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Abstract

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder involving the selective

loss of spinal cord motor neurons. Excitotoxicity mediated by glutamate has been implicated as a

cause of this progressive degeneration. In this study we examined two types of receptors, the

excitatory AMPA-type glutamate receptors (AMPARs) and inhibitory cannabinoid receptor (CB1)

with respect to their localization and total expression in spinal cord motor neurons. AMPAR and

CB1 represent major excitatory and inhibitory transmission input respectively and their expression

levels on the plasma membrane have direct relevance to the vulnerability of the motor neurons to

glutamatergic excitotoxicity. We used quantitative immunofluorescence microscopy to

comparatively measure the total cellular expression and the synaptic localization of specific

subclasses of AMPARs (as determined by the presence of the subunits GluR1 or GluR2) and

cannabinoid receptors (CB1) in spinal cord motor neurons during disease progression in a

G93ASOD1 mouse model of ALS. We found an increase in synaptic GluR1 and a decrease of

synaptic and total GluR2 at early ages (6 weeks, prior to disease onset). Total CB1 receptor levels

were decreased at 6 weeks of age. We determined gene expression of CB1, GluR1, and GluR2

using quantitative real time RT-PCR. The decreased synaptic and total GluR2 and increased

synaptic GluR1 levels may result in increased numbers of Ca2+ -permeable AMPARs, thus

contributing to neuronal death. Early alterations in CB1 expression may also predispose motor

neurons to excitotoxicity. To our knowledge, this is the first demonstration of presymptomatic

changes in trafficking of receptors that are in direct control of excitotoxicity and death in a mouse

model of ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) occurs at a rate of 1 in 50,000 and is the most lethal

neurodegenerative disease (Boillee et al., 2006). ALS results in the degeneration of motor

neurons in the cortex, brainstem and spinal cord likely through a variety of etiologies

(Brown, 1997; Boillee et al., 2006). Most of the causes of ALS are presently unknown,

however several mechanisms of insult to motor neurons have been suggested (Ludolph et

al., 2000; Robberecht, 2000; Cleveland & Rothstein, 2001). Two of the primary theories

underlying motor neuron vulnerability are susceptibility to excitotoxicity and oxidative

damage, including neuroinflammation (Ludolph et al., 2000; Robberecht, 2000). Two

classes of receptors in particular have been shown to feed directly into this process of

excitotoxicity; the excitatory AMPA-type glutamate receptors (AMPARs) (Corona & Tapia,

2007) and the inhibitory cannabinoid CB1 receptor (CB1) (Abood et al., 2001; Kim et al.,

2006b).

The AMPA receptors (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors,

AMPARs) play a central regulatory role in glutamate excitotoxicity in motor neurons

(Carriedo et al., 1996). AMPARs are tetrameric assemblies of subunits GluR1-4, and GluR1

homomeric AMPARs (AMPARs lacking the GluR2 subunit), or those containing unedited

GluR2 (where Q is not replaced by R) have larger current carrying capacity and are calcium

permeable (Pellegrini-Giampietro et al., 1997). GluR1 homomeric AMPARs represent a

class of these calcium permeable receptors increasingly seen in CNS disease and injury

conditions (Leonoudakis et al., 2004; Ogoshi et al., 2005; Stellwagen et al., 2005; Corona &

Tapia, 2007). Any increase in the synaptic or surface localization or any change in the

channel properties of AMPARs changes the excitatory profile of a neuron to a given amount

of glutamate. Motor neurons contain a higher percentage of calcium permeable AMPARs,

which could provide an explanation for their particular vulnerability to any putative

excitotoxic stress throughout the progression of ALS (Carriedo et al., 1996; Roy et al.,

1998; Bar-Peled et al., 1999; Vandenberghe et al., 2000).

The endocannabinoid system consists of the CB1 and CB2 G-protein coupled cannabinoid

receptors, their endogenous lipid ligands (endocannabinoids) and the enzymes that

synthesize and degrade the endocannabinoids. Recent studies have described the

involvement of the endocannabinoid system in the progression of disease in hSOD1G93A

mice and the benefits associated with the administration of cannabinoid agonists (Bilsland et

al., 2004; Raman et al., 2004; Witting et al., 2004; Weydt et al., 2005; Kim et al., 2006a;

Shoemaker et al., 2006). These results suggest that cannabinoid receptor-mediated processes

may modify disease progression in amyotrophic lateral sclerosis and other chronic

neurodegenerative diseases.

Mutations in Cu/Zn superoxide dismutase (hSOD1) are the primary cause of up to 20% of

familial ALS cases (Rosen et al., 1993). The hSOD1G93A mice is the strain predominantly

used for preclinical testing of compounds for treating ALS; the disease in these animals

follows a consistent onset, progression and outcome that closely mimics human ALS

(Gurney et al., 1996; Klivenyi et al., 1999; Zhu et al., 2002).
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In this report, we have examined the total expression and synaptic localization of CB1

cannabinoid receptors and AMPARs in hSOD1G93A mouse spinal cord during disease

progression using quantitative immunofluorescence microscopy. Additionally, we

determined the gene expression of GluR1, GluR2, and CB1 using quantitative real time RT-

PCR. The synaptic localization of these particular receptors has not previously been

examined in the progression of an ALS animal model, yet this determination is relevant to

disease progression since an increase in cannabinoid receptors may provide for protection

against excitotoxicity while an increase in synaptic AMPARs may increase motor neuron

susceptibility to excitotoxicity, especially as we found they are both expressed in motor

neurons. Synaptic GluR1 levels are increased and synaptic and total GluR2 levels are

decreased in spinal cord motor neurons as early as 6 weeks of age in the G93A mouse model

of ALS.

Materials and Methods

Transgenic mice

Experiments were performed in accordance with the “NIH Guide for the Care and Use of

Laboratory Animals” (NIH publication no. 86-23) and the guidelines approved by the

California Pacific Medical Center animal care committee. Male transgenic mice expressing

the human mutant SOD1G93A (B6SJL-TgN[SOD1-G93A]1Gur) (hSOD1G93A mice) or

the wild type SOD1 (B6.Cg-Tg(SOD1)2Gur/J) (WT SOD1) were bred with background

matched B6SJL wild type females. All mice were originally obtained from Jackson

Laboratories, (Bar Harbor, ME) and bred and maintained in our in-house facility. The total

DNA was isolated from tail clips of the progeny by proteinase K digestion and subsequent

phenol-chloroform extraction. The progeny were genotyped using primers specific to exon 4

of the human SOD1 gene within the transgenic construct and segregated and used for

subsequent studies. Transgenic mice were housed in micro-isolator cages in a barrier facility

and were seronegative for mouse hepatitis virus, Sendai virus and other common viral and

bacterial pathogens. The mice were observed twice a week during the first 90 days of age

and subsequently monitored everyday for general health and signs of illness. Body weight

was taken once a week and every day after the onset of disease. Our hSOD1G93A mice

develop weakness in one or more limbs from 12 weeks of age, and reach end-stage disease

7–9 weeks after onset of limb weakness (Kim et al., 2006a). CB1 knockout mice were

provided by Dr. Andreas Zimmer (University of Bonn) (Zimmer et al., 1999) and CB2

knockout mice were provided by Dr. George Kunos (NIH) (Jarai et al., 1999). Both strains

were maintained in our colony in micro-isolator cages as described above.

Spinal cord section preparation and immunohistochemistry

G93A-SOD1 transgenic mice (B6SJL-TgN[SOD1-G93A]1Gur)(G93A) and their control

wild type (WT) litter mates were anesthetized and perfused with 4% PFA at several time

points (5 pairs of mice for each time point). In some experiments, mice over-expressing WT

SOD1 (B6SJL-TgN(SOD1)2Gur) were examined. Lumbar spinal cords were post-fixed in

4% PFA, cryoprotected in 30% sucrose and cross sectioned at 35µm thickness with a

witwith microtome (SM2000R, LEICA, Bannockburn, IL USA) mated with a specimen

rapid freezing unit (FRIGOMOBIL O, LEICA, Bannockburn, IL USA). Sections were
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permeabilized with 0.2% TX-100, blocked by 3% BSA and 2% goat serum in PBS for

overnight at 4°C. 1° and 2° antibodies were applied sequentially; each step incubated at least

20 hours at 4°C. Antibodies used: Polyclonal GluR1 (Calbiochem, San Diego, CA, USA),

1:25; Monoclonal GluR2 (BD Pharmingen, San Jose, CA, USA), 1:250; Polyclonal CB1

(Sigma-Aldrich, St. Louis, MO, USA), 1:1000; Polyclonal CB2 (Abcam, Cambridge, MA,

USA), 1:500; Polyclonal CB2 (Alpha Diagnostic Intl., San Antonio, TX, USA), 1:1000;

Monoclonal Synaptophysin (Sigma-Aldrich, St. Louis, MO, USA), 1:1000; Polyclonal

Synaptophysin (Chemicon, Temecula, CA, USA), 1:300; Goat a mouse – FITC (Jackson

ImmunoResearch Laboratories, West Grove, PA, USA), 1:100; Goat a rabbit –Cy3 (Jackson

ImmunoResearch Laboratories, West Grove, PA, USA), 1:200.

Confocal microscopy and image analysis

Images were captured with a Nikon TE2000-U-based microscope system with a Nikon C1

confocal (Nikon, Melville, NY, USA). Each color channel was taken separately and

averaged by 3 Kalman scans. Images were quantitatively analyzed for fluorescent intensity

or colocalization by MetaMorph software (version 7.0r3) (Molecular Devices,

Downingtown, PA, USA). This method has successfully been used to quantify

colocalization of receptors with other markers as well as comparatively measure expression

levels and colocalization in hippocampal and cortical neurons in culture (Beattie et al., 2002;

Leonoudakis et al., 2004; Stellwagen et al., 2005). This quantitative immunofluorescence

method is now being extended successfully to examine receptor localization and expression

in spinal cord motor neurons in tissue sections (Ferguson et al., 2006). 10–20 sections from

each mouse were imaged for each antibody staining combination. Five pairs of mice (G93A

and control littermates) were used for each time point; 37–57 neurons from each group of

mice were analyzed for each antibody. Motor neurons in the ventral horn were selected

based upon the classical positional and morphological parameters used to identify motor

neurons in the ventral horn of the lumbar spinal cord (Hermann et al., 2001; Sun et al.,

2006). The neurons in each section showing a clear nucleus and a cell body diameter of 20–

45µm were used for quantification.

We used average fluorescent signal intensity analysis of receptor staining on a per-soma

basis to measure total expression levels (Fig 1). The “ring” of synaptophysin puncta staining

surrounding the motor neuron cell body (Fig. 1B) was used as a marker to define the

external limits of the somatic plasma membrane. Within the confines of this demarcation we

measured the average fluorescent signal to sample receptor expression level per neuron.

Sampling the protein expression level of receptors in the easily definable ventral horn motor

neuron soma provides an estimate of the total neuron’s receptor expression that can be used

to compare SOD1 and WT expression levels. This method is similar to methods used

successfully by other investigators to estimate receptor expression of motor neurons

(Ferguson et al., 2006). Synaptic-plasma membrane localization of GluR1, GluR2 and CB1

(which represents a subset of total surface localization) was measured by the percentage of

overlapping area with synaptophysin within the whole image field (Fig. 2A). In brief, the red

signal channel and the green signal channel of images were “thresholded” separately to

show the red and green puncta. The term thresholding refers to the process of selecting an

area of the image which has a fluorescent signal intensity that is significantly above the
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average background intensity. This selection of a threshold intensity is held constant during

the comparison and measurement of all experimental and control images within an

experiment. The percentage of the red puncta area which overlapped with the green puncta

area was calculated using Metamorph co-localization function. Since AMPARs and

synaptophysin reside on separate sides of the narrow synaptic cleft, these proteins are not

precisely co-localized in space. Regardless, this technique has been used successfully to

detect their very close apposition (Beattie et al., 2002; Lissin et al., 1998; Stellwagen et al.,

2005;(Ferguson et al., 2006). To highlight co-localization of receptor and synaptophysin for

presentation we utilized the Metamorph Analysis application program to display insets from

the original panels (Fig. 2A). These inset panels show only areas of co-localization in white

against a black background.

Data from each wild type mouse’s images were grouped, averaged, and normalized to

100%. For the comparison of a G93A mouse to its WT littermate pair, data from G93A

images were recalculated as relative to the mean of WT and then an average value for this

mouse was calculated. Statistical significance between G93A and WT was calculated by

unpaired t test. Differences were taken to be statistically significant when P<0.05.

Gene Expression Analysis

RNA extraction and gene expression analysis was performed according to published

protocols (Chen et al., 2004; Ignacio et al., 2005). Briefly, whole spinal cords were

homogenized using RNAeasy (Qiagen,Valencia, CA,USA). RNA samples were treated with

RNase-free DNase to remove any genomic DNA contamination and reverse transcribed. 50

ng of cDNA from each sample used for PCR amplification with specific oligonucleotide

primers using the Applied Biosystems 5700 Sequence Detection System (PE Applied

Biosystems, Foster City, CA, USA). Specific primers for each gene were designed using the

Primer Express Software (PE Applied Biosystems, Foster City, CA, USA). Primer lengths

were 21–27 nucleotides, with a theoretical Tm of 58–60 °C. The amplicon size ranges from

66–150 bp. The specificity of the primers was demonstrated by the appearance of a single

product on a 10% polyacrylamide gel and a single dissociation curve for the PCR product.

All the cDNA samples were tested for genomic DNA contamination by using primers for β-

actin genomic DNA; only those without genomic DNA contamination were used. In

addition, the primer pairs for GluR1 and GluR2 were constructed across introns. For

quantification of gene expression, the fluorescence of the SYBR Green dye bound to the

PCR products was measured after each cycle and the cycle numbers recorded when the

accumulated signals cross an arbitrary threshold value (CT value). In order to normalize this

value, a ΔCT value is determined as the difference between the CT value for each gene and

the CT value for β-actin, which is determined in each experiment and does not vary

significantly under different experimental conditions. Data from G93A were calculated as

relative to WT and values from WT were normalized to 100%. Statistical significance

between G93A and WT was calculated by unpaired t test. Differences were taken to be

statistically significant when P<0.05.
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Results

Presymptomatic changes in AMPA and cannabinoid receptors in G93A mice

Previous studies have shown that total AMPA receptor expression levels are altered during

disease progression in G93A mice (Tortarolo et al., 2006), however plasma membrane or

synaptic localization has not been examined. In this study we measured the total expression

levels and synaptic localization of AMPARs in presymptomatic G93A mice (6 weeks old).

We observed staining for GluR1 and GluR2 subunits of AMPARs located both in the cell

bodies and dendrites of motor neurons in ventral horn (Fig. 2A). Co-staining for AMPARs

and the presynaptic marker synaptophysin allowed for the measurement of synaptic

AMPARs (Fig. 2A). The receptor puncta closely apposed enough to appear overlapping

(yellow) with synaptophysin puncta were classified as synaptic receptors. Images of receptor

and synaptophysin staining were processed to highlight the regions of co-localization by

displaying these areas in white on a black background (Co-localization inset panels, Fig.

2A). At this stage (6 weeks old) synaptic GluR1 increased significantly in G93A motor

neurons (128.2±10.8, p<0.05) compared with WT control (100± 6.9) (Fig 2). In contrast,

synaptic GluR2 (80.2±5.0, p<0.01) decreased at this stage (WT, 100±6.7). Total GluR1

(96.9±4.5, p>0.05) did not change at 6 weeks (WT, 100±5.4), while total GluR2 (86.6±3.7,

p<0.01) decreased (WT, 100±3.1).

To confirm that these changes in total expression and synaptic localization were due to the

mutant properties of G93A SOD1 and not the transgene’s over-expression we examined

spinal cord sections from mice over-expressing WT SOD1. No significant changes in GluR1

or GluR2 total expression or synaptic localization were found in these mice (total GluR1:

WT, 100±5.7; WTSOD1, 108.8±6.5. synaptic GluR1: WT, 100±6.7; WTSOD1, 102.9±8.1.

total GluR2: WT, 100±3.1; WTSOD1, 101±3.8. synaptic GluR2: WT, 100±5.3; WTSOD1,

103.7±9.3) (n = 28–42 neurons analyzed from WT and WTSOD1 mice, p>0.05).

Since CB1 expression in mouse spinal cord motor neurons has not been documented, we

tested the specificity of our CB1 antibodies. CB1 immunostaining was present in WT mouse

spinal cord sections, but not in CB1 knockout sections (Fig 3). We did not detect specific

immunostaining for CB2 in motor neurons using two separate CB2 antibodies (see methods)

and CB2 knockout mice as controls (data not shown). Total CB1 (WT 100±8.5, G93A

84.5±3.1, p<0.01) decreased at 6 weeks (Fig 2B). Confocal imaging of G93A and WT

sections showed that synaptic CB1 receptor expression was not altered at this stage (WT

100±11.1, G93A 107.3±10.5, p>0.05) (Fig 2B).

Time course of changes in receptor expression during disease progression

The total expression levels of GluR1, GluR2 and CB1 were compared at several critical time

points of the G93A mouse life span. We analyzed spinal cord sections from animals at 6, 10,

12 and 17 weeks of age, corresponding to presymptomatic (6 weeks), early symptomatic (10

weeks), symptomatic (12 weeks), and late stage disease (17 weeks). We restricted this

analysis to the examination of total receptor expression, because synaptophysin levels

decrease during disease progression in G93A mice beyond six weeks of age (Zang et al.,
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2005). We observed a dynamic regulation of GluR1, GluR2, and CB1 expression during

disease progression (Figure 4).

At 17 weeks the total GluR1 level in motor neurons increased significantly (WT 100±9.8,

G93A 120.3±6.5; P<0.05)(Fig 4A). Total GluR2 levels decreased at 6 weeks (WT 100±3.1,

G93A 86.6±3.7; P<0.01), were significantly higher at 12 weeks (WT 100±12.1, G93A

124.9±5.0; P<0.01), and then significantly lower at 17 weeks (WT 100±1.7, G93A 92.6±0.5;

P<0.001) (Fig 4B). Total CB1 was lower at 6 weeks (WT 100±8.5, G93A 84.5±3.1;

P<0.01), significantly higher at 10 weeks(WT 100±4.0, G93A 128.5±5.7; P<0.001), and

lower at 17 weeks (WT 100±4.2, G93A 85.2±5.1; P<0.05) (Fig 4C). At later disease stages,

it is important to note that the data represent measurements of the remaining motor neurons

whose total numbers are less than in wild type littermates.

Dynamic expression of receptor genes in G93A mice

Experiments examining gene expression changes for CB1, GluR1 and GluR2 during disease

progression in hSOD1G93A mice indicate that the mRNA levels of CB1 increase at 9 weeks

of age (WT 100±2.8, G93A 119.0±6.3; P<0.05), followed by a decrease at 12 (WT 100±5.6,

G93A 89.3±1.2; P<0.05), 15 (WT 100±3.3, G93A 88.2±1.6; P<0.01) and 18 weeks (WT

100±2.7, G93A 87.5±2.0; P<0.01) (Fig 5). Levels of GluR1 mRNA were significantly

decreased at 18 weeks (end-stage) (WT 100±3.0, G93A 86.3±2.2; P<0.001). Levels of

GluR2 mRNA were significantly elevated at 6 weeks (WT 100±2.7, G93A 112.7±3.5;

P<0.05), followed by a trend towards declining expression that reached significance at 18

weeks (WT 100±5.0, G93A 87.7±2.4; P<0.05). For CB1, the gene expression changes

preceded the protein changes.

Discussion

Recent studies have underscored the significance of both the AMPARs and the

endocannabinoid system in motor neuron disease. In a study of Japanese ALS patients,

impaired editing of GluR2 was observed in 56% of ALS patient motor neurons whereas

GluR2 was edited in 100% of the control motor neurons (Kawahara et al., 2003). In

addition, an animal model of motor neuron disease can be created by increasing the number

of calcium-permeable AMPARs through elevated mutant GluR2 expression in transgenic

mice (Kuner et al., 2005). Conversely, crossbreeding hSOD1G93A mice with transgenic

mice expressing AMPARs with reduced calcium permeability results in a delay of disease

onset and mortality (Tateno et al., 2004). Tortarolo et al. found decreased levels of GluR2

along with increased GluR3 in motor neurons of presymptomatic hSOD1G93A mice (at 8

weeks of age), implying increased propensity to excitotoxicity (Tortarolo et al., 2006). They

also found that treatment of hSOD1G93A mice with ZK 187638, a non-competitive

AMPAR antagonist, protected motor neurons, improved motor function and prolonged

survival by >10% (Tortarolo et al., 2006). Furthermore, slow and selective motor neuron

death can be produced by intrathecal infusion of kainic acid; this is accompanied by

increased GluR3 in affected neurons (Sun et al., 2006).

The present study demonstrates for the first time that synaptic GluR1 levels are elevated

prior to disease onset in the hSOD1G93A mouse model of ALS. This elevation is relevant to

Zhao et al. Page 7

Eur J Neurosci. Author manuscript; available in PMC 2014 April 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



disease progression since an increase in the synaptic localization and/or any change in the

channel properties of AMPARs changes the excitatory profile of a neuron to a given amount

of glutamate. In particular, the selective elevation of GluR1 (with no change in GluR2)

suggests the presence of homomeric GluR1 AMPAR, which are calcium permeable

(Leonoudakis et al., 2004; Ogoshi et al., 2005; Stellwagen et al., 2005; Corona & Tapia,

2007). We found that synaptic GluR1 levels are increased while synaptic and total GluR2

levels are decreased in spinal cord motor neurons as early as 6 weeks of age in the G93A

mouse model of ALS. To our knowledge, this is the first report of presymptomatic changes

in trafficking of receptors that are in direct control of excitotoxicity and death in a mouse

model of ALS.

These findings are in agreement with a recently published study demonstrating increased

GluR1 mRNA and protein levels in the hippocampus in presymptomatic hSOD1G93A mice

(Spalloni et al., 2006). That study examined total GluR1 and GluR2 levels using Western

analyses; GluR1 levels increased in hippocampus, while GluR2 levels were unchanged. The

authors also performed extracellular recordings from hippocampal slices and found an

increased induction and maintenance of long-term potentiation (LTP) at Schaffer collateral-

CA1 synapses. This enhancement of LTP is consistent with increased plasma membrane

delivery of AMPARs. The study also found superior spatial activity in mutant mice,

indicative of increased cognitive ability. These data suggest that before leading to extensive

neuronal excitotoxicity, the increased glutamatergic signaling in the brains of pre-

symptomatic hSOD1G93A mice could mediate site-specific molecular and synaptic changes

providing favorable conditions to spatial information processing. The authors conclude that

the identification of pre-symptomatic behavioral changes in mouse models of ALS may

point to early neural abnormalities selectively associated with mutations in the Cu/Zn

superoxide dismutase (SOD1) gene.

The increase in GluR1 synaptic localization seen at 6 weeks of age may be due to increased

levels of TNFα, found in the spinal cord of presymptomatic hSOD1G93A mice (Chen et al.,

2004; Weydt et al., 2004). The proinflammatory cytokine TNFα increases cell surface and

synaptic AMPARs in hippocampal neurons (Beattie et al., 2002; Stellwagen et al., 2005),

leading to increased excitoxicity (Hermann et al., 2001; Bernardino et al., 2005). It is very

possible that a similar situation occurs in spinal cord motor neurons during disease

progression in ALS.

Recent studies have described the involvement of the endocannabinoid system in the

progression of disease in hSOD1G93A mice and the benefits associated with the

administration of cannabinoid agonists (Bilsland et al., 2004; Raman et al., 2004; Witting et

al., 2004; Weydt et al., 2005; Kim et al., 2006a; Shoemaker et al., 2006). These results

suggest that cannabinoid receptor-mediated processes may slow disease progression in

amyotrophic lateral sclerosis and other chronic neurodegenerative diseases; (Centonze et al.,

2007). We found that total CB1 receptor expression was decreased at 6 weeks

(presymptomatic stage), the time when synaptic GluR1 levels were elevated. At 10 weeks

(symptomatic stage), CB1 levels were elevated in surviving motor neurons. This may

indicate that the surviving motor neurons had enhanced levels of this “neuroprotective”
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receptor. By end-stage CB1 levels are less than in controls, perhaps indicating the declining

health of remaining motor neurons.

The CB2 receptor is primarily found in cells of immune origin, including microglia (Benito

et al., 2003; Walter et al., 2003; Weydt & Moller, 2005), although neuronal expression has

recently been reported (Van Sickle et al., 2005; Gong et al., 2006). CB2 immunostaining is

increased in activated microglia from spinal cord of ALS patients (Yiangou et al., 2006),

and in dorsal horn neurons during inflammatory nerve damage (Wotherspoon et al., 2005).

We did not detect specific CB2 receptor immunostaining in spinal cord motor neurons from

WT and hSOD1G93A mice using different CB2 antibodies and CB2 knockout mice as

controls.

We observed dynamic regulation of AMPAR and CB1 expression during our time course

analyses of immunocytochemical and gene expression changes. GluR1 protein levels

appeared to increase during disease progression, reaching significance at end-stage in

surviving motor neurons. This significant increase in GluR1 levels at end-stage disease may

also be reflective of the insults present in the remaining motor neurons. In contrast, mRNA

levels for GluR1 from whole spinal cord extracts were significantly decreased at end-stage,

suggesting the increase of GluR1 protein in motor neurons could not compensate the motor

neuron loss and GluR1 may decrease in astrocytes or in other neurons in the spinal cord late

in the disease process in G93A mice. For CB1, the alteration in gene expression preceded

the protein changes.

GluR2 levels in motor neurons were tightly regulated. As discussed above, at the

presymptomatic stage (6 weeks), these were decreased. This result is in agreement with

those of Tortarolo et al, who found decreased levels of GluR2 in motor neurons of

presymptomatic hSOD1G93A mice (at 8 weeks of age)(Tortarolo et al., 2006). In contrast,

at 6 weeks we found a 12.7±3.5% increase in mRNA levels as compared to WT controls.

Tortarolo et al (2006) also observed a trend towards increased GluR2 mRNA in motor

neurons at 8 weeks in the G93A mice. Together, these studies suggest that post-

transcriptional mechanisms may be involved in the GluR2 downregulation. Interestingly, as

GluR2 mRNA editing is also post-transcriptional (Pellegrini-Giampietro et al., 1997;

Kawahara et al., 2003), post-transcriptional defects could relate to both changes in both

amount and editing state of the protein. We found increases in synaptic GluR1 levels,

whereas Tortarolo and colleagues (2006) found increased total GluR3 levels at this stage of

the disease; however, both studies indicated increased propensity to excitotoxicity due to

altered composition of AMPARs. At 12 weeks, GluR2 levels were significantly increased.

As the disease progressed further, GluR2 levels decreased in the remaining motor neurons,

with a significant decrease relative to controls at end-stage. It is possible, that as with CB1,

the surviving motor neurons expressed more GluR2 as a defense mechanism, which was

ultimately overwhelmed at end-stage disease. Alternatively, these changes may be

compensatory in response to the decreased number of motor neurons. That is, at end-stage of

the disease the remaining motor neurons may need a higher number of GluR1, lower number

of Glu2 and lower CB1 to increase their excitability in order to compensate for the

decreased number of motor neurons.
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In summary, we have used quantitative immunofluorescent analysis of spinal cord motor

neurons to survey total protein expression and synaptic localization of two subtypes of the

excitatory AMPARs and the inhibitory CB1 cannabinoid receptor in the G93A mouse model

of ALS. We have found significant differences between G93A and WT mice at an important

early time point that precedes the first appearance of ALS-like symptoms. At this early time

point, our data showing that GluR1 AMPAR subunits are increased at synapses while

synaptic and total GluR2 AMPAR subunits are decreased is consistent with a greater-than-

normal synaptic localization of GluR1 homomeric AMPARs. In concert with these changes

we find that total expression levels of the CB1 cannabinoid receptor (which is protective

against excitotoxicity) are reduced at this early time point. We propose that early increases

in the amounts of inflammatory cytokines (eg- TNFα) leads to these trafficking and

expression changes in these important excitatory and inhibitory receptor classes that together

determine a motor neuron’s vulnerability to glutamatergic excitotoxicity. Our current studies

aimed at confirming this hypothesis and detailing the underlying signaling mechanisms that

are responsible for these changes have the potential to uncover a new set of drug targets to

be used in the fight against ALS.
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Figure 1. Confocal imaging of mouse spinal cord samples and quantification method
(A) A representative confocal image of a ventral horn spinal cord motor neuron showing

GluR1 (red) and synaptophysin (green) staining. Only images of motor neurons located in

the lower half of the ventral horn showing a clear nucleus and with a cell body diameter of

20–45µm were used for quantification. Synaptic localization of GluR1, GluR2, and CB1 was

measured by the level of percentage of overlapping area with synaptophysin in the whole

image field. The white arrows pointing to yellow puncta indicate the synaptic localization of

GluR1.
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(B) A “ring” of synaptophysin puncta staining surrounding the neuron soma, marked by the

white dotted line, was used to define the plasma membrane. The average intensity of the

fluorescent signal inside this demarcation was used to quantify total expression levels. Scale

bar, 20µm.
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Figure 2. Presymptomatic changes of AMPA and CB1 receptors in ventral horn motor neurons
of G93A mice
(A) Staining for GluR1, GluR2 and CB1 (red) and co-staining for synaptophysin (green) in

sections from 6 week old wild type littermate control and G93A mice. Synaptophysin puncta

outline motor neuron cell bodies. Punctate GluR1, GluR2 and CB1 staining was observed in

neuronal cytoplasm as well as in somatic and dendritic plasma membrane. Receptors were

defined as localized to the plasma membrane by co-localization with synaptophysin.

Examples of synaptically localized receptors that are apposition or co-localization with
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synaptophysin puncta are highlighted in the black and white panels to the right of the green

and red panels. These black and white panels are derived from insets defined by the boxed

area in the green and red panels and white marks areas of receptor and synaptophysin co-

localization. Scale bars in green and red panels, 20µm. Width of black and white co-

localization inset panels, 19µm.

(B) Levels of synaptic and total receptor expression in motor neurons of G93A mice. Values

from G93A mice are represented as percentages of wild type values. Synaptic GluR1

increased significantly at this presymptomatic stage. Synaptic and total GluR2 both

decreased significantly. Total CB1 receptor decreased significantly. *P<0.05, **P<0.01.

Error bars represent SEM. Sample number (N= 37–57 neurons analyzed from G93A and

control mice):
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Figure 3. CB1 Cannabinoid receptor is present in motor neurons
Spinal cord sections from a wild type mouse (top panel) and a CB1 KO mouse (bottom

panel) were stained with CB1 antibody. Representative ventral horns images are shown.

CB1 antibody staining showed positive bright puncta in motor neurons in the wild type

mouse spinal cord section, while only weak background staining was observed in the CB1

KO section. Scale bar, 100µm.
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Figure 4. Time course changes of total receptor changes in G93A mice
Levels of total expression in motor neurons of G93A mice are represented as percentages of

wild type littermate controls of the same time points. (A) Total GluR1 increased

significantly at 17 weeks. (B) Total GluR2 decreased at 6 weeks, then increased at 12

weeks. Finally total GluR2 decreased again at 17 weeks. (C) Total CB1 decreased early (6

weeks), increased at 10 weeks, and decreased at 17 weeks. Unpaired t test. *P<0.05,

**P<0.01, ***P<0.001. Error bars represent SEM. N = 37–57 neurons analyzed from G93A

and control mice for each time point.
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Figure 5. Dynamic regulation of gene expression changes in hSOD1G93A mice
Levels of mRNA in G93A spinal cords are represented as percentages of wildtype controls

of the same time points. (A) GluR1 mRNA in G93A spinal cords showed a significant

decrease at 18 week. (B) GluR2 mRNA increased at 6 weeks and decreased at 18 weeks. (C)
CB1 mRNA increased significantly at 9 week, while decreased at 12, 15 and 18 week. N =

10 spinal cord preparations in each group. Unpaired t test. * p<0.05; ** p<0.01, ***p<0.001.

Error bars represent SEM.
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