerating rotarod (AccuScan Instruments, Inc., Columbus, OH) was used to measure
the motor skills of 7-week-old WT and Cln3 Δex7/8 male mice. During the training period,
mice were placed on the rotarod starting at zero rpm and accelerating to 37 rpm in 120
seconds. Mice were trained in three sessions each consisting of two consecutive runs, with
15 min of rest between the sessions. Following training, mice rested for 3 h and then were
tested in three test trials each consisting of two consecutive runs, with 15 min of rest
between the trials. The average latency to fall from the rotating rod during the testing period
was calculated for each mouse.

2.9. Statistical analysis
Two-way ANOVA with Bonferroni’s post test for multiple pairwise comparison and
unpaired t-test were performed using GraphPad Prism version 4.03 (GraphPad Software,
San Diego, CA).

3. Results
To investigate glutamate receptor function in the Cln3Δex7/8-knock-in mouse model of
JNCL, we exposed primary cultures of cerebellar granule cells (CGCs) to varied
concentrations of receptor agonists and then quantified the extent of glutamate receptor-
mediated cell death using the MTT viability assay. The extent of glutamate receptor-
mediated cell death can relay a wealth of information regarding receptor function because it
depends on the expression level, subunit composition, and channel kinetics of glutamate
receptors.

In primary neuronal cultures, glutamate receptor expression increases and subunit
composition changes during in vitro development. To detect possible developmental
differences, glutamate receptor-mediated cell death in WT and Cln3 Δex7-8 CGC cultures
was compared at two different in vitro ages, on the 14th and 21st days in vitro. Twenty-one-
day-old CGC cultures, as compared to 14-day-old cultures, were significantly more sensitive
to AMPA and NMDA receptor overactivation; much lower agonist concentrations were
necessary to induce cell death in 3-week-old than in 2-week-old cultures (Fig. 1–3).

3.1. Cln3 Δex7-8 cerebellar granule cells are significantly more sensitive to the subtype-
selective AMPA receptor agonist, CPW-399, in mature, three-week-old cultures

Cerebellar granule cell (CGC) cultures were isolated from seven-day-old WT and
Cln3 Δex7-8 mouse pups. Cultures were maintained for two or three weeks in vitro before
being treated. To induce AMPA receptor-mediated cell death, cultures were treated with
AMPA or with the subtype-selective AMPA receptor agonist, CPW-399. Both AMPA and
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CPW-399 treatments were done in the presence of 50 μM MK-801 to prevent transactivation
of NMDA receptors. In the case of AMPA exposure, 100 μM cyclothiazide was also added
to the cells to prevent desensitization of AMPA receptors. AMPA exposure on the 14th or
21st day in vitro induced a similar amount of cell death in WT and Cln3 Δex7-8cultures (Fig.
1).

We also treated CGC cultures with CPW-399, an AMPA receptor agonist that elicits slow or
non-desensitizing responses (Campiani et al., 2001). CPW-399 exhibits strong subunit
preferences; the compound has a significantly higher affinity for GluR1 and GluR2 that
manifests as a 20 fold preference for receptors containing these subunits as opposed to
GluR3 and GluR4 (Campiani et al., 2001). No difference in sensitivity to CPW-399 was
found in two-week-old cultures (Fig. 2A). When cells were treated after three weeks in
culture, we observed a concentration-dependent difference between WT and Cln3 Δex7-8

cultures (Fig. 2B). At the lowest concentration of CPW-399 (30 μM), Cln3 Δex7-8 neurons
seemed to be slightly more sensitive to the agonist treatment but the difference was not
statistically significant. Increasing the CPW-399 concentration to 100 μM increased the
difference between the two populations to the point of statistical significance (p<0.05). The
highest concentration of CPW-399 (300 μM) induced twice as much cell death in
Cln3 Δex7-8 cultures than in WT cultures (p<0.001).

3.2. Relative sensitivity of Cln3 Δex7-8 cerebellar granule cells to NMDA receptor-mediated
toxicity changes during in vitro development

To investigate the properties of NMDA receptors in Cln3 Δex7-8 and WT neurons, we treated
CGC cultures with various concentrations of NMDA after two or three weeks of in vitro
development. After two weeks in culture, we saw no difference in response to 1 mM NMDA
between Cln3 Δex7-8 and WT cells. When cultures were exposed to 5 mM NMDA,
Cln3 Δex7-8 CGCs were significantly less sensitive than their WT counterparts (Fig. 3A,
p<0.001). Cultures treated after three weeks of in vitro development have similar sensitivity
to the lowest NMDA concentration tested (100 μM). Increasing the NMDA concentration to
300 μM resulted in a significant difference in viability with the Cln3 Δex7-8 neurons being
significantly more vulnerable to the treatment (Fig. 3B, p<0.01).

3.3. Surface and intracellular expression levels of AMPA and NMDA receptor subunits in
the cerebellum of one-month-old Cln3 Δex7-8 mice

After demonstrating altered glutamate receptor function in Cln3Δex7/8 cerebellar granule cell
cultures in vitro, we wanted to examine if glutamate receptor function of Cln3 Δex7-8 neurons
is also altered in the cerebellum in vivo. Since AMPA and NMDA receptor function is
regulated in part by surface expression, we measured the surface and intracellular expression
levels of AMPA and NMDA receptor subunits in acutely isolated cerebellar slices from one-
month-old Cln3 Δex7-8 and WT male mice. (We chose the age of one month because it
roughly corresponds to the absolute age of the 3-week-old cerebellar granule cell cultures,
prepared from seven-day-old pups, in which the alterations in AMPA and NMDA receptor
function were observed.) Using the membrane-impermeable cross-linking agent, BS3, the
cell surface receptors (the receptor subunits forming the receptor and adjacent proteins) are
covalently cross-linked resulting in high-molecular-weight aggregates, whereas intracellular
receptors are not modified (Boudreau and Wolf, 2005; Conrad et al., 2008; Finn et al.,
2010). Accordingly, the surface and intracellular receptors can be separated by SDS-PAGE
and quantified by Western blotting (Fig. 4A). This method has several advantages as
compared to surface biotinylation, an alternative method for monitoring receptor surface
expression. A drawback of the surface biotinylation method is that biotin-treated samples
must be purified by avidin/streptavidin-coupled beads into biotinylated and non-biotinylated
fractions before analysis. Then, biotinylated and non-biotinylated fractions must be
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measured in separate SDS-PAGE lanes and normalized to total protein for comparison.
Potential errors are introduced at purification and normalization steps. In contrast, BS3-
cross-linked samples can be analyzed directly by SDS-PAGE without purification, and
surface and intracellular bands are measured in the same lane, avoiding the need for
normalization. Due to these advantages, the surface cross-linking method has increasingly
been applied to measure glutamate receptor surface expression in different brain regions (see
e.g., Conrad et al., 2008; Davies et al., 2008; Ferrario et al., 2010; Finn et al., 2010; Gould et
al., 2008; Mao et al., 2009; Mickiewicz and Napier, 2011; Morice et al., 2008).

Our experiments revealed that surface expression levels of the AMPA receptor subunits
GluR1 and GluR4 were very similar in the cerebellum of Cln3 Δex7-8 and WT mice (Fig. 4A,
B and D). Surface expression of the GluR2 AMPA receptor subunit and intracellular
expression of GluR1, GluR2 and GluR4 were lower in the Cln3 Δex7-8 cerebellum (Fig. 4A-
D); the differences, however, were not statistically significant. The surface to total ratio of
each of the receptor subunits was also determined. Cln3 Δex7-8 mice were found to have an
increased ratio of surface to total GluR1 in their cerebellum as compared to their WT
counterparts (Fig. 4E). There were no differences in this ratio for GluR2 or GluR4 (Fig. 4F-
G).

We also investigated the expression levels of the NMDA receptor subunits NR1, NR2A,
NR2B and NR2C. The surface expression of NR2A and NR2B, the intracellular level of
NR1 and the surface to total ratio of NR2A were all higher in the cerebellum of Cln3 Δex7-8

mice but the differences were not statistically significant (Fig. 5). Surface and intracellular
levels of NR2C were very similar in Cln3 Δex7-8 and WT cerebellar samples (data not
shown).

3.4. Seven-week-old Cln3 Δex7/8 mice have a motor coordination deficit
Dysregulated glutamate receptor function in the cerebellum may cause motor deficits.
Osorio et al. (2009) recently reported an impaired motor performance of 8-week-old
Cln3 Δex7/8 mice in a constant speed rotarod test. Using a more challenging, accelerating
rotarod test (0-37 rpm in 120 s), we found that Cln3 Δex7/8 mice already have a motor
coordination deficit at the age of 7 weeks (Fig. 6). Cln3 Δex7/8 mice fell from the rotating rod
10 s sooner than WT mice.

4. Discussion
The Cln3-knock-out (Cln3Δex1-6) mouse model of JNCL has been characterized in a number
of studies (see e.g., Kovacs et al., 2006; Mitchison et al., 1999; Weimer et al., 2009), giving
important clues to the patho-mechanism of the disease and also to the potential function of
the CLN3 protein. In the Cln3Δex7/8-knock-in mouse model of JNCL (Cotman et al., 2002),
both copies of the normal Cln3 gene were replaced by a mutant Cln3Δex7/8 gene that mimics
the most common, disease-causing human mutation, a 1.02 kb deletion that removes exons 7
and 8, theoretically resulting in a truncated protein that contains the first 153 amino acids of
CLN3 and 28 novel amino acids at the C-terminus. Although, a recent study (Kitzmuller et
al., 2008), solely based on vacuolar and lysosomal size analysis in yeast and cultured human
cells, suggested that the 1 kb deletion-associated truncated protein may have residual
function, Chan et al. (2008) provided convincing evidence that the truncated CLN3 protein
is unlikely to be expressed since cellular quality control mechanisms at the RNA level are
likely to degrade the mutant transcript. The lack of clinical phenotype differences in JNCL
patients who were homozygous for CLN3Δex7/8 or compound heterozygous with one copy of
CLN3Δex7/8 (Adams et al., 2010) also supports the view that Cln3Δex7/8 is a null mutation.
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Cln3-knock-out and Cln3Δex7/8-knock-in mice, however, are on different genetic
backgrounds, the former being on the 129S6/SvEv while the latter on the C57BL/6J
background. The genetic background, as several studies have shown, can modify (even
suppress) the effect of a gene deletion (Bilovocky et al., 2003; Duysen and Lockridge, 2006;
Mahajan et al., 2004; Tang et al., 2003; Yang et al., 2005). We have recently demonstrated
that cerebellar granule cells from 129S6/SvEv and C57BL/6J mice have significant
differences in glutamate receptor expression and in excitotoxic vulnerability, and these
intrinsic differences possibly have a strong influence on how glutamate receptor function is
dysregulated in CLN3-deficient neurons. Indeed, in the present study, comparing the
vulnerability of cultured C57BL/6J WT and Cln3Δex7/8-knock-in CGCs to AMPA and
NMDA receptor-mediated toxicity, our findings were different from the results obtained
previously in 129S6/SvEv WT and Cln3-knock-out CGC cultures (Kovacs et al., 2006). In
the present study, Cln3Δex7/8-knock-in CGCs were cultured in serum-free medium
(Neurobasal medium with 2% B27 supplement) for up to 3 weeks to study in vitro
maturation and developmental changes. In fact, we found remarkable developmental
differences. Although, cultured WT and Cln3Δex7/8-knock-in CGCs were equally sensitive to
AMPA toxicity after 2 or 3 weeks in vitro, the GluR1/GluR2 subunit-selective AMPA
receptor agonist, CPW-399 (Campiani et al., 2001), induced significantly more cell death in
mature, 3-week-old Cln3Δex7/8 cultures. NMDA receptor-mediated toxicity changed during
in vitro development: Cln3Δex7/8 CGCs were less sensitive to high concentration of NMDA
after 2 weeks in culture but became more vulnerable than their WT counterparts after 3
weeks in vitro.

After demonstrating altered glutamate receptor function in Cln3Δex7/8 cerebellar granule cell
cultures in vitro, we examined if glutamate receptor function of Cln3 Δex7-8 neurons is also
altered in the cerebellum in vivo. Since AMPA and NMDA receptor function is regulated in
part by surface expression, we measured the surface and intracellular expression levels of
AMPA and NMDA receptor subunits in acutely isolated cerebellar slices from one-month-
old Cln3 Δex7-8 and WT male mice.

Although, we did not find any statistically significant differences in the surface expression
of the examined receptor subunits (GluR1, GluR2, GluR4, NR1, NR2A, NR2B and NR2C),
the possibility that CLN3 deficiency affects the expression levels of the GluR3 AMPA and
NR3 NMDA receptor subunits cannot be excluded. Furthermore, if CLN3 deficiency
selectively affects glutamate receptor surface expression in cerebellar granule cells, all the
other neuronal and glial cell types present in the cerebellum could mask the observable
differences. Another possibility is that CLN3 deficiency alters AMPA and NMDA receptor
functions by changing their posttranslational modification (e.g., phosphorylation), affecting
the electrophysiological properties of the receptors (Wang et al., 2006). Dysregulated
glutamate receptor function in the cerebellum of Cln3-knock-out mice largely contributes to
their motor coordination deficit (Kovacs and Pearce, 2008; Kovacs et al., 2006). This motor
deficit, that can be detected as early as on postnatal day 14, has been characterized using an
accelerating rotarod test (0–30 rpm in 240 s) (Kovacs and Pearce, 2008; Kovacs et al., 2006;
Weimer et al., 2009). Osorio et al. (2009) recently reported an impaired motor performance
of 8-week-old Cln3Δex7/8-knock-in mice in a constant speed rotarod test. Applying a more
challenging, accelerating rotarod test (0-37 rpm in 120 s), we were able to detect the motor
coordination deficit in 7-week-old Cln3Δex7/8-knock-in mice (see Fig. 6). In summary, our
results demonstrate altered glutamate receptor function in Cln3Δex7/8 neurons and suggest
that both AMPA and NMDA receptors are potential therapeutic targets in JNCL.
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Abbreviations

ACSF artificial cerebrospinal fluid

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate

CGC cerebellar granule cell

Cln3-KO Cln3-knock-out

CTZ cyclothiazide

DIV day in vitro

JNCL juvenile neuronal ceroid lipofuscinoses

NMDA N-methyl-D-aspartate

WT wild type
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Research highlights

• The genetic background affects mouse models of juvenile Batten disease.

• Sensitivity of Cln3ΔΔex7/8 neurons to glutamate receptor overactivation is
altered.

• AMPA and NMDA receptor expression is not changed in the Cln3ΔΔex7/8

cerebellum.

• Seven-week-old Cln3ΔΔex7/8-knock-in mice have a motor coordination deficit.
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Fig. 1. Cln3 Δex7-8 and WT cerebellar granule cells have similar sensitivity to AMPA-induced
cell death
AMPA-induced cell death was investigated in primary cultures of CGCs prepared from
seven-day-old WT (solid bars) and Cln3 Δex7-8 (open bars) mice. Cultures were maintained
in Neurobasal medium with B27 serum replacement. On the 14th (A) or 21st (B) day in vitro
(DIV14 or DIV21), cultures were exposed to the indicated concentrations of AMPA for two
hours in Neurobasal medium without B27. Cyclothiazide (CTZ) was added at a
concentration of 100 μM to prevent desensitization of AMPA receptors. Treatments were
done in the presence of 50 μM MK-801 to prevent transactivation of NMDA receptors.
Upon completion of the two-hour treatment, medium was replaced with complete, B27-
containing Neurobasal medium. Cell viability was determined using the MTT viability assay
twenty-four hours later. Results presented here represent mean ± S.E.M. of four separate
culture preparations (n = 9–22). No statistically significant differences between WT and
Cln3 Δex7-8 cultures were found by two-way ANOVA with Bonferroni’s post-test for
multiple comparisons.
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Fig. 2. Cln3 Δex7-8 cerebellar granule cells are significantly more sensitive to the subtype-
selective AMPA receptor agonist, CPW-399, in mature, three-week-old cultures
CPW-399-induced cell death was investigated in primary cultures of CGC prepared from
seven-day-old WT (solid bars) and Cln3 Δex7-8 (open bars) mice. Cultures were maintained
in Neurobasal medium with B27 serum replacement. On the 14th (A) or 21st (B) day in vitro
(DIV14 or DIV21), cultures were exposed to the indicated concentrations of CPW-399 for
two hours in Neurobasal medium without B27. CPW-399 is a non-desensitizing, subtype-
selective AMPA receptor agonist. Treatments were done in the presence of 50 μM MK-801
to prevent transactivation of NMDA receptors. Upon completion of the two-hour treatment,
medium was replaced with complete, B27-containing Neurobasal medium. Cell viability
was determined using the MTT viability assay twenty-four hours later. Results presented
here represent mean ± S.E.M. of four separate culture preparations (n = 8–22). Statistical
significance was determined by two-way ANOVA with Bonferroni’s post-test for multiple
comparisons: * p<0.05, *** p<0.001.
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Fig. 3. Relative sensitivity of Cln3 Δex7-8 cerebellar granule cells to NMDA receptor-mediated
toxicity changes during in vitro development
NMDA receptor-mediated cell death was investigated in primary cultures of CGC prepared
from seven-day-old WT (solid bars) and Cln3 Δex7-8 (open bars) mice. Cultures were
maintained in Neurobasal medium with B27 serum replacement. On the 14th (A) or 21st (B)
day in vitro (DIV14 or DIV21), cultures were exposed to the indicated concentrations of
NMDA for two hours in Neurobasal medium without B27. Upon completion of the two-
hour treatment, medium was replaced with complete, B27-containing Neurobasal medium.
Cell viability was determined using the MTT viability assay twenty-four hours later. Results
presented here represent mean ± S.E.M. of four separate culture preparations (n = 11–19).
Statistical significance was determined by two-way ANOVA with Bonferroni’s post-test for
multiple comparisons: ** p<0.01, *** p<0.001.
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Fig. 4. Surface/Total ratio of the GluR1 AMPA receptor subunit is significantly higher in the
cerebellum of one-month-old Cln3 Δex7-8 mice
Surface and intracellular expression levels of the GluR1, GluR2, and GluR4 AMPA receptor
subunits were investigated using acutely isolated slices from the cerebella of one-month-old
WT (solid bars) and Cln3 Δex7-8 (open bars) mice. Slices were subjected to surface cross-
linking and then analyzed by Western blot for GluR1, GluR2, and GluR4. A: Western blots
showing separation of surface (cross-linked) and intracellular receptor subunits. B-D:
Quantification of surface, intracellular, and total (surface + intracellular) subunit expression
levels. E-G: Comparison of relative surface/total subunit expression ratios. For graphs B-G,
Subunit expression levels were normalized to total protein as determined by Ponceau S
staining. All measurements for Cln3 Δex7-8 samples are expressed as a percentage of WT.
Four mice were analyzed for each genotype; histogram bars represent mean ± S.E.M.
Statistical significance was determined by two-way ANOVA with Bonferroni’s post-test for
multiple comparisons (B-D) or unpaired t-test (E-G), * p<0.05.
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Fig. 5. Expression levels of the NR1, NR2A and NR2B NMDA receptor subunits in the
cerebellum of one-month-old Cln3 Δex7-8 and WT mice
Surface and intracellular expression levels of the NR1, NR2A, and NR2B NMDA receptor
subunits were investigated using acutely isolated slices from the cerebella of one-month-old
WT (solid bars) and Cln3 Δex7-8 (open bars) mice. Slices were subjected to surface cross-
linking and then analyzed by Western blot for NR1, NR2A, and NR2B. A: Western blots
showing separation of surface (cross-linked) and intracellular receptor subunits. B-D:
Quantification of surface, intracellular, and total (surface + intracellular) subunit expression
levels. E-G: Comparison of relative surface/total subunit expression ratios. For graphs B-G,
Subunit expression levels were normalized to total protein as determined by Ponceau S
staining. All measurements for Cln3 Δex7-8 samples are expressed as a percentage of WT.
Four mice were analyzed for each genotype; histogram bars represent mean ± S.E.M.
Statistical significance was determined by two-way ANOVA with Bonferroni’s post-test for
multiple comparisons (B-D) or unpaired t-test (E-G).

Finn et al. Page 17

Neurochem Int. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6. Cln3 Δex7/8 mice have a motor coordination deficit
An accelerating rotarod (from 0 to 37 rpm in 120 s) was used to measure the motor skills of
7-week-old WT and Cln3 Δex7-8 male mice. Data are plotted as the time at which animals
fell from the rotarod. Cln3 Δex7/8 mice had a reduced ability to remain on the rod as it
accelerated. Columns and bars represent mean ± S.E.M. (n = 12). The data sets passed the
normality test (α level 0.05), and therefore, statistical significance was determined by
unpaired t-test.
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