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Abstract
A comprehensive understanding of neuroprotective pathways is essential to progress in the battle against numerous

neurodegenerative conditions. The hypothalamic suprachiasmatic nucleus (SCN) is endogenously resistant to glutamate

(Glu) excitotoxicity in vivo. This study was designed to determine whether immortalized SCN neurons (SCN2.2 cells) retain

this characteristic. We first established that SCN2.2 cells retained the ability to respond to Glu. SCN2.2 cells expressed N-

methyl-D-aspartate (NMDA) receptor subtypes NR1 and NR2A/2B, suggesting the presence of functional receptors. mRNA

for the NMDA receptor subunits NR2A and NR2B were higher in the SCN2.2 than in the control hypothalamic neurons

(GT1-7). Specific NMDA receptor antagonists (þ)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate

and D-(–)-2-amino-5-phosphonovaleric acid blocked Glu-induced activation of gene expression. SCN2.2 cells were

resistant to Glu excitotoxicity compared with GT1-7 neurons as assessed with a mitochondrial function assay, cell death

by trypan blue exclusion and apoptosis by terminal deoxynucleotidyl transferase dUTP nick end labeling. SCN2.2

resistance to Glu excitoxicity was retained in the presence of the broad spectrum Glu transport inhibitor, L-trans-

pyrrolidine-2,4 dicarboxylate, excluding glial Glu uptake as a major neuroprotective mechanism. Collectively, these

observations demonstrate endogenous neuroprotection in SCN2.2 cells; this cell line is resistant to excitotoxicity under

conditions that are toxic to other immortalized cell lines. Thus, the SCN2.2 cell line may provide insights into the molecular

mechanisms that confer endogenous neuroprotection in the SCN.

Keywords: NMDA receptor, glutamate, excitotoxicity, neurotoxicity, apoptosis, suprachiasmatic nucleus

Experimental Biology and Medicine 2010; 235: 237–246. DOI: 10.1258/ebm.2009.009244

Introduction

Neurodegenerative processes underlie many brain illnesses
such as stroke, Parkinson’s disease and multiple forms of
dementia.1,2 Although the illnesses differ in many respects,
common neurodegenerative processes, such as toxicity of
the neurotransmitter glutamate (Glu), increased intracellular
calcium and activation of cell death pathways, play a unify-
ing role in these illnesses.1,2 To date, although many of the
cellular and molecular mechanisms of neurotoxicity have
been delineated, little progress has been made in reversing
these processes to treat neurodegenerative diseases.

Certain regions of the brain display natural resistance to
neurotoxicity. For example, the CA3 region of the hippo-
campus is protected relative to the more vulnerable CA1

region.3 A better understanding of the pathways employed
by consistently neuroprotected brain regions might allow
these mechanisms to be harnessed therapeutically to
produce long-lasting neuroprotection in susceptible
regions of the brain. We propose the suprachiasmatic
nucleus (SCN) of the hypothalamus as a good model
system in this pursuit.

The SCN controls the body’s circadian rhythms.4 A
critical aspect of SCN function is the processing of light
information, garnered from the environment and used to
align the endogenous body clock to the daily cycle of light
and darkness. Mechanistically, stimulation of the retino-
hypothalamic tract by light striking the retina causes
release of Glu onto the SCN.5,6 Thus, the SCN is regularly
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exposed to Glu,7 an excitatory neurotransmitter associated
with neurotoxicity.8,9

The resistance of the SCN in vivo to glutamatergic neuro-
toxins was first established in the 1980s.10,11 Although com-
monly used to lesion various brain regions, kainic acid,
N-methyl-D-aspartate (NMDA) and Glu are not sufficiently
toxic to lesion the SCN; the SCN must be electrically or
mechanically lesioned.10 – 13 This observation was extended
to an in vitro brain slice system in the 1990s using a cell swell-
ing measurement of neuronal damage.14 In acute brain slices
the hippocampus, cortex and neostriatum were all suscep-
tible to neurotoxic insult, but the SCN was completely
resistant to these neurotoxins. Other work involving acute
SCN brain slices routinely uses 1–10 mmol/L Glu to
mimic physiologic light signals without any adverse
effects to the health of the slice.15 – 17 In contrast, 0.1–
10 mmol/L is commonly used as a toxic stimulus in other
brain regions.18,19 Thus, although Glu neurotoxicity has
not previously been formally investigated in the SCN, evi-
dence suggests that the SCN is a site of naturally occurring
excitotoxic resistance.

To substantiate the hypothesis that the SCN is protected
against Glu in conditions lethal to other neurons, we
chose the simplicity and ease of manipulation provided by
the immortalized SCN2.2 cell line. This cell line is well
established as a valid cell line model of the SCN.20,21 It
secretes peptides in a circadian rhythm identical to the
intact SCN.20 Implantation of SCN2.2 cells into an arrhyth-
mic, SCN-lesioned animal restores circadian rhythms.22

Thus the SCN2.2 cell line retains many of the functional
properties of the intact SCN. We hypothesized that it
would also show resistance to excitotoxicity similar to
what has previously been observed in SCN in vivo.

The immortalized hypothalamic neuronal cell line GT1-7
served as our neuronal control. GT1-7 cells, derived from
gonadotropin-releasing hormone (GnRH) secreting
neurons, maintain the ability to secrete GnRH in response
to depolarization23 and have been previously used in neuro-
toxicity studies. Prior work on this cell line demonstrates
that up to 80% of GT1-7 cells appear apoptotic within 24 h
of exposure to toxic stimuli.24 Overexpression of bcl-2 pre-
vented apoptosis in GT1-7 cells.24,25 Furthermore, the ryano-
dine receptor antagonist, dantrolene, is neuroprotective in
GT1-7 cells, similar to the effects of dantrolene in an in
vivo model of ischemia.26,27 Estrogen, conversely, rendered
GT1-7 cells more susceptible to Glu, and this effect is
reversed by estrogen receptor antagonists.19 All of these
prior studies, combined with the anatomical proximity of
native GnRH neurons to the SCN, supported our use of
this cell line as a neuronal control for SCN resistance to
excitotoxicity.

We hypothesized that the SCN exhibits naturally occur-
ring neuroprotection against the excitotoxic effects of Glu.
We examined Glu-induced excitotoxicity in SCN2.2 cells.
Overall cell damage and death, as well as apoptotic activity,
were determined. These studies provide an important basis
for other mechanistic investigations of neuroprotective
mechanisms in the SCN and their subsequent application
to other brain regions. A thorough understanding of
endogenous neuroprotective mechanisms will provide

direction for future clinical work designed to develop neu-
roprotective strategies applicable to many regions of the
brain. This approach might finally provide effective protec-
tion against the substantial morbidity and mortality pro-
duced by neurodegenerative processes.

Materials and methods

Cell culture

SCN2.2 cells (generously provided by Dr David Ernest)
were grown in Eagle’s minimum essential medium
(EMEM) supplemented with 2 mmol/L L-glutamine,
10,000 U/mL penicillin, 10,000 U/mL streptomycin,
250 mg/mL fungizone, and 10% fetal bovine serum (FBS)
on laminin-coated tissue culture plates (1.5 mg/cm2

laminin). GT1-7 cells (generously provided by Dr Pamela
Mellon) were grown on uncoated plates (except as noted)
in Dulbecco’s modification of Eagle’s medium (DMEM)
supplemented with 4.5 gm/L glucose, 2 mmol/L
L-glutamine, 10,000 U/mL penicillin, 10,000 U/mL strepto-
mycin, 250 mg/mL fungizone and 10% FBS.

Trypan blue exclusion assay

Adherent cells were removed from the plate surface by two-
minute incubation in 0.05% trypsin. Media was saved so
that dead or injured cells, which may float, can be included
in the analysis. After staining with 0.4% trypan blue for 5–
10 min, cells were counted manually. Dead cells stain blue;
live cells exclude trypan blue and remain clear:

%Alive ¼ ½Clear cells=ðBlue cellsþ Clear cellsÞ� � 100

Thiazolyl blue tetrazolium bromide assay

SCN2.2 and GT1-7 cells were grown on laminin-coated
24-well plates to encourage cell adherence to the surface
and then incubated with Glu. Controls were not treated
with Glu. After treatment, 250 mL of a 50 mg/mL thiazolyl
blue tetrazolium bromide (MTT) solution was added to
wells containing 1 mL of cell culture medium. After
additional incubation for 4–8 h, MTT was replaced with
1 mL of dimethyl sulfoxide to dissolve MTT crystals in the
presence of 125 mL of Sorensen’s glycine buffer (0.1 mol/L
glycine, 0.1 mol/L NaCl, pH 10.5). Plates were read immedi-
ately at 562 nm.

%Alive ¼ ðAbsorbance of sample=Absorbance of controlÞ
� 100

Terminal deoxynucleotidyl transferase dUTP nick
end labeling assay

SCN2.2 and GT1-7 cells were incubated for 48 h in DMEM
with 0 or 10 mmol/L Glu. Following incubation, the cells
were scraped off the plate, fixed for 10 min in a fresh solu-
tion of 1% paraformaldehyde (made from methanol-free
ultrapure EM grade stock) in phosphate-buffered saline,
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and spread onto a microscope slide. Slides were postfixed in
2:1 ethanol:acetic acid for five minutes at –208C. Terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) was performed with the Apoptag Apotosis
Detection System (Chemicon, Temecula, CA, USA) accord-
ing to the manufacturer’s specifications. Slides were
mounted with 4’,6-diamidino-2-phenylindole in antifade
solution. Negative controls included omission of the
terminal deoxynucleotidyl transferase enzyme or the anti-
digoxigenin antibody. Slides were viewed by two indepen-
dent observers blinded to experimental conditions, and cells
positive for fluorescein stained TUNEL cells as well as total
cells were counted. Percent TUNEL-positive counts were
averaged for the two observers.

%TUNEL positive ¼ ðTUNEL positive cells=Total cellsÞ
� 100

Time course experiments

SCN2.2 and GT1-7 cells were grown in 35 mm Petri dishes
or 24-well plates. Cells were incubated with 10 mmol/L
Glu for up to 120 h, with time points taken every eight
hours. Cells were processed for either the trypan blue exclu-
sion assay or the MTT assay.

Dose response experiments

SCN2.2 and GT1-7 cells were grown in 24-well plates. Cells
were incubated for 48 h in the following concentrations of
Glu: 0, 1, 5 and 10 mmol/L. Cell death was assessed using
the MTT assay.

Quantitative polymerase chain reaction

RNA was isolated from SCN 2.2 and GT 1-7 cells with
TRIzol as previously described.28 RNA concentrations
were calculated from the absorbance at 260 nm using an
ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). Purity of RNA was estimated by
the ratio of absorbances at 260/280 nm. In our hands,
these ratios were consistently near 2, indicating the high
quality of the samples.

cDNA was prepared from the isolated RNA using
random primers in a MyCycler thermal cycler (BioRad,
Hercules, CA, USA). A master mix consisting of 1 mL per
sample of a 10 mmol/L dNTP mixture (containing
10 mmol/L dATP, 10 mmol/L dGTP, 10 mmol/L dCTP
and 10 mmol/L dTTP at a neutral pH), 6 mg per sample
random primers and enough diethylpyrocarbonate water
to give a volume of 12 mL per sample was prepared. After
addition of master mix, samples were heated to 708C for
five minutes to denature primers and dNTPs. Reverse tran-
scriptase (RT) reaction was performed with MMLV enzyme
(Promega, Madison, WI, USA) according to the manufac-
turer’s protocol. Negative controls included omission of
RNA or RT enzyme.

Quantitative polymerase chain reaction (PCR) was per-
formed on a Cepheid thermocycler using SYBR Green

(Applied Biosystems, Foster City, CA, USA). Primer sequences
were obtained from the literature29 or purchased from a com-
mercial supplier (Qiagen, Valencia, CA, USA). The threshold
cycle (Ct) was arbitrarily set in the linear phase of the logarith-
mic amplification curve, but held constant for all runs. PCR
was performed as previously described30 as modified from
Bustin.31 This standard curve method provides relative quanti-
fication, and eliminates much of the variability inherent in
choosing a housekeeping gene or ribosomal RNA for normal-
ization (see discussions in references31,32). For the standard
curve, quantitative PCR was performed on cDNA prepared
from 4, 2, 1, 0.5, 0.25, 0.125 and 0.0625 mg total RNA. The
log2 (concentration) for each standard was plotted against the
average Ct for the standard to form a standard curve for each
primer set. Amplicon efficiency was calculated from the
slope; efficiency ¼ 22(1/slope) (see Table 1). NR2A and NR2B
mRNA levels were normalized to NR1 levels for each cell type.

Immunoblot

Protein was prepared from SCN2.2 cells using Tissue
Protein Extraction Reagent (T-PER) (Pierce, Rockford, IL,
USA). Cells were scraped from a T25 tissue flask in tissue
culture media, and pelleted. Proteins were extracted in
0.5 mL T-PER containing 1� protease inhibitor (Roche,
Indianapolis, IN, USA). Centrifugation (48C) at 10,000 rpm
for five minutes removed cellular debris. Protein concen-
tration in supernatants was determined by absorbance at
280 nm, using the ND-1000 spectrophotometer.

Twenty micrograms of protein were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (8%
polyacrylamide gel) and transferred onto a nitrocellulose
membrane. The membrane was blocked with 5% milk in
TBS (50 mmol/L Tris-HCl, 150 mmol/L NaOH, pH 7.5)
overnight at 48C. The membrane was then incubated with
rabbit anti-NR1 (Chemicon) diluted 1:100 to detect NR1 or
rabbit anti-NR2A/B (Chemicon) diluted 1:200 to detect
both NR2A and NR2B subunits. Donkey anti-rabbit horse-
radish peroxidase (HRP) secondary antibody (Applied
BioReagents, Golden, CO, USA) diluted 1:5000 was then
applied for one hour at room temperature. The blot was
developed with SuperSignal West Femto Maximum
Sensitivity Substrate (Pierce).

Luciferase assay

Stably transfected SCN2.2 cells expressing luciferase repor-
ter activity (SCN2.2.cre-luc and SCN2.2.per1-luc21) were
grown to confluence on laminin-coated plates in EMEM
with 10% FBS, 2.5 mg/mL fungizone and 100 mg/mL peni-
cillin–streptomycin. At confluence, culture medium was
replaced with serum-free medium (50% DMEM, 50%
Ham’s F-12, N-2 supplement, 2.5 mg/mL fungizone and
100 mg/mL penicillin–streptomycin) to promote differen-
tiation. After 24 h in serum-free medium, cultures were
shocked by exposure to 50% horse serum, 50% DMEM/
50% Ham’s F-12 for two hours. Following serum
shock, cells were returned to serum-free medium.
Twelve hours after serum shock, cultures were treated
with Glu (10 mmol/L), the NMDA receptor antagonists
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(þ)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-
imine maleate (MK-801, 1 mmol/L) and amino-5-
phosphonovaleric acid (APV, 0.1 mmol/L),7 GluþMK-801,
Gluþ APV or media change alone (control). MK-801 and
APV treatments began 20 min prior to 10 min Glu stimulation.
Cells were returned to serum-free medium for six hours to allow
accumulation of luciferase mRNA/protein. Cultures were
frozen at 2208C until assay.

Extracts were prepared from frozen cultures by rocking
for 20 min in 25 mL cell lysis buffer (CCLB, Promega) per
cm2 culture surface area. After centrifugation (2000 g for
5 min), supernatants were collected for luciferase and
protein assays. Luciferase was measured on an MLX lumino-
meter (Dynex technologies, Chantilly, VA, USA) using the
Luciferase Assay System (Promega). Protein concentration
was determined using the microtiter plate bicinchoninic
acid protein assay (Pierce) using bovine serum albumin as
a standard. Data were calculated as relative luciferase
activity/mg protein and reported as fold change from
control cultures.

Inhibition of glial Glu transporters

SCN2.2 and GT1-7 cells were grown on 24-well plates pre-
coated with laminin. Incubations were performed in
DMEM alone, DMEM þ 10 mmol/L Glu, DMEM þ
250 mmol/L L-trans-pyrrolidine-2,4 dicarboxylate (PDC) or
DMEM þ 10 mmol/L Glu þ 250 mmol/L PDC for 48 h.
Cell death was assessed by the MTT assay.

Statistics

Data were expressed as the mean+SEM. Repeating data were
assessed by a one-way analysis of variance with Tukey’s post
hoc analysis using KaleidoGraph (Synergy Software, Reading,
PA, USA). Paired means were evaluated with a paired t-test.
Non-paired means were compared with a two sample, two
tail t-test. All values are considered significant if P , 0.05.

Results

SCN2.2 cells have functional NMDA receptors

To assess the responsiveness of SCN2.2 cells to Glu, we
examined the cell lines for the presence of functional Glu
receptors. As shown in Table 1 and Figure 1A, PCR estab-
lished the presence of mRNA for NMDA receptor subunits,
NR1, NR2A and NR2B, in the SCN2.2 cell line, and NR1

and NR2A in the GT1-7 cell line. NR2B mRNA was consist-
ently undetectable in the GT1-7 cells. mRNA for NR2A rela-
tive to NR1 was significantly higher in SCN2.2 cells than in
GT1-7 cells (P , 0.05; Figure 1A). In each individual cell
type, NR2A mRNA was expressed at a higher level than
NR1 mRNA (P , 0.05 in SCN2.2 cells and P , 0.01 in
GT1-7 cells; Figure 1A). In the SCN2.2 cells NR2B mRNA
was expressed at a higher level than NR1 mRNA (P ,

0.001; Figure 1A), whereas in GT1-7 cells NR2B mRNA
was undetectable. Gel analysis indicates that each primer
set amplified a product of appropriate size (Figure 1B,

Table 1 Primers and quantitative polymerase chain reaction (PCR) amplification of N-methyl-D-aspartate receptor subunits R1, R2A and R2B of
SCN2.2 and GT1-7 cells

Gene Species Source of primers Efficiency R2 Equation

NR1 Rat Dracheva29 110% 0.9987 Y ¼ 20.9345X þ 42.826

NR2A Rat Dracheva29 96% 0.9609 Y ¼ 21.031X þ 41.705

NR2B Rat Dracheva29 98% 0.9657 Y ¼ 21.013X þ 42.1

NR1 Mouse Qiagen QuantiTect 101% 0.9181 Y ¼ 20.993X þ 44.032

NR2A Mouse Qiagen QuantitTect 86% 0.9338 Y ¼ 21.1209X þ 40.273

NR2B Mouse Qiagen QuantitTect Not detectable Not detectable Not detectable

Equations were generated from standard curve analysis of PCR products using 0.0625-4 mg RNA

Figure 1 SCN2.2 cells express N-methyl-D-aspartate (NMDA) receptor protein.

Quantitative polymerase chain reaction (PCR) for NMDA subunits NR1, NR2A

and NR2B was performed on RNA from SCN 2.2 and GT1-7 cells. (A) Relative

amounts of mRNA for each subunit relative to NR1 for SCN2.2 and GT1-7 cells.

Each sample is the average of three experiments. ‘�’ indicates P , 0.05 for

mRNA in SCN versus GT, ‘a’ indicates P , 0.05 for gene compared with NR1

within same cell type, and ‘b’ indicates P , 0.01 for gene compared with NR1

within same cell type. (B) An agarose gel of the pure PCR products from

SCN2.2 cells. (C) Immunoblot for NR1 and NR2A/2B from SCN2.2 cells.

Experiments were repeated three times with similar results
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data shown for SCN2.2 cells). Immunoblot analysis con-
firmed the presence of NMDA receptor subunit proteins
in SCN2.2 cells (Figure 1C).

A luciferase reporter assay was used to assess whether
SCN2.2 neurons respond to Glu. Expression of the circadian
clock gene, Period1 (Per1), increases in response to Glu treat-
ment, via a Cre-dependent mechanism.17 In SCN2.2
neurons, expression of Cre-luciferase and Per1-luciferase con-
structs are stimulated by Glu.21 Consistent with these prior
findings, 10 mmol/L Glu induced a large increase in luciferase
activity in SCN2.2 neurons transfected with Cre and Per1 con-
structs (P , 0.005; Figure 2). The NMDA receptor blockers,
MK-801 (1 mmol/L) and APV (0.1 mmol/L) did not cause a
significant change in luciferase activity when added to
Cre-luciferase or Per1-luciferase transfected SCN2.2 cells
alone. However, 1 mmol/L MK-801 and 0.1 mmol/L APV sig-
nificantly attenuated the effect of 10 mmol/L Glu on luciferase
activity (difference from control P , 0.05; Figure 2). Thus we
are confident that the SCN2.2 cells express functional
NMDA receptors and are capable of mounting an appropriate
response to Glu.

SCN2.2 neurons are resistant to Glu excitotoxicity

The hypothesis that SCN neurons are protected against
damage from Glu compared with other brain neurons was
tested in the immortalized SCN2.2 cell line, which retains
functional properties of the SCN.20,33 The hypothalamic
GT1-7 cell line, derived from embryonic GnRH, served as
positive control.23 Multiple independent measures were
used to assess cell death, as indicators for specific stages
of the death process.34 Overall cell death from either apop-
tosis or necrosis was examined with the trypan blue exclu-
sion assay,27,35 whereas DNA damage associated with late
stages of apoptosis was observed by TUNEL.36,37 Early
mitochondrial, endosomal and lysosomal damage in cell

death causing metabolic dysfunction was measured with
the MTT assay.35

Figure 3 displays the time course of cell death in SCN2.2
and GT1.7 cells exposed to 10 mmol/L Glu. A substantial
proportion of SCN2.2 cells survived to the end of the incu-
bation period, whereas GT1-7 cells were mostly dead at the

Figure 3 SCN2.2 cells survive glutamate (Glu) exposure as measured by

trypan blue exclusion assay and thiazolyl blue tetrazolium bromide (MTT)

assay. Cells were incubated with 10 mmol/L Glu. Time points were analyzed

for differences from the control time point with analysis of variance and

post hoc Tukey analysis. (A) At the appropriate time points, the cells were

treated with trypan blue to determine cell viability. Dead cells take up the

blue dye while live cells exclude the dye. N ¼ 3 for each time-point. ‘a’ indi-

cates P , 0.05; ‘b’ indicates P , 0.01. (B) Metabolic function was measured

with the MTT assay; intact cells oxidize the dye while damaged cells do

not. MTT is a marker of relatively early damage after exposure to Glu. Each

point represents the average of three to five separate experiments; for each

individual experiment n ¼ 4. ‘a’ indicates P , 0.05; ‘c’ indicates P , 0.005

Figure 2 SCN2.2 cells show physiological response to glutamate (Glu). SCN2.2

cells bearing stably transfected luciferase reporters (Cre-Luc and Per1-Luc) were

treated with 10 mmol/L Glu. Both Cre-Luc and Per1-Luc activity was increased

by Glu treatment. This effect was significantly attenuated by the

N-methyl-D-aspartate receptor antagonist (þ)-5-methyl-10,11-dihydro-5H-

dibenzo[a,d]cyclohepten-5,10-imine maleate (MK-801) at 1 mmol/L. Data were

analyzed for differences from the control point with analysis of variance and

post hoc Tukey analysis. N ¼ 6 for each sample. ‘a’ indicates P , 0.05, ‘c’ indicates

P , 0.005 compared with control. APV, D-(–)-2-amino-5-phosphonovaleric acid
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end of the experiment. A substantial reduction in survival
was apparent in treated GT1-7 cells from 40 to 96 h after
Glu exposure, as indicated by trypan blue exclusion (P ,

0.01, Figure 3A). SCN2.2 cells exposed to Glu were not sig-
nificantly different from unexposed SCN2.2 control cells at
the majority of time-points.

In Figure 3B, metabolic damage as measured by the MTT
assay was used as a surrogate for cell death in SCN2.2 and
GT1-7 cells exposed to 10 mmol/L Glu. GT1-7 cells dis-
played significantly more cell damage for all time points
after eight hours (P , 0.005). Although the SCN2.2 cells dis-
played some cell damage at all time points, only the 72, 88,
96 and 104 h time points were significantly different than
the baseline value (P , 0.05).

Figure 4 reveals cell damage by MTT assay in SCN2.2 and
GT1-7 neurons 48 h after exposure to 0, 1, 5 and 10 mmol/L
Glu. With 5 and 10 mmol/L Glu the GT1-7 cells showed sig-
nificantly more cell damage than control neurons exposed
to no Glu (P , 0.05 and P , 0.005, respectively). SCN2.2
neurons were not significantly damaged at these Glu
concentrations.

TUNEL is commonly used to measure the end result of
apoptosis, degraded DNA.37 Figures 5A–D illustrate
typical TUNEL reactions for SCN2.2 and GT1-7 cells
exposed or unexposed to 10 mmol/L Glu for 48 h.
These data are quantified in Figure 5E, as indicated by
averaged counts from two independent observers
blinded to treatment conditions. Untreated SCN2.2 cells
displayed increased basal levels of TUNEL-positive cells,

but did not exhibit increased DNA damage after
exposure to Glu. In contrast, TUNEL-positive cells were
significantly increased in GT1-7 cells after Glu exposure
(P , 0.05).

Excitotoxic resistance in SCN2.2 cells is not
a function of Glu uptake by glia

Glu transporters, found primarily in glia, serve a protec-
tive function in Glu excitotoxicity by removing Glu from
the extracellular environment.38 We investigated the possi-
bility that Glu uptake by glial cells might explain excito-
toxic resistance in SCN2.2 cells by using PDC, a
competitive inhibitor of all Glu transporters.39 – 41 As
shown in Figure 6, 250 mmol/L PDC alone did not cause
cell death. In addition, inhibition of glial Glu uptake
with 250 mmol/L PDC did not increase Glu excitotoxicity
in SCN2.2 cells.

Figure 5 GT1-7 cells, but not SCN2.2 cells, undergo increased levels of DNA

damage following glutamate (Glu) exposure. Cells were incubated with or

without 10 mmol/L Glu for 24 h. Cells were fixed in 1% paraformaldehyde

and processed for terminal deoxynucleotidyl transferase dUTP nick end label-

ing (TUNEL). Two independent observers, each blinded to experimental con-

ditions, counted TUNEL-positive cells, and their results were averaged. N ¼ 3

for each sample. (A–E) Samples of cell staining. (E) A quantitative summary of

all experiments. Student’s paired t-test was used to compare the Glu exposed

to the unexposed cells; ‘a’ indicates P , 0.05

Figure 4 SCN2.2 cells incur less metabolic damage than GT1-7 cells in

response to excitotoxic glutamate (Glu) concentrations. Cells were incubated

with the indicated concentrations of Glu. Metabolic function was measured

with the thiazolyl blue tetrazolium bromide (MTT) assay 48 h later. Each

point represents the average of three to six separate experiments; for each

individual experiment n ¼ 4. Time-points were analyzed for differences from

the control point with analysis of variance and post hoc Tukey analysis; ‘a’

indicates P , 0.05, ‘c’ indicates P , 0.005
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Discussion

These studies originated from the hypothesis that the SCN is
endogenously protected against excitotoxic damage com-
pared with other brain regions. Although to our knowledge
the SCN has never been directly studied for its neuroprotec-
tive properties, previous work by other investigators indi-
cates that the SCN is resistant to Glu and related
compounds. Peterson and Moore10 demonstrated that the
SCN in vivo survives exposure to kainic acid that is lethal
to the lateral hypothalamus and thalamus. Hastings
et al.11 demonstrated that the SCN in vivo was resistant to
NMDA toxicity, in contrast to other regions of the anterior
hypothalamus, which were susceptible. In fact in order to
create SCN lesions in vivo, a surgical approach must be uti-
lized.42 Colwell and Levine exposed brain slices to NMDA,
kainic acid, AMPA and Glu and measured cell swelling, a
marker of later cell death. They showed that although
these neurotoxins caused cell swelling in the hippocampus,
cortex and neostriatum, the SCN was resistant.14

Prior work in vivo and in slices has shown that the SCN
can survive and function after exposure to Glu at concen-
trations that are toxic to other brain regions. Injection of
up to 1 mol/L Glu onto the SCN in vivo can stimulate
brown fat thermogenesis, without any report of alteration
or loss of circadian rhythms, which indicates that the SCN
remains intact after high levels of Glu exposure.13 A dose
response curve revealed that 10 mmol/L was the lowest con-
centration required for maximal physiologic phase resetting
in the SCN slice, and therefore this concentration is commonly
used for SCN slice experiments.15 Acute SCN slices from young
adult animals survive at least three days in culture after
exposure to 10 mmol/L Glu.43,44 Thus, although it has never
been the primary focus of attention and cell viability has not
been specifically quantified, numerous studies have demon-
strated the SCN’s ability to withstand Glu, both in vivo and in

the brain slice. We extend this work by demonstrating the
ability of the immortalized SCN2.2 cell line in vitro to resist
Glu neurotoxicity under conditions lethal to other immorta-
lized neuronal cultures.

Our work supports other reports in the literature demon-
strating that although the SCN is resistant to neurotoxic
effects of Glu, it does contain a full repertoire of glutamater-
gic receptors, and can respond both in vitro and in vivo to
Glu. The presence of mRNA coding for all NMDA receptor
subunits (NR1, NR2A, NR2B, NR2C and NR2D) and two
kainate-selective receptors (GluR5 and GluR6) has been
demonstrated in the SCN.45,46 NMDA microinjected into
the SCN in vivo mimics the physiological effects of light.47

Electrophysiological response of SCN neurons to NMDA
and Glu has also been well established in slices.15,48 Thus
lack of neurotoxicity to Glu and NMDA is not because
SCN neurons lack the ability to respond to these agents.

Several properties make the SCN an ideal model system
for exploring naturally occurring neuroprotection. Brain
slices from young adult animals provide increased physio-
logical relevance, but still allow controlled study of the
SCN.16,17,49,50 SCN slices from adult animals can maintain
circadian rhythms in vitro for several weeks.51,52 Single
unit recordings can be performed in SCN slices prepared
from aged animals for at least 30 h in vitro.53 The SCN can
be easily located in vivo, facilitating microdialysis and histo-
logical studies of the SCN.12 In addition, numerous path-
ways have been thoroughly explored in the SCN in the
context of circadian rhythms. In particular, intracellular
pathways activated by Glu, which are likely pertinent to
neuroprotective strategies, have been widely investigated.49

Finally, an immortalized cell line, SCN2.2, which retains
many of the functional properties of the SCN, has been
developed to facilitate in vitro SCN studies.20 – 22

We tested the SCN2.2 cell line for resistance to Glu excito-
toxicity using Glu concentrations of 1–10 mmol/L. We
chose this range because studies in SCN and hippocampal
slices have used these levels.15,54,55 Our results clearly indi-
cate that the SCN2.2 cell line is protected against metabolic
damage incurred by the neurotoxin Glu, as measured with
the MTT assay. It is also protected against apoptosis as indi-
cated by TUNEL. Finally, total cell death, as assessed by
trypan blue exclusion, is substantially decreased after Glu
treatment in the SCN2.2 cell line compared with the
GT1-7 cell line. The SCN2.2 cell line produces both mRNA
and protein for NMDA receptor subunits, and displays
functional responses to Glu, which can be blocked by
NMDA receptor blockers. In fact the SCN2.2 cells produce
more mRNA for NR2A and NR2B than the control GT1-7
cells. Thus the SCN2.2 resistance to Glu excitotoxicity is
not derived from an inability to respond to Glu. Although
the SCN2.2 cell line does contain a small percentage of
glial cells, these cells do not explain resistance of the
SCN2.2 cell line to Glu; inhibition of the Glu transporter
did not increase SCN2.2 cell death after Glu treatment.
Taken together, these data conclusively establish naturally
occurring excitotoxic resistance in the SCN2.2 cell line,
which is likely similar to the SCN in vivo.

An unexpected finding in this study is that baseline levels
of TUNEL are higher in the SCN2.2 cells than in the GT1-7

Figure 6 Inhibition of glutamate (Glu) transporters in SCN2.2 cells does not

affect the response of SCN2.2 cells to Glu. SCN2.2 and GT1-7 cells were incu-

bated for 48 h with control media, 10 mmol/L Glu, 250 mmol/L

L-trans-pyrrolidine-2,4 dicarboxylate (PDC), or 10 mmol/L Glu þ 250 mmol/L

PDC. Cell death was measured by the thiazolyl blue tetrazolium bromide

(MTT) assay. N ¼ 4 for each sample
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cells (Figure 5), despite the fact that Glu treatment did not
alter the number of TUNEL-positive SCN2.2 cells. A simi-
larly surprising finding in the literature is that cells that
are artificially neuroprotected through preconditioning
display higher levels of caspase 3, an indicator of apoptosis,
as compared with control.56 – 59 Furthermore, precondi-
tioned cells show diminished activation of caspase 3 follow-
ing toxin exposure, parallel to our results in SCN2.2 cells
where baseline levels of TUNEL are higher, but do not
increase with Glu treatment. The finding of increased base-
line TUNEL levels in the SCN2.2 cells will need to be con-
firmed in SCN slices and in vivo, as it could be an artifact
of the SCN2.2 cell culture system.

Mechanisms that underlie SCN resistance to excitotoxicity
are beyond the scope of this work, but will be the subject of
future investigation. Our results, which demonstrate
increased NR2A and NR2B mRNA in the SCN2.2 cells com-
pared with the GT1-7 cells, may provide one clue. NR2B
often contributes to neurotoxic effects of NMDA receptors,
while NR2A often exerts neuroprotective effects.60 – 63 Our
finding that the GT1-7 cells do not have measurable
mRNA for the generally neurotoxic NR2B, whereas the
SCN2.2 cells do express NR2B mRNA suggests that the
ability of SCN2.2 cells to resist excitotoxicity is unlikely to
be exclusively explained by alterations in NMDA receptor
subunits. Because binding of Glu to the NMDA receptor is
associated with an increase in intracellular calcium (Ca2þ),
enhanced handling of intracellular Ca2þ flux by the SCN
might provide protection. The SCN contains high levels of
calbindin, a calcium binding buffer protein, which has
been shown to be protective when transfected into
neurons.64 Calbindin serves as a Ca2þ buffer protein, and
its presence may allow the SCN to maintain function in
Glu conditions which in other cells produce toxic levels of
Ca2þ. In addition, the SCN also has high levels of brain
derived neurotrophic factor,65,66 a neurotrophin that can
protect cells, and it is also possible that its actions may
explain the neuroprotection in the SCN.

Similar to the SCN in vivo, which is resistant to excitotoxi-
city compared with other regions of the brain, the immorta-
lized SCN2.2 cells demonstrate increased resistance to
excitotoxic stimuli compared with other neuronal cell
lines. However, cell lines are generally more resistant to
excitotoxicity. Because of its importance in cell cycle regu-
lation, immortalized cells have higher levels of AkT activity.
Activation of protein Kinase B/AkT/PI3 kinase signaling is
associated with neuroprotection.67 The AkT pathway is
implicated in neuroprotective strategies engaged by numer-
ous neuroprotective factors including, estrogens and selec-
tive estrogen receptor modulators,68 brain-derived
neurotrophic factor, insulin-like growth factor,69 tumor
necrosis factor67 and nitric oxide.70 Thus, it is possible that
SCN2.2 cells have higher levels of AkT and this contributes
to their relative neuroprotection compared with the other
immortalized cell line used in these studies. Future studies
will examine the role of this signaling pathway in SCN2.2
cells and in the SCN in vivo.

The SCN remains a compelling, yet completely unex-
plored model that can be exploited on multiple levels to
reveal naturally occurring mechanisms of neuroprotection.

The SCN has already been studied in the circadian field at
varying levels of complexity, from the in vitro cell culture
system, through the brain slice, to in vivo animal studies.
Much is already known about the activation of SCN intra-
cellular pathways in response to light and Glu.49

Neuroprotection in the SCN is an intrinsic quality, which
does not have to be experimentally created and then
exploited in a limited time period. Thus investigations of
the SCN may yield insights into neuroprotection that can
be applied to therapeutic strategies for neurodegenerative
disorders.
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