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Abstract
Excitotoxic insults can lead to intracellular signaling cascades that contribute to cell death, in part
by activation of proteases, phospholipases, and endonucleases. Cysteine proteases, such as
calpains, are calcium-activated enzymes which degrade cytoskeletal proteins, including
microtubule-associated proteins, tubulin, and spectrin, among others. The current study used the
organotypic hippocampal slice culture model to examine whether pharmacologic inhibition of
cysteine protease activity inhibits N-methyl-D-aspartate- (NMDA-) induced excitotoxic (20 μM
NMDA) cell death and changes in synaptophysin immunoreactivity. Significant NMDA-induced
cytotoxicity (as measured by propidium iodide [PI] uptake) was found in the CA1 region of the
hippocampus at all timepoints examined (24, 72, 120 hours), an effect significantly attenuated by
co-exposure to the selective NMDA receptor antagonist DL-2-amino-5-phosphonopentanoic acid
(APV), but not MDL-28170, a potent cysteine protease inhibitor. Results indicated sparing of
NMDA-induced loss of the synaptic vesicular protein synaptophysin in all regions of the
hippocampus by MDL-28170, though only at early timepoints after injury. These results suggest
calcium-dependent recruitment of cysteine proteases within 24 hours of excitotoxic insult, but
activation of alternative cellular degrading mechanisms after 24 hours. Further, these data suggest
that synaptophysin may be a substrate for calpains and related proteases.
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Excitotoxicity is the overexcitation of neurons due to the excessive activation of excitatory
amino acid (EAA) receptors and likely contributes to central nervous system injury in
neurodegenerative states, including traumatic brain injury (TBI), ischemia, stroke, epilepsy,
and amyotrophic lateral sclerosis (see Choi, 1992 for a review). Calcium (Ca2+)-permeable
glutamatergic N-methyl-D-aspartate (NMDA) receptors are thought to be an integral
component of the excitotoxic cascade. For example, Choi et al. reported that co-exposure to
the competitive NMDA receptor antagonist 2-amino-7-phosphovaleric acid (APV)
attenuated NMDA- and glutamate- excitotoxicity in primary cortical cell cultures (Choi et
al., 1988), while antagonists of AMPA or kainate-type glutamate receptors did not. Neurons
maintain low intracellular Ca2+ concentrations, as compared to extracellular space, by

© 2012 IBRO. Published by Elsevier Ltd. All rights reserved.

Correspondence: Mark A. Prendergast, Ph.D., Department of Psychology, Spinal Cord and Brain Injury Research Center, B449
Biomedical and Biological Sciences Research Building, 741 South Limestone St., Lexington, KY 40536-0509.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neuroscience. Author manuscript; available in PMC 2013 October 11.

Published in final edited form as:
Neuroscience. 2012 October 11; 222: 147–158. doi:10.1016/j.neuroscience.2012.07.033.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



regulating Ca2+ efflux, intracellular Ca2+ buffering, and intracellular Ca2+ storage (Sattler
and Tymianski, 2000). Although small, physiologically relevant amounts of Ca2+ are
necessary for the cell to function properly, excessive Ca2+ influx, such as that seen during a
state of neural hyperexcitability, may quench regulatory mechanisms and initiate
cytotoxicity associated with activity of proteases, phospholipases, and endonucleases (Choi,
1995; Sattler and Tymianski, 2000) or alterations in mitochondrial bioenergetics (for a
review, see Pivovarova and Andrews, 2010).

Cysteine proteases, such as calpains, are Ca2+-activated enzymes that degrade cytoskeletal
proteins, including microtubule-associated proteins, tubulin, and spectrin, among others
(Siman and Noszek, 1988; Vosler et al., 2008). Siman and colleagues (1989) reported that
EAA-induced calpain I activation is closely associated with EAA-induced hippocampal
damage since only those doses of intraventricular-administrated EAAs which produce
hippocampal damage also resulted in calpain I activation. Further, calpain inhibition with
use of the cysteine protease inhibitor MDL-28170 was found to be neuroprotective when
given either as a pretreatment or immediately following a glutamate challenge in primary
hippocampal cultures (Rami et al., 1997). Gellerman et al. (1997) reported that loss of
GluR1 subunits in the hippocampus following NMDA exposure was prevented by co-
exposure to calpain inhibitor I or calpeptin. One recent study reported that both NMDA and
non-NMDA glutamate receptor agonism activated calpain as reflected in accumulation of
spectrin breakdown products; however, only the NMDA receptor antagonist was effective at
reducing glutamate-induced toxicity (Del Rio et al., 2008). These breakdown products have
been detected in vitro following as little as a 5 minute exposure to NMDA (Bahr et al.,
1995), while in vivo work has suggested that spectrin breakdown takes hours or days to be
observed following NMDA-induced neurodegeneration (Siman et al., 1989). Previous
research has also indicated that calpain-dependent axonal varicosities appear prior to
neuronal damage following glutamate-induced excitotoxic insult (Hou et al., 2009). Thus,
there has been confusion regarding which markers might reflect calpain-mediated cell death
and the timecourse associated with the expression of these markers remains unclear. Vosler
et al. (2008) describe evidence for the existence of more than sixty calpain substrates in
neurodegeneration.

Several notable constituents of the cytoskeleton, including the vesicle protein
synaptophysin, are not clearly defined as calpain substrates. Research examining the
possibility that synaptophysin may be a substrate for calpain and related proteases has
yielded contradictory results (Thompson et al., 2006; Lee et al., 2008). Synaptophysin is a
synaptic vesicle protein found in the axon terminal of presynaptic neurons and has been
shown to be present in the brain and spinal cord (Wiedenmann and Franke, 1985).
Synaptophysin is thought to be involved in the docking and fusion of the vesicle with the
plasma membrane (Sudhof, 1995) and has been implicated in synaptogenesis and synaptic
reorganization (Bergmann et al., 1997). Accordingly, synaptophysin has been used to assess
the integrity of axon terminals in a number of injury paradigms, including glutamate-
induced excitotoxicity (Lee et al., 2008), TBI (Thompson et al., 2006), and ischemia
(Stroemer et al., 1995).

The present studies employed the organotypic hippocampal cell culture model to examine
the temporal and topographical nature of NMDA exposure and cysteine protease activity on
neuronal viability and synaptophysin abundance. The organotypic model has been shown to
closely mimic in vivo structural and functional integrity over time and serves as a sensitive
model of NMDA receptor-mediated effects on neuronal viability (Gutierrez and Heinemann,
1999; Martens and Wree, 2001). The temporal and topographical characterization of cellular
injury or death following EAA receptor activation may be particularly important in further
identifying novel substrates, such as synaptophysin, for calpain and other cysteine proteases
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in excitotoxic neurodegeneration. Further, it was hypothesized that the effects associated
with NMDA receptor overactivation will be more pronounced in the CA1 region of the
hippocampus in accordance with previous reports (Butler et al., 2010).

EXPERIMENTAL PROCEDURES
Organotypic Hippocampal Slice Culture Procedure

Eight day old male and female Spraque-Dawley rats (acquired from Harlan Laboratories;
Indianapolis, IN) were humanely sacrificed and the brains were aseptically removed.
Following removal, brains were transferred into ice-cold dissecting media, composed of
Minimum Essential Medium (MEM; Invitrogen, Carlsbad, CA), 25 mM HEPES (Sigma, St.
Louis, MO), and 50 μM streptomycin/penicillin (Invitrogen). Bilateral hippocampi were
removed in whole and cleaned of extra tissue under a dissecting microscope. Hippocampi
were then placed into culture media, which contains dissecting medium along with distilled
water, 36 mM glucose (Fisher, Pittsburgh, PA), 25% Hanks’ Balanced Salt Solution
(Invitrogen), 25% (v/v) heat-inactivated horse serum (Sigma), and 0.05% streptomycin/
penicillin. Unilateral hippocampi were sectioned at 200 μm using a McIllwain Tissue
Chopper (Mickle Laboratory Engineering Co. Ltd., Gomshall, UK). Following sectioning,
three intact hippocampal slices were plated onto a Millicell-CM 0.4 μm biopore membrane
insert with 1 mL of pre-incubated culture media added to the bottom of each well of a six
well plate, yielding a total of 18 intact slices per plate. Excess culture medium was aspirated
from the top of each well and the plates were then incubated at 37°C with a gas composition
of 5% CO2/95% air for 5 days to allow tissue to affix to the Teflon membrane. Care of all
animals was carried out in agreement with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH Publications No. 80–23, revised 1996) and the
University of Kentucky’s Institutional Animal Care and Use Committee.

Drug Exposure
At 5 days in vitro, slices were randomly transferred to new culture plates containing either 1
mL of culture media containing propidium iodide (PI; 3.74 μM; Molecular Probes, Eugene,
OR) or 1 mL of culture media containing PI and the following drugs: NMDA (20 μM;
Sigma); MDL-28170 (2.5 or 25μM; Sigma); NMDA + MDL-28170 (as above); APV (50
μM; Sigma); or NMDA + APV (as above) dissolved in 1 mL of culture media. MDL-28170
was first dissolved in dimethyl sulfoxide (DMSO; Fisher) to yield a final concentration of
0.5% DMSO in culture media. Thus, an additional group of slices was exposed to only 0.5%
DMSO. For studies involving MDL-28170, cultures were first exposed to MDL-28170 or
culture media two hours prior to the addition of NMDA. PI is a nucleic acid stain used to
detect cell damage and was used to measure cytotoxicity as described below. All
experiments were replicated at least twice, with each experimental condition (treatment X
exposure time X sex within region) containing n=18–27 slices. A total of 14 rats litters were
used for these experiments.

Cytotoxicity assessment
Previous work has shown that PI reliably correlates with other measures of cell death (for a
review, see Zimmer et al., 2000), and as such was used as a measure of cytotoxicity in the
present studies (i.e. staining of neurons and glia with compromised membranes). PI was
measured in the granule cell layer of the dentate gyrus (DG) as well as in the pyramidal cell
layers of the cornu ammonis 3 (CA3) and the cornu ammonis 1 (CA1) regions of the
hippocampal formation using fluorescent microscopy. Slices were visualized with SPOT
advanced version 4.0.2 software for Windows (W. Nuhsbahm Inc.; McHenry, IL, USA)
using a 5× objective with a Leica DMIRB microscope (W. Nuhsbahm Inc.; McHenry, IL,
USA) fitted for fluorescence detection (mercury-arc lamp) using blue-green light and
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connected to a personal computer through a SPOT 7.2 color mosaic camera (W. Nuhsburg
Inc.; McHenry, IL, USA). PI has an emission wavelength of 620 nm in the visual range and
a peak excitation wavelength of 536 nm and was excited using a band-pass filter which
excites a range of wavelengths (510–560 nm). Densitometry using Image J software
(National Institutes of Health, Bethesda, MD) was used to measure the intensity of PI
fluorescence within each hippocampal region. A background measurement was taken from
the visual field surrounding each slice and was subsequently subtracted from the regional
measurement from each slice. Within each region, raw measurements of PI uptake were
converted to percent control before statistical analysis to control for potential differences
between rat litters used for separate replications.

Immunohistochemical Analysis of Synaptophysin
At 24, 72, or 120 hours following the initiation of NMDA exposure, tissue slices were
imaged once for cytotoxicity (PI uptake) and subsequently fixed to assess synaptophysin
immunoreactivity by transferring the hippocampal slice insert to a plate containing 1 mL of
10% formalin solution on the bottom of each well. One mL of formalin was also placed on
top of the insert and the plates were allowed to sit for 30 minutes. The slices were then
washed carefully (1 mL on bottom of the well and 1 mL on top of the well) with 1 X
phosphate buffered saline (PBS) twice and stored with 1 mL of 1 X PBS on the bottom of
the well overnight at 4°C. Following overnight storage, the inserts were transferred to a plate
containing 1 mL of membrane permeabilization buffer (200 mL 1 X PBS (Invitrogen), 200
μL Triton X-100 (Sigma), 0.010 mg Bovine Serum (Sigma)) in each well and 1 mL of
permeabilization buffer was also placed on top of each insert containing the slices. The
slices were allowed to sit in buffer for 45 minutes to allow the buffer to penetrate the slice
and were then washed twice with 1 X PBS as described earlier. Inserts were then transferred
to a plate containing 1 mL of 1 X PBS on the bottom of each well and were treated with 1
mL of permeabilization buffer containing mouse anti-synaptophysin (1:200; Sigma) on top
of each well. Plates were then stored at 4°C for 24 hours. Following 24 hours, the slices
were washed gently with 1 X PBS twice and were again transferred to a plate containing 1
mL of 1 X PBS on bottom. At this point, slices were treated with 1 mL of permeabilization
buffer containing the goat anti-mouse secondary antibody conjugated to fluorescein
isothiocyanate (FITC; 1:100; Sigma) on top of the insert and were stored at 4°C for 24
hours. After 24 hours, slices were washed twice with 1 X PBS as described previously and
placed into a plate containing 1 mL of 1 X PBS on the bottom of each well. The slices were
imaged immediately with PBS under each insert.

The slices were visualized as described previously above (see cytotoxicity assessment)
except that the secondary antibody with FITC was excited using a band-pass filter at 495 nm
(520 nm emission). Densitometry using Image J software (National Institutes of Health,
Bethesda, MD) was used to measure the intensity of the FITC fluorescence. A background
measurement of fluorescence was taken from the visual field surrounding each slice and was
subsequently subtracted from the region measurement of each slice before analysis. The
intensity was measured in each of the three regions of interest: the granule cell layer of the
dentate gyrus and the pyramidal cell layers of the CA3 and CA1 regions of the
hippocampus. To control for the variability between each replication, measurements of FITC
immunoreactivity were converted to percent control for each region before statistical
analysis.

Statistical analyses
Each experiment was conducted a minimum of 2 times using different rat litters. Data from
each replication were converted into percent control values, yielding 18–27 slices per
treatment group (drug treatment X exposure time X sex within each region). Previous
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studies have shown a differential vulnerability to NMDA toxicity among the regions of the
hippocampus, with the CA1 region being the most vulnerable to excitotoxic insult (Butler et
al., 2010). For experiments examining the effects of NMDA and APV on PI uptake and
synaptophysin immunoreactivity, a three-way ANOVA was conducted within each region
with the following factors: treatment (control, NMDA alone, APV alone, NDMA+APV co-
exposure) X time (24, 72, 120 hours) X sex (male, female). For studies investigating the
effects of NMDA and MDL-28170 on PI uptake and synaptophysin immunoreactivity, a
three-way ANOVA was also conducted for each region, with the following factors:
treatment (DMSO, MDL-28170, NMDA+DMSO, NMDA+MDL-28170 co-exposure) X
time (24, 72, 120 hours) X sex (male, female). All treatment groups were compared to the
time-appropriate control condition. If sex differences were not observed, data derived from
male and female hippocampi were combined and two-way ANOVAs were performed. When
appropriate, post-hoc tests were conducted using Fisher’s LSD to examine further effects.
Statistical significance was set at p<0.05.

RESULTS
Basal Uptake of Propidium Iodide and Synaptophysin Immunoreactivity

Initial studies examined the unstimulated uptake of PI from medium and synaptophysin
immunoreactivity in NMDA-naïve explants. As no sex differences were observed in the
initial analysis, data were collapsed across sex. With regard to levels of PI uptake in control
slices, a significant interaction between region and exposure time was found (Figure 1A;
F(4, 315)=17.571, p<0.001). In the CA1 pyramidal and DG granule cell layers, PI uptake
following 120 hours was significantly greater than that following either 24 or 72 hours. At
the 24 and 72 hour timepoints, PI uptake was greatest in the pyramidal cell layer of the CA3
regions, as compared to the pyramidal layer of the CA1 region or the granule cell layer of
the DG. At the 120 hour timepoint, the CA1 pyramidal cell layer was found to have the
greatest PI uptake as compared to either the CA3 or the DG (Figure 1A). With regard to
synaptophysin immunoreactivity, a two-way ANOVA revealed a significant interaction
between region and exposure time (Figure 1B; F(4, 315)=10.161, p<0.001). Interestingly,
synaptophysin immunoreactivity increased markedly in each cell layer of the hippocampal
formation with in vitro aging. Synaptophysin immunoreactivity following 120 hour
exposure was significantly greater than that seen following either 72 or 24 hour exposure in
all regions of the hippocampal formation. Further, within the CA1 region only, the raw value
of synaptophysin immunoreactivity following 72 hour exposure was significantly greater
than that seen following 24 hour exposure. At each timepoint, the CA1 pyramidal cell layer
had significantly greater levels of synaptophysin immunoreactivity than the pyramidal cell
layer of the CA3 region or granule cells of the DG. In sum, these findings demonstrate that
pyramidal cells of the CA1 and CA3 regions show the greatest level of PI uptake and that
the CA1 region has the greater level of synaptophysin immunoreactivity, though increased
immunoreactivity was observed in each region with aging in vitro.

NMDA-Induced Cytotoxicity
Additional studies were conducted to assess the time-dependent effects of exposure to
NMDA and the competitive NMDA receptor antagonist APV on PI uptake at 24, 72, and
120 hours. There was no difference in toxicity between sexes within each treatment group,
and male and female data were combined for further analysis. Thus, a two-way ANOVA
(treatment X exposure time) within each region was conducted. A significant interaction
between treatment and exposure time was observed in the pyramidal cell layer of the CA1
region (Figure 2A; F(6, 420=30.842, p<0.001). Exposure to NMDA produced a significant
time-dependent increase in PI uptake compared to control cultures, while the addition of
APV significantly attenuated this increase (Fisher’s LSD post-hoc, p<0.05). The most robust
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NMDA-induced PI uptake was seen at the 24 hour timepoint (~375% control) while a
smaller, yet still significant, increase in PI uptake was seen at the 72 and 120 hour
timepoints (~290% and 198% control, respectively; post-hoc, p<0.05). Co-exposure to APV
significantly attenuated the toxicity observed at each time point. Exposure to APV alone
produced no significant changes in toxicity in NMDA-naïve tissue at any timepoint (data not
shown).

Significant main effects of treatment (Figure 2B; F(3, 420=14.80, p<0.001) and exposure
time (F(2, 420=3.173, p<0.05) were observed in the pyramidal cell layer of the CA3 region.
Modest (~115% control), though significant, increases in PI uptake were found in cultures
exposed to NMDA when collapsed across time (post-hoc, p<0.05). Collapsed across time,
these effects were not significantly attenuated by APV co-exposure. Exposure to APV alone
produced no significant changes in toxicity in NMDA-naïve tissue in the CA3 region (data
not shown). Post-hoc analysis of the main effect of time demonstrated that PI uptake
following either 24 or 72 hour exposure was significantly greater than PI uptake following
120 hour exposure (data not shown; post-hoc, p<0.05).

In the granule cell layer of the DG, only a significant main effect of treatment was observed
(Figure 2C; F(3, 420)=23.367, p<0.001). Collapsed across time, exposure to NMDA
resulted in a significant increase (~125% control) in PI uptake, an effect that was
significantly attenuated by co-exposure with APV (post-hoc, p<0.05). Exposure to APV
alone produced no significant changes in toxicity in NMDA-naïve tissue in the DG region
(data not shown). Representative images of these effects are presented in Figure 2D.

NMDA-Induced Loss of Synaptophysin
No significant sex differences were observed in the pyramidal cell layer of the CA1,
therefore male and female were combined for a two-way ANOVA (treatment X exposure
time). A significant interaction in this region was observed (Figure 3A; F(6, 420)=5.347,
p<0.001). At each timepoint examined, NMDA exposure resulted in a loss of synaptophysin
immunoreactivity (for example, more than a 50% reduction was observed at 120 hours). The
addition of APV blocked this NMDA-induced effect (post-hoc, p<0.05). This NMDA-
induced decrease in synaptophysin immunoreactivity within the CA1 was time-dependent,
such that longer exposure (i.e. 72 or 120 hour) produced a significantly greater deficit (42%
control and 32% control, respectively) in synaptophysin immunoreactivity compared to
shorter exposure (i.e. 24 hour; 72% control). Exposure to APV alone produced no
significant changes in synaptophysin immunoreactivity in NMDA-naïve tissue at any
timepoint (data not shown).

In the pyramidal cell layer of the CA3 region, significant main effects of both exposure time
(F(3,420)=5.681, p<0.001) and treatment (Figure 3B; F(2, 420)=7.396, p<0.001) were
observed. Collapsed across exposure time, treatment with NMDA resulted in a significant
decrease (84% control) in synaptophysin immunoreactivity in the pyramidal cell layer as
compared to control cultures. The loss of synaptophysin immunoreactivity was significantly
attenuated by co-exposure of to APV. Compared to control cultures, exposure to APV alone
produced no significant changes in synaptophysin immunoreactivity in NMDA-naïve tissue
in the CA3 region (data not shown). Further, data collapsed across treatment revealed that
synaptophysin immunoreactivity at 120 hours was significantly lower than that at 24 or 72
hours (data not shown).

A significant main effect of treatment (Figure 3C; F(3,420)=16.169, p<0.001) was observed
in the granule cell layer of the DG. Collapsed across exposure time, treatment with NMDA
resulted in a significant decrease (73% of control levels) in synaptophysin immunoreactivity
in the DG region of the hippocampus as compared to control cultures. The loss of

Berry et al. Page 6

Neuroscience. Author manuscript; available in PMC 2013 October 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



synaptophysin immunoreactivity in the DG following NMDA exposure, collapsed across
time, was significantly attenuated by co-exposure to APV. Compared to control cultures,
exposure to APV alone produced no significant changes in synaptophysin immunoreactivity
in NMDA-naïve tissue (data not shown). Representative images of hippocampal slices
labeled with synaptophysin are presented in Figure 3D.

Effect of MDL-28170 on NMDA-induced toxicity and loss of synaptophysin
A final series of studies examined the role that cysteine protease activation may have in
promoting the cytotoxicity observed following NMDA exposure. Similar to the findings
above, no sex differences were observed following an initial three-way ANOVA, thus data
were collapsed across sex. In the pyramidal cell layer of the CA1 region, a significant
interaction of treatment X exposure time was found (Figure 4A; F(10, 630)=86.391,
p<0.001). Similar to previously presented data, co-exposure to NMDA and vehicle (DMSO)
produced time-dependent increases in cytotoxicity in the CA1 region compared to vehicle
alone (post-hoc, p<0.05), while co-exposure to MDL-28170 (2.5 or 25 μM) did not reduce
NMDA-induced toxicity at any timepoint. No effect was observed with MDL-28170 alone
compared to vehicle control cultures in NMDA-naïve tissue at any timepoint (data not
shown).

In the pyramidal cell layer of the CA3 region, a significant interaction of treatment X
exposure time was observed (Figure 4B; F(10, 630)=9.599, p<0.001). Co-exposure to
NMDA and DMSO resulted in significantly increased PI uptake as compared to vehicle
control cultures at 24 and 120, but not 72, hours (post-hoc, p<0.05). NMDA-induced
toxicity was not prevented by the co-exposure to MDL-28170 (2.5 or 25 μM) at any
timepoint, as NMDA+MDL resulted in significant toxicity at all timepoints examined. There
was no difference in PI uptake in NMDA-naïve tissue treated with MDL-28170 alone
compared to vehicle controls (data not shown).

Within the DG granule cell layer, a significant interaction of treatment X exposure time was
also found (Figure 4C; F(10, 630)=13.734, p<0.001). Co-exposure to NMDA and DMSO
for 24 hours significantly increased PI uptake as compared to vehicle-treated cultures, an
effect which was not significantly attenuated by co-exposure to MDL-28170 (2.5 or 25 μM)
and NMDA. Further, co-exposure to NMDA and MDL-28170 resulted in slight, but
significant, increases in PI uptake at 72 and 120 hours compared to vehicle-treated cultures.
Exposure to MDL-28170 alone in NMDA-naïve tissue produced a slight, but significant,
increase in PI uptake following 72, but not 24 or 120, hours (134.383±7.917 versus
100±4.275 for vehicle controls, p<0.05; data not shown). Representative images of
hippocampal slices labeled with PI are presented in Figure 4D.

Following analysis of PI uptake, cultures were subsequently formalin-fixed to examine the
immunoreactivity of the synaptic vesicle protein synaptophysin. Sex differences were not
observed with use of an initial three-way ANOVA, thus male and female data were
combined for further two-way analyses. In the pyramidal cell layer of the CA1 region, a
significant interaction of treatment X exposure time was found (Figure 5A; F(10,
630)=8.602, p<0.001). Co-exposure to NMDA and DMSO caused a time-dependent loss of
synaptophysin immunoreactivity compared to vehicle-treated cultures at all timepoints
examined. These effects were blocked by co-exposure to NMDA+MDL-28170 (25 μM)
though, interestingly, only at the early timepoints. MDL-28170 co-exposure significantly
attenuated the NMDA-induced loss of synaptophysin immunoreactivity at 24 and 72 hours,
though not up to vehicle-treated control levels at 72 hours. Exposure to MDL-28170 alone in
NMDA-naïve tissue produced a significant increase in synaptophysin immunoreactivity
following 72, but not 24 or 120, hours in the CA1 region of the hippocampus
(137.910±7.757 versus 100±4.755 for vehicle controls, p<0.05; data not shown).
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In the pyramidal cell layer of the CA3 region, significant main effects of both treatment
(Figure 5B; F(5,630)=17.247, p<0.001) and exposure time (F(2,630)=7.746, p<0.001) were
observed. Collapsed across exposure time, treatment with NMDA+DMSO resulted in a
significant decrease (82% vehicle control) in synaptophysin immunoreactivity compared to
vehicle-treated cultures. The loss of synaptophysin immunoreactivity was significantly
attenuated by co-exposure to MDL-28170 (25 μM; 102% vehicle control). Similar to data
from the CA1, NMDA-naïve cultures exposed to MDL-28170 had significantly increased
synaptophysin immunoreactivity compared to vehicle-treated cultures collapsed over time
(124.804±4.786 versus 100±3.551 for vehicle controls, p<0.001; data not shown). Further,
data collapsed across treatment revealed that synaptophysin immunoreactivity at 120 hours
was significantly lower than that at 24 or 72 hours (data not shown).

A significant treatment X exposure time interaction was observed in the granule cell layer of
the DG region (Figure 5C; F(10,630)=3.812, p<0.001). NMDA+DMSO co-exposure
produced a significant decrease in synaptophysin immunoreactivity as compared to vehicle-
treated cultures at all timepoints examined (post-hoc, p<0.05). This effect was significantly
blocked by co-exposure to NMDA and MDL-28170 (25 μM) at the 24 and 72 hour
timepoints (post-hoc, p<0.05). However, co-exposure to NMDA and MDL-28170 was not
protective against the NMDA-induced loss of synaptophysin at 120 hours. As observed in
the CA1 region, exposure to MDL-28170 alone in NMDA-naïve tissue produced a
significant increase in synaptophysin immunoreactivity following 72, but not 24 or 120,
hours (131.460±6.787 versus 100±4.958 for vehicle controls, p<0.001; data not shown).
Representative images of synaptophysin immunoreactivity in hippocampal slices are shown
in Figure 5D.

Because the most robust effect of MDL-28170 in regards to protection against NMDA-
induced synaptophysin immunoreactivity loss was found at 24 hours, a lower concentration
of MDL-28170 (2.5 μM) was also examined at this timepoint. No sex differences were
observed in any region following an initial two-way ANOVA of sex X treatment, thus data
from each region were collapsed across sex. In the pyramidal cell layer of the CA1 region, a
significant main effect of treatment was found (table 1; F(3, 212)=169.866, p<0.001).
Similar to previously presented data, co-exposure to NMDA (20 μM) and vehicle (DMSO)
produced increases in cytotoxicity in the CA1 region compared to vehicle alone (post-hoc,
p<0.05), while co-exposure to MDL-28170 (2.5 μM) did not reduce NMDA-induced
toxicity. Main effects of treatment were also observed in the CA3 and DG regions (F(3,
212)=13.159, p<0.001; F(3, 212)=18.560, p<0.001, respectively). Similar to that observed in
the CA1, data from the CA3 and DG regions indicate significant NMDA-induced toxicity
following co-exposure to either NMDA+DMSO or NMDA+MDL-28170 at 2.5 μM (post-
hoc, p<0.05). Thus, as with the higher concentration of MDL-28170 (25 μM), co-exposure
to MDL-28170 (2.5 μM) did not prevent NMDA-induced cytotoxicity in any region.

Loss of synaptophysin immunoreactivity was also examined using a lower concentration of
MDL-28170 at 24 hours only. As with PI data, no sex differences in synaptophysin
immunoreactivity were observed in any region and data were subsequently collapsed across
sex. A significant main effect of treatment was observed in the CA1 region (table 1; F(3,
212)=22.214, p<0.001). Co-exposure to NMDA+DMSO resulted in a significant loss of
synaptophysin immunoreactivity compared to vehicle-treated cultures (post-hoc, p<0.05).
This effect was significantly attenuated by co-exposure to NMDA+MDL-28170 (2.5 μM;
post-hoc, p<0.05). Main effects of treatment were also observed in the CA3 and DG regions
(F(3, 212)=6.061, p<0.001; F(3, 212)=7.836, p<0.001, respectively). The NMDA+DMSO-
induced loss of synaptophysin immunoreactivity failed to reach statistical significance in the
CA3 region (~86% vehicle control cultures); however co-exposure to NMDA+MDL-28170
(2.5 μM) in this region resulted in synaptophysin immunoreactivity levels above vehicle-
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treated cultures (107% vehicle control) and levels significantly above those seen following
NMDA+DMSO. Similar to that observed in the CA1, data from the DG region indicates
significant NMDA-induced toxicity following co-exposure to NMDA+DMSO (post-hoc,
p<0.05), an effect which was significantly attenuated following co-exposure to MDL-28170
(2.5 μM). This lower concentration of MDL-28170 attenuated the NMDA-induced loss of
synaptophysin immunoreactivity in each region of the hippocampus examined, though not to
the extent that the higher concentration (25 μM) did in the CA1 region (~92% vehicle
control for 2.5 μM vs. ~106% vehicle control for 25 μM). Similar to the effects observed
with MDL-28170 25 μM in NMDA-naïve tissue, NMDA-naïve cultures exposed to
MDL-28170 2.5 μM had slight, but significantly, increased synaptophysin immunoreactivity
in each region of the hippocampus (~109% vehicle control in CA1 region; post-hoc, p<0.05;
data not shown).

DISCUSSION
Recent findings have demonstrated that pyramidal cells of the hippocampal formation,
particularly those of the CA1 region, are uniquely sensitive to the excitotoxic effects of
NMDA receptor activation, relative to granule cells of the DG (Prendergast et al., 2004;
Butler et al., 2010). This increased sensitivity to the neurotoxic effects of NMDA itself is
associated with an increase in the density of NR1 and NR2B subunits of the NMDA receptor
in the pyramidal cell layer of organotypic hippocampal explants. In kind with these
observations, analysis of PI uptake in untreated (i.e. NMDA-naïve) hippocampal explants
demonstrated that the uptake of PI is greater in pyramidal cell layers than in the granule cell
layer of the DG. This regional distinction in unstimulated PI uptake may be related to the
excitotoxic effects of “medium-change,” as previously observed in organotypic explants
(Mayer et al., 2002) and dissociated neurons (Driscoll et al., 1993). Driscoll et al. (1993)
demonstrated that de novo synthesis of extracellular glutamate in cell culture medium
isolated from primary neuronal cell culture, even after several hours of isolation from cell
cultures, was associated with accumulation of glutaminase in medium. Further, Mayer et al.
(2002) demonstrated that treatment of organotypic hippocampal explants with the NMDA
receptor antagonists acamprosate, MK-801, or ifenprodil significantly reduced the PI uptake
associated with acute medium change; thus suggesting that medium-change toxicity is
specifically related to NMDA receptor activation. Resistance to toxicity associated with
medium change in the DG may be associated with the ability of granule cells to buffer
accumulated Ca2+ or with relative paucity of Ca2+-sensitive downstream effectors. The DG
granule cell layer possesses the greatest immunoreactivity of calbindin-D28K compared to
either the CA1 or CA3 regions (Prendergast et al., 2001). Calbindin-D28K is a Ca2+ binding
protein which sequesters cytosolic Ca2+ for a period of time, thus protecting the cell from
Ca2+-mediated cell death (for a review, see Baimbridge et al., 1992), such as that likely
observed with excess NMDA receptor activation.

Immunoreactivity of the synaptic vesicle protein synaptophysin was greater in the CA1
pyramidal cell projection field than in the primary projection layers of the CA3 and DG.
This is consistent with the findings of Butler et al. (2010) in demonstrating greater neuronal
density in this subregion of the hippocampal formation, reflected in greater density of NeuN
and MAP-2 immunoreactivity. It is intriguing that immunoreactivity of synaptophysin
increased in a time-dependent manner by approximately two-fold as explants aged to 120
hours in vitro. However, this was observed only in the CA1 region pyramidal cell projection
layer. Previous research has suggested that a synaptic reorganization occurs in the
organotypic hippocampal slice culture model used in the present set of experiments and that
this reorganization leads to the production of new synaptic pathways between the CA1 and
DG (Gutierrez and Heinemann, 1999; Mulholland and Prendergast, 2003). Thus, the time-
dependent increase in synaptophysin immunoreactivity in the projection layer of the CA1
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region may suggest synaptogenesis with in vitro aging following disruption of the afferent
innervation to the DG.

NMDA-induced cytotoxicity
The present results demonstrate a time-dependent NMDA-induced increase in PI
fluorescence within the CA1 region only, such that toxicity peaked following 24 hour
NMDA exposure. Although NMDA-induced PI fluorescence decreased at later timepoints,
PI uptake remained significantly greater than control values. These results largely agree with
previous research, which revealed significant increases in PI uptake assessed 1 day or 3 days
following NMDA exposure, but not when PI was measured 5 or more days following
NMDA exposure (Wilkins et al., 2006). The cytotoxic effect of NMDA was significantly
attenuated by the addition of the competitive NMDA receptor antagonist APV,
demonstrating that the toxicity observed is indeed dependent on NMDA receptor activation
as previously reported (Zimmer et al., 2000; Gibson et al., 2003; Mulholland et al., 2004;
Wilkins et al., 2006; Kim et al., 2009; Butler et al., 2010). The present studies extend those
previously reported in examining the time course of PI fluorescence during protracted
NMDA exposure and identified a time-dependent reduction in PI fluorescence during 120
hours of exposure to NMDA. The decline in PI uptake following extended exposure to
NMDA may well reflect phagocytic activity and, hence, reductions in dead or damaged
cells. Additionally, excitotoxicity induces increases in deoxyribonuclease, removing the
substrate required for PI intercalation (Marti and Fleck, 2004). Similarly, endonuclease G
(endoG) is a caspase-independent nuclease found in mitochondria (Li et al., 2001), and
during apoptosis, is released from the mitochondria and cleaves chromatin DNA within the
nucleus (Li et al., 2001). Previous research has indicated that levels of endoG rise following
AMPA-induced excitotoxicity (Henne et al., 2006), an effect which may generalize to all
glutamate-induced excitotoxicity. Thus, the time-dependent decline of NMDA-induced PI
fluorescence likely reflects catabolic processes initiated by Ca2+-dependent signaling with
NMDA exposure.

NMDA-induced loss of synaptophysin
Perhaps the most intriguing finding of the present studies is the marked loss of
synaptophysin immunoreactivity in all subregions of the hippocampal formation, including
those not demonstrating significant uptake of PI, suggesting a progressive loss of
synaptophysin in live cells of the CA3 pyramidal cell layer and DG granule cells, effects
prevented by APV co-exposure. We and others have published extensively on the exclusive
vulnerability of the CA1 pyramidal cells, rather than CA3 region or DG neurons, to the
excitotoxic insults including NMDA exposure and ethanol withdrawal (Prendergast et al.,
2001; Butler et al., 2010). However, the present findings may contradict such conclusions.
These findings indicate that even though PI incorporation was not observed in CA3 region
pyramidal cells or in DG granule cells, synaptic function of what are likely viable neurons is
predicted to be compromised. Synaptophysin is likely to be involved in the docking and
fusion of the vesicle with the plasma membrane (Sudhof, 1995), possibly via interactions
with gamma adaptin (Horikawa et al., 2002), and has been implicated in synaptogenesis and
synaptic reorganization (Bergmann et al., 1997). Further, loss of synaptophysin is associated
with several forms of neurodegeneration. Notably, synaptophysin is a known substrate of the
E3 ubiquitin-protein ligase SIAH2, a member of the seven in abstentia homolog family of
proteins (Wheeler et al. 2002), in addition to being a substrate for the proteolytic enzymes
mentioned above. It is not known, however, if excitotoxicity induces SIAH2 signaling.
Thus, it will be intriguing to further examine the possibility that excitotoxic insult is an
inducer of this proteosomal signaling pathway.
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Effect of MDL-28170 on NMDA-induced toxicity and loss of synaptophysin
Further studies were completed to assess the role that cysteine protease, including calpain,
activation may have in the cytotoxicity and loss of synaptophysin content associated with
prolonged exposure to NMDA. Although previous studies have noted that NMDA receptor
antagonism and protease inhibition prevented neurodegeneration both in vitro (Nimmrich et
al., 2010) and in vivo (Granic et al., 2010), no study to date has investigated the effects of
cysteine protease inhibition in regards to synaptophysin content with neurodegeneration.
Activation of the Ca2+-dependent cysteine protease calpain is thought to produce cell death
via breakdown of cytoskeletal components other than synaptophysin (Siman and Noszek,
1988; Sattler and Tymianski, 2000). Calpain-mediated cleavage of the membrane
cytoskeletal protein spectrin produces orderly break down products following NMDA
receptor-mediated excitotoxicity (Bahr et al., 1995; Vanderklish and Bahr, 2000), though it
is not clear if synaptophysin is a substrate for calpain and/or other cysteine proteases.

Notably, we observed early sparing of NMDA-induced loss of synaptophysin via blockade
of cysteine protease activation using MDL-28170 in all explant subregions. This is the first
study, to our knowledge, that demonstrates the time-dependent protective effect of protease
inhibition on the loss of synaptophysin produced by an excitotoxic insult. Interestingly,
NMDA-induced loss of synaptophysin content was not prevented or even attenuated by
MDL-28170 at later time points (120 hours), in any subregion. This finding, in particular,
suggests the involvement of cysteine protease-independent mechanisms in the progressive
loss of synaptophysin content with prolonged NMDA exposure. This is consistent with
findings from hypoxia-ischemia research which suggests that activation of Ca2+-dependent
calpains can lead to later activation of the apoptotic proteases caspase-3 and caspase-7
(Blomgren et al., 2001; Gafni et al., 2009). Further, sequential activation of calpain,
cathepsin-b and caspase-3 has been postulated to occur following ischemic insult in rodent
models (Chaitanya and Babu, 2008). It should also be noted that the concentrations of
MDL-28170 used in the present set of studies (2.5 and 25 μM) are significantly above the
reported KI value of 10 nM for calpain inhibition (Mehdi, 1991). Although the lower
concentration of MDL-28170 used did not provide full protection against the NMDA-
induced loss of synaptophysin, 25 μM of MDL-28170 was sufficient to reverse the loss to
control levels while not producing toxicity or changes in synaptophysin immunoreactivity
alone.

There has been some recent contradiction as to whether synaptophysin may be a substrate
for calpains and related cysteine proteases. For example, Thompson and colleagues (2006)
revealed activation of calpain-mediated proteolysis, but no changes in synaptophysin levels,
following severe controlled cortical impact traumatic brain injury in a rodent model. In
contrast, results of the current study suggest that synaptophysin may be a substrate for
cysteine proteases, as pharmacologic inhibition of protease activity attenuated the loss of
synaptophysin. These results are in agreement with and expand upon previous work by Lee
and colleagues (2008) demonstrating that the calpain inhibitor calpeptin attenuated
synaptophysin proteolysis at 30 hours following excessive glutamate exposure. Taken
together, these results suggest that Ca2+-dependent recruitment of cysteine proteases at early
timepoints after initiation of excitotoxicity is associated with synaptophysin loss, but
activation of alternative signaling effectors with continued exposure to an excitotoxin. The
loss of synaptic proteins is a hallmark feature of many neurodegenerative states, including
Alzheimer’s disease (Honer, 2003), ischemia (Masliah and Terry, 1993), and traumatic brain
injury (Ansari et al., 2008). The loss of these proteins may depend on NMDA receptor-
mediated Ca2+ influx and subsequent activation of pathological isoforms of cysteine
proteases (Kelly and Ferreira, 2006). Prevention of early synaptic protein degradation by
either NMDA receptor antagonism or targeted cysteine protease inhibition, as observed in
the current study, may represent a useful therapeutic tool to treat further neurodegeneration.
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Geddes and Saatman (2010) elegantly discuss the role that shRNA or siRNA approaches
may have in altering the activation of pathological cysteine protease isoforms in the
treatment of neurodegenerative conditions including Huntington’s Disease, stroke, and
traumatic brain or spinal cord insult. Animal work supports this possibility, in demonstrating
that shRNA knockdown of μ-calpain in rat promotes neuronal survival after global cerebral
ischemia (Bevers et al. 2010).
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Abbreviations

AMPAr α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor

ANOVA analysis of variance

APV DL-2-Amino-5-phosphonopentanoic acid

CA cornu ammonus

Ca2+ calcium

DG dentate gyrus

DMSO dimethyl sulfoxide

EAA excitatory amino acid

endoG endonuclease G

FITC fluorescein isothiocynate

GluR glutamate receptor

MEM minimum essential medium

NMDA N-methyl-D-aspartate

PBS phosphate-buffered saline

PI propidium iodide

TBI traumatic brain injury
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Highlights

Density of the synaptic vesicle protein synaptophysin increases with in vitro aging

Synaptophysin content was reduced in cell layers not demonstrating neuronal injury.

Cysteine protease activation is temporally limited following excitotoxicity
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Figure 1.
PI uptake in control slices was compared in each hippocampal region for each timepoint (A),
as was synaptophysin (SYN) immunoreactivity (B). * p<0.05 vs. 24 hour within region; **
p<0.05 vs. 72 hour and 24 hour within region; # p<0.05 vs. CA1 region within time; ##
p<0.05 vs. CA1 and CA3 regions within time (C) Representative images of PI and SYN
fluorescence in control hippocampal slices
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Figure 2.
Effects of exposure to the glutamate NMDA receptor agonist NMDA or co-exposure to
NMDA and the competitive antagonist APV on toxicity observed in the organotypic
hippocampal slice cultures. Exposure to NMDA resulted in significant time-dependent
toxicity within the CA1 region of the hippocampus (A), an effect which was prevented by
co-exposure to APV. Collapsed across time, exposure to NMDA also resulted in significant
toxicity in the CA3 (B) and DG (C) regions of the hippocampus. * p<0.05 vs. control levels;
# p<0.05 vs. NMDA alone. (D) Representative images of PI uptake in hippocampal slices
treated with NMDA or NMDA+APV
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Figure 3.
Effects of exposure to the glutamate NMDA receptor agonist NMDA or co-exposure to
NMDA and the competitive antagonist APV on immunoreactivity for the synaptic vesicle
protein synaptophysin (SYN) observed in the organotypic hippocampal slice cultures. (A)
Exposure to NMDA resulted in significant time-dependent synaptophysin loss within the
CA1 region of the hippocampus, an effect which was prevented by co-exposure to APV.
Collapsed across time, NMDA exposure resulted in significant decreased synaptophysin
immunoreactivity within the CA3 (B) and DG (C) regions of the hippocampus. * p<0.05 vs.
control levels; # p<0.05 vs. NMDA alone. (D) Representative images of immunoreactivity
for synaptophysin in hippocampal slices treated with NMDA or NMDA+APV
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Figure 4.
Effects of co-exposure to NMDA and either DMSO (vehicle) or the cysteine protease
inhibitor MDL-28170 (25 μM) on toxicity observed in the organotypic hippocampal slice
cultures. Co-exposure to NMDA+DMSO resulted in significant time-dependent toxicity
within the CA1 (A), CA3 (B) and DG (C) regions of the hippocampus while co-exposure to
MDL-28170 did not attenuate NMDA-induced toxicity. * p<0.05 vs. DMSO (vehicle)
levels; # p<0.05 vs. NMDA+DMSO. (D) Representative images of PI uptake in
hippocampal slices treated with NMDA+DMSO or NMDA+MDL
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Figure 5.
Effects of co-exposure to NMDA and either DMSO (vehicle) or the cysteine protease
inhibitor MDL-28170 (25 μM) on the synaptic vesicle protein synaptophysin (SYN)
immunoreactivity observed in the organotypic hippocampal slice cultures. Co-exposure to
NMDA+DMSO resulted in significant time-dependent loss of synaptophysin within the
pyramidal cell layer of the CA1 (A), an effect which was prevented by co-exposure to
MDL-28170 at 24 and 72 hours. Collapsed across time, NMDA+DMSO exposure resulted
in significant decreased synaptophysin immunoreactivity within the CA3 region (B), which
was also prevented by co-exposure to MDL-28170. As with the CA1, co-exposure to
NMDA+DMSO resulted in a significant time-dependent loss of synaptophysin
immunoreactivity in the granule cell layer of the DG (C), an effect which was prevented by
co-exposure to MDL-28170 at 24 or 72 hours. * p<0.05 vs. DMSO (vehicle) levels; #
p<0.05 vs. NMDA+DMSO. (D) Representative images of immunoreactivity for
synaptophysin in hippocampal slices treated with NMDA+DMSO or NMDA+MDL
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Table 1

Effects of co-exposure to NMDA (20 μM) and either DMSO (vehicle) or the cysteine protease inhibitor
MDL-28170 (2.5 μM) on PI uptake and synaptophysin (SYN) immunoreactivity at 24 hours. Co-exposure to
NMDA+DMSO resulted in significant toxicity within each region of the hippocampus examined, while co-
exposure to MDL-28170 (2.5 μM) had no effect on NMDA-induced toxicity. Co-exposure to NMDA+DMSO
resulted in a significant loss of synaptophysin immunoreactivity within the pyramidal cell layer of the CA1
and the granule cell layer of the DG, an effect which was significantly attenuated by co-exposure to
MDL-28170 (2.5 μM).

PI Uptake CA1 ± SEM CA3 ± SEM DG ± SEM

NMDA + DMSO *828.762 ± 47.833 *230.517 ± 29.551 *250.452 ± 24.941

NMDA + MDL 2.5 *833.467 ± 41.976 *243.893 ± 25.006 *220.853 ± 21.742

SYN Immunoreactivity CA1 ± SEM CA3 ± SEM DG ± SEM

NMDA + DMSO *73.932 ± 3.018 86.133 ± 4.389 *84.365 ± 3.670

NMDA + MDL 2.5 #92.749 ± 3.034 #107.226 ± 5.731 #99.623 ± 4.558

*
p<0.05 vs. DMSO (vehicle) levels;

#
p<0.05 vs. NMDA+DMSO.
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