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Neurobiology of Disease

Differential Vulnerability of CA1 versus CA3 Pyramidal
Neurons After Ischemia: Possible Relationship to Sources of
Zn”" Accumulation and Its Entry into and Prolonged Effects
on Mitochondria

Yuliya V. Medvedeva,' Sung G. Ji,> Hong Z. Yin,' and “John H. Weiss'

'Department of Neurology and 2Department of Anatomy and Neurobiology, University of California, Irvine, California 92697

Excitotoxic mechanisms contribute to the degeneration of hippocampal pyramidal neurons after recurrent seizures and brain ischemia.
However, susceptibility differs, with CA1 neurons degenerating preferentially after global ischemia and CA3 neurons after limbic sei-
zures. Whereas most studies address contributions of excitotoxic Ca®" entry, it is apparent that Zn>" also contributes, reflecting
accumulation in neurons either after synaptic release and entry through postsynaptic channels or upon mobilization from intracellular
Zn**-binding proteins such as metallothionein-III (MT-III). Using mouse hippocampal slices to study acute oxygen glucose deprivation
(OGD)-triggered neurodegeneration, we found evidence for early contributions of excitotoxic Ca>* and Zn** accumulation in both CA1
and CA3, as indicated by the ability of Zn>" chelators or Ca>™ entryblockers to delay pyramidal neuronal death in both regions. However,
using knock-out animals (of MT-III and vesicular Zn*" transporter, ZnT3) and channel blockers revealed substantial differences in
relevant Zn>" sources, with critical contributions of presynaptic release and its permeation through Ca>*- (and Zn>")-permeable
AMPA channels in CA3 and Zn>* mobilization from MT-III predominating in CA1. To assess the consequences of the intracellular Zn**
accumulation, we used OGD exposures slightly shorter than those causing acute neuronal death; under these conditions, cytosolic Zn**
rises persisted for 10 -30 min after OGD, followed by recovery over ~40 - 60 min. Furthermore, the recovery appeared to be accompanied
by mitochondrial Zn** accumulation (via the mitochondrial Ca>* uniporter MCU) in CA1 but not in CA3 neurons and was markedly
diminished in MT-II knock-outs, suggesting that it depended upon Zn** mobilization from this protein.

Key words: CAl pyramidal neurons; delayed degeneration; hippocampal slice; in vitro ischemia model; mitochondria; oxygen glucose
deprivation

(s )

The basis for the differential vulnerabilities of CA1 versus CA3 pyramidal neurons is unclear. The present study of events during
and after acute oxygen glucose deprivation highlights a possible important difference, with rapid synaptic entry of Ca>* and Zn>"*
contributing more in CA3, but with delayed and long-lasting accumulation of Zn** within mitochondria occurring in CA1 but not
CA3 pyramidal neurons. These data may be consistent with observations of prominent mitochondrial dysfunction as a critical
early event in the delayed degeneration of CA1 neurons after ischemia and support a hypothesis that mitochondrial Zn*>" accu-
mulation in the early reperfusion period may be a critical and targetable upstream event in the injury cascade. /

ignificance Statement

tions of prolonged or recurrent seizures or after brain ischemia.
However, their patterns of vulnerability differ, likely reflecting
differences in events leading to their degeneration. CA3 neurons
are preferentially lost in response to limbic seizures occurring
after kainic acid injection into the amygdala (Ben-Ari et al,

Introduction

Hippocampal pyramidal neurons (HPNs) of the CAl and CA3
domains are highly vulnerable to injury in pathological condi-
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Figure1. 0GD-evokedZn>™" rises precede and contribute to Ca ™ deregulation in both CA3 and CA1 pyramidal neurons.
A, Relationship between intracellular Zn>* and Ca>* rises and loss of membrane integrity in individual CA3 neurons
subjected to 0GD. Pseudocolor fluorescent images (top) show cells loaded with a low-affinity ratiometric Ca* indicator
(Fura-FF; 340/380 ratio images), along with either aZn > * -sensitive indicator (FluoZin-3, background subtracted emission
intensity, arbitrary units, AU; left) or an ion-insensitive fluorescent compound (Alexa Fluor-488, background-subtracted
emission intensity, AU; right) and subjected to 15 min of 0GD. Numbers indicate time (in minutes) after the onset of 0GD.
Traces (bottom) show fluorescence changes in the same neurons. Note that the Zn ¥ rise precedes a sharp Ca** dereg-
ulation event (left) and that the Ca>* deregulation is accompanied by a loss of the Alexa Fluor-488 signal (one cell
representative of four; right), indicative of loss of membrane integrity. B, Zn > rises precede the terminal Ca>* deregu-
lation in CA3 as well as CA1 pyramidal neurons. Individual FluoZin-3- and Fura-FF-loaded CA1 and CA3 neurons were
subjected to 0GD; traces (== SEM; aligned for the onset of Ca 2+ deregulation) show mean changes in somatic FluoZin-3
fluorescence (AF/F,; blue) and Fura-FF ratio changes (black; CA3, top: Zn** rise 7.7 = 0.6 min, Ca " rise 11.6 = 0.6 min,
n=28,p=>5.1x10"*CA1,bottom: Zn>" rise 7.5 = 0.5 min, Ca>* rise 10.6 + 0.5min;n = 9,p = 3.4 X 10~ * the
interval from the Zn>* rise to the Ca™ deregulation was not different between CA1and CA3; p = 0.452, ANOVA linear
contrast). C, Similar Zn2™ contributions to the occurrence of terminal Ca** deregulation in CA3 and CA1 pyramidal
neurons. Hippocampal slices were subjected to 0GD alone (black) or in the presence of the Zn** chelator TPEN (40 um;
blue). Traces (= SEM; aligned for the onset of Ca2™ deregulation) show mean Fura-FF ratio changes (CA3, top: control:
11.2 = 0.7 min,n = 9; TPEN: 14.4 + 0.6 min,n = 6,p = 5.3 X 10 ~3;CA1, bottom: control: 10.6 = 0.5 min,n = 9; TPEN:
14.7 + 0.7 min,n = 9,p = 1.1 X 10 ~* TPEN-induced delay in Ca>™ derequlation was not different between CA3 and
(A1, p = 0.62, ANOVA linear contrast).

J. Neurosci., January 18,2017 - 37(3):726 =737 « 727

1980a; Ben-Ari et al., 1980b; Tanaka et al.,
1988). In contrast, delayed selective de-
generation of CA1 neurons is conspicu-
ous after transient ischemia in humans
(Zola-Morgan et al., 1986; Petito et al.,
1987) and rodents (Kirino, 1982; Ordy et
al., 1993; Sugawara et al., 1999).

Excitotoxic mechanisms caused by ex-
cessive glutamate release have long been
considered important contributors to isch-
emic neurodegeneration. Most studies have
focused upon the role of rapid Ca** entry
through NMDA-type glutamate receptors.
Indeed, glutamate-triggered injury to cul-
tured neurons is Ca*" dependent (Choi,
1987) and delayed sharp Ca*™ rises occur-
ring after the end of the glutamate exposures
are indicative of cell death (Rothman and
Olney, 1986; Siesjo, 1988; Randall and
Thayer, 1992). However, despite intense
early interest, research into the clinical effi-
cacy of glutamate antagonists has been
limited.

Further studies have highlighted contri-
butions of another divalent cation, Zn?",
which is present in the brain at high levels,
accumulates in HPNs after ischemia or pro-
longed seizures, and has been implicated in
ischemic neurodegeneration (Frederickson
et al., 1989; Tonder et al., 1990; Koh et al.,
1996; Yin et al., 2002; Calderone et al.,
2004). It is apparent that there are two dis-
tinct sources of the Zn** that accumulate in
neurons after ischemia or prolonged sei-
zures. One comprises presynaptic vesicular
Zn>" thatis released and enters the postsyn-
aptic neurons (“translocation”), likely in
large part through highly Ca®"-permeable
AMPA (Ca-AMPA) channels (which are
also highly Zn** permeable) (Yin et al.,
2002; Calderone et al., 2004; Noh et al.,
2005). In addition, Zn>" can be released
from cytosolic buffering proteins such as
metallothioneins (MTs) already present in
the neurons (Aizenman et al., 2000; Lee et
al., 2000; Lee et al., 2003).

Early effects of ischemia can be studied
in brain slices subjected to oxygen—glu-
cose deprivation (OGD), a procedure
that mimics some aspects of stroke.
Hippocampal slice models have revealed
Zn*" rises to begin shortly after OGD on-
set and to contribute to subsequent injury
(Yin et al., 2002; Wei et al., 2004; Stork
and Li, 2006). To discriminate the early
effects of Zn>* from those of Ca*", we
tracked these ions simultaneously in CA1
pyramidal neurons in acute hippocampal
slices subjected to OGD. We found the
Zn>" rises preceded and contributed to
the induction of the terminal sharp Ca**
rises (“Ca deregulations”), which were
linked causatively to a loss of membrane
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integrity (Medvedeva et al., 2009). The early Zn>" rises resulted
in mitochondrial accumulation (via the mitochondrial Ca*" un-
iporter MCU), contributing to their dysfunction and reactive
oxygen species (ROS) generation (Medvedeva and Weiss, 2014).

The present slice studies show that Zn>" clearly contributes to
acute OGD-induced injury in both CA1 and CA3 neurons and
sought to examine differences in early events between these neu-
ronal populations that may bear upon their differential vulnera-
bilities. Our findings suggest that presynaptic Zn>" release and
entry through Ca-AMPA channels dominates in CA3, whereas
Zn** mobilization from MT-I11 is of greater importance in CAL.
Furthermore, when we performed OGD exposures just short of
those that induce acute cell death, there was substantial ongoing
7Zn** accumulation in mitochondria of CA1 (but not in CA3)
neurons that persisted for at least ~30 min after OGD. These
findings support the hypothesis that delayed mitochondrial
Zn>" accumulation might be a critical trigger of mitochondrial
dysfunction and selective degeneration of CA1 pyramidal neu-
rons after transient ischemia. As the Zn®" accumulation
progresses during the early postischemic period, delivery of ap-
propriate therapeutics during this period may have the potential
to provide substantial benefit.

Materials and Methods

Animals. All procedures were performed according to a protocol ap-
proved by the University of California—Irvine Animal Care and Use
Committee. Efforts were made to minimize animal suffering and the
number of mice used. Three strains of mice of either sex were used for
experiments: wild-type mice 129S6/SvEvTac (Taconic Biosciences), mice
lacking metallothionein IIT (004649— 129S7-Mt3 '™!RP/J- Tackson Lab-
oratory) and mice lacking vesicular Zn?* transporter (005064-B6;129-
Slc30a3 "™!®P?/J; Jackson Laboratory). The strain of origin for both of
these knock-outs is 129S7/SvEvBrd-Hprt<<+>. We have characterized
the occurrence of OGD-induced Zn>" rises and Ca** deregulation in
each of these knock-out strains and found that Zn>* rises precede Ca**
deregulation in both CA1 and CA3 in both of these strains much as in the
WT mice, with no evidence for any generalized differences in viability.
The small deviations noted from WT occur in opposite directions in CA1
and CA3 neurons and, in all cases, were explainable based upon prior
studies and expectations of the roles of the deleted peptides (MT-III or
ZnT3; data not shown). However, despite the reasonable match between
these strains, we cannot rule out the possibility of functionally significant
differences and thus only make statistical comparisons between re-
sponses within the same strain.

Preparation of acute hippocampal slices. Hippocampal slices were pre-
pared from ~4-week-old mice as described previously (Medvedeva et al.,
2009). Mice were deeply anesthetized with isoflurane and decapitated
and the brains rapidly removed and placed in ice-cold preparation solu-
tion containing the following (in mwm): sucrose 220, KCI 3, NaH,PO,
1.25, MgSO, 6, NaHCO; 26, CaCl, 0.2, glucose 10, and ketamine 0.42,
pH 7.35, 310 mOsm equilibrated with 95% O,/5% CO,. Hippocampal
slices (300 wm) were cut with a vibratome (Leica VT1200) and placed in
artificial CSF (ACSF) containing the following (in mm): NaCl 126, KCl 3,
NaH,PO, 1.25, MgSO, 1, NaHCO; 26, CaCl, 2, glucose 10, pH 7.35, 310
mOsm adjusted with sucrose and equilibrated with 95% 0O,/5% CO,.
After equilibration for 1 h at 34 = 0.5°C, slices were kept at room tem-
perature (20-23°C) in oxygenated ACSF for at least 1 h before use.

Loading individual hippocampal neurons with fluorescent indicators.
For recordings, slices were placed in a flow-through chamber (RC-27L
chamber with plastic slice anchor; Warner Instruments) mounted on the
stage of an upright microscope (BX51WI; Olympus) and perfused with
oxygenated ACSF at 2 ml/min. Experiments were performed at 32 =+
0.5°C. Fura-FF, FluoZin-3, or Alexa Fluor-488 were dissolved in a pipette
solution containing the following (in mm): 125 K gluconate, 10 KCl, 3
Mg-ATP, 1 MgCl,, 10 HEPES, pH 7.25 with KOH, 290 mOsm with
sucrose, at concentrations of 1, 1, and 0.25 mm respectively, and 1 ul
placed in the tip of a micropipette (5-7 M(), borosilicate glass with
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Figure 2.  There was a greater contribution of acute NMDA- and VG(C-mediated excitotox-
icity to 0GD-evoked Ca* deregulation in CA3 than in CA1 pyramidal neurons. CA1 and (A3
neurons were loaded with FluoZin-3 and Fura-FF and subjected to 0GD alone (black), with the
NMDA receptor antagonist MK-801 (MK, red; 10 wum), or with both MK-801 and the VGCC
blocker nimodipine (MK/Nim, blue; both at 10 wum); traces (= SEM; aligned for the onset of
Ca*" deregulation) show mean Fura-FF ratio changes. Each of these anti-excitotoxic interven-
tions delayed Ca* deregulationin both CA3 () and CA1 (B) (CA3: control: 11.1 + 0.6,n =13;
MK-801:17.5 = 0.5,n = 5,p = 5.7 X 10 ~% MK/Nim: 20.2 = 0.9 min,n = 10,p = 7.8 X
10 2 vs control for both treatments; CA1: control: 10.6 = 0.5 min, n = 9; MK-801:13.5 + 1.1
min, n = 7, p = 0.017; MK/Nim:16.7 = 0.8 min, n = 10, p = 1.4 X 10 ~° vs control).
Notably, each of these interventions provided a greater degree of protection in CA3 than in CA1
(p = 0.044 for MK801 alone and p = 0.019 for MK/Nim by ANOVA linear contrast).

filament) before backfilling with pipette solution. Neurons were loaded
with fluorescent indicators via patch pipettes by holding them in the
whole-cell configuration at —60 mV for 5 min, as described previously
(Medvedeva et al., 2009). During pipette withdrawal, cells were moni-
tored to assess membrane leakage and Ca 2% Jevels; intact cells were left to
recover for 20 min before starting the experiment.

Fluorescent measurements. For simultaneous measurements of intra-
cellular Ca** and Zn>" dynamics, cells were coloaded with a low-affinity
Ca?* indicator (Fura-FF, K4 ~ 5.5 uMm) and a high-affinity Zn?* indica-
tor FluoZin-3 (K4 ~ 15 nm). To assess changes in membrane integrity,
the ion-insensitive fluorescent compound Alexa Fluor-488 was coloaded
with Fura-FF. Fluorescence was alternately excited at 340(20), 380(20),
and 482(20) nm via a 40X water-immersion objective using a xenon light
source (Sutter Instruments) and emitted fluorescence was collected at
532 (40) nm using a cooled CCD camera (Hamamatsu) (All filters are
band pass with bandwidths indicated in parentheses.) Images were ac-
quired every 15 or 30 s, background subtracted, and analyzed using
METAFLUOR version 7.1 software (Universal Imaging). Changes in
Ca?* values are presented as the ratio of background subtracted Fura-FF
emission intensities upon excitation at 340 and 380 nm (“340/380 ra-
tio”), FluoZin-3 fluorescence changes as AF/F, = (F — F,)/F,, and Alexa
Fluor-488 fluorescence changes as F/F,,, where F is the current fluores-
cence intensity and F,, is the average background-subtracted baseline
fluorescence during the 10 min before OGD.

To assess changes in mitochondrial potential (AW, ), slices were bulk
loaded with the AW -sensitive indicator rhodamine 123 (Rhod123, 26
M, 30 min, 20-23°C). Rhod123 is positively charged and accumulates in
negatively charged mitochondria, where its fluorescence is quenched.
Upon mitochondrial depolarization, it is released into the cytoplasm,
causing an increase in fluorescence (Duchen et al., 2003). Rhod123 was
excited at 540 (25) nm and emitted fluorescence collected at 605 (55) nm.
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Figure 3.

Contribution of synaptic Zn** release and its entry through Ca-AMPA channels to 0GD-evoked Ca* deregulation in CA3 pyramidal neurons. CA1 and CA3 neurons in slices from

wild-type mice (4) and ZnT3 KO mice (B) were loaded with Fura-FF and FluoZin-3 and subjected to 0GD alone (black) orin the presence of TPEN (40 rum) or NASPM (100 ) asindicated (blue). Traces
(= SEM; aligned for the onset of Ca™ deregulation) show mean Fura-FF ratio changes. 4, Ca-AMPA channel blockade substantially delays Ca® ™ deregulation in CA3 (left), with no effect on CA1
neurons (right) (CA3: control: 11.5 == 0.7 min,n = 7;NASPM: 18.1 = 1.2min,n = 5;p = 6 X 10 ~* CA1: control: 10.6 = 0.5 min,n = 9;NASPM: 10.7 = 0.4min,n = 5;p = 0.86). B, In the
absence of vesicular Zn2™ (in ZnT3 KOs), the protective effects of TPEN and of NASPM on CA3 neurons are eliminated (but TPEN still protects in CA1; CA3: control: 12.1 == 0.9 min, n = 9; NASPM:
12.8 = 0.9min,n =9,p = 0.58; TPEN: 12.2 == 0.6 min, n = 6, p = 0.96; CA1: control: 8.4 = 0.8 min, n = 6; TPEN: 11.5 == 1.0 min,n = 7, p = 0.037).

Images were acquired every 15 s and data presented as AF/F, =
(F — F,)/F, where F is a current fluorescence intensity and Fj, is the
fluorescence intensity in the resting slice. Regions of interest were mon-
itored in the CA1 or CA3 pyramidal cell layers.

OGD in slices. To simulate hypoxic—hypoglycemic conditions, ACSF
was changed to identical solution lacking glucose and bubbled with 95%
N,/5% CO,. In studies examining acute OGD-induced neurodegenera-
tion, OGD was continued for at least 15 min and maintained throughout
the time of the terminal Ca®" deregulation. For sublethal OGD expo-
sures, OGD was terminated (by restoration of oxygenated ACSF) ~1 min
after start of the Zn?" rise in experiments in which Zn?"* was measured
(typically occurring from 6—9 min), or, for the Rhod123 (see Fig. 5) and
confocal imaging (see Fig. 7) studies, after 8.5-9 min as indicated.

MK-801 (10 um), nimodipine (10 uMm), 1-naphthyl acetyl spermine
(NASPM, 100 um) and N,N,N’,N’-tetrakis(2-pyridylmethyl)ethane-
1,2-diamine (TPEN, 40 um) were applied 10 min before and during
OGD. Ruthenium Red (RR) (10 um) and carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP, 2 um) were applied after
the termination of OGD as indicated.

Antibody labeling and confocal microscopy. Hippocampal slices (300
um) were subjected to OGD as described above for 8.5 min, “perfused”
in ACSF at 32°C for 1 h, and immediately fixed with 4% paraformalde-
hyde. Thin (30 wm) sections were cut using a microtome cryostat (Ther-
moFisher Scientific) and stained with primary antibodies against the
mitochondrial outer membrane protein TOM20 (1:200; Santa Cruz Bio-
technology) and secondary anti-rabbit fluorescent antibodies (1:200,
DyLight 488; Jackson ImmunoResearch). The sections were imaged us-
ing an inverted stage Nikon Eclipse Ti chassis microscope with a Yok-
ogawa CSUX spinning disk head and a 100X (1.49 numerical aperture)
objective and images acquired using a Hamamatsu electromultiplying
CCD camera. Excitation (488 nm) was via a Coherent sapphire laser
source synchronized with the camera, emission was monitored with a
525 (50) nm filter, and images were acquired using MIcroManager Im-

ageAcquisition sofrware (version 1.4.16). Bright-field images were ob-
tained using the same objective at the same z-axis position immediately
after acquiring the fluorescent image.

For analysis of mitochondria size and shape (using Image] software),
we selected large neurons in the pyramidal cell layer. To control for
differing behavior of mitochondria between distinct cell types and cellu-
lar compartments, we chose to focus our studies on mitochondria sur-
rounding the prominent nucleii of pyramidal neurons and selected fields
for analysis in which mitochondria were clearly evident in perinuclear
regions in the plane of sharp focus. Images were adjusted to provide
optimal discrimination of their apparent edges from background. In the
perinuclear regions, mitochondria are aligned with their long axes par-
allel to the nuclear membrane. Nuclear regions in which clearly demar-
cated mitochondria were evident were cropped from images and saved
with a code name for blinded measurements and measures of long axes
parallel to and short axes perpendicular to nuclear membranes were
obtained on all clearly demarcated mitochondria adjacent to and sur-
rounding the nuclear circumference. Mean parameters were determined
for mitochondria within each cell, the cell values were averaged to deter-
mine the mean paramaters within each independent slice, and presented
values are means from three to five slices for each condition.

Reagents. Fura-FF, FluorZin-3, Rhodamine 123, and Alexa Fluor-488 hy-
drazide were from Invitrogen. MK-801 was from Abcam, TPEN, RR, and
ketamine were from Sigma-Aldrich. Nimodipine was from Miles. NASPM
was from Tocris Bioscience. TOM20 antibodies were from Santa Cruz Bio-
technology (catalog #sc-11415, RRID:AB_2207533) and DyLight 488 anti-
bodies were from Jackson ImmunoResearch (catalog #211-482-171). All
other reagents were purchased from Fisher Scientific.

Statistics and data analysis. The onset times of OGD-induced Zn?"
risesand of Ca** deregulations were determined by finding intersections
between the extrapolated baselines, with lines fitting the first substantial
FluoZin-3 fluorescence increases or Fura-FF ratio increases, as described
previously (Medvedeva et al., 2009). Differences between sets of data
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were assessed using two-sample ¢ tests (Origin
9.1). In some studies, we sought to determine
whether the degree of protection provided by
an intervention (assessed as the mean interval
between the time of Ca*" deregulation in con-
trol and treatment groups) or the interval be-
tween the Zn*" rise and the Ca*" deregulation
differed between CA1 and CA3 neurons. For
these assessments, we used the ANOVA linear
contrast test (STATA software). All compari-
sons reflect sets of data substantially inter-
leaved in time and were based on five to 10
slices from at least five animals for each condi-
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acute OGD and their respective contribu- 0
tions to neuronal injury. When the slices
were subjected to OGD, we found that cy-
tosolic Zn>" rises began within several
minutes and preceded very high cytosolic
Ca*" rises (termed “Ca*" deregulation”
events), which were terminal events be-
cause they were accompanied by a loss of
membrane integrity. These Ca** deregu-
lations were delayed by the addition of the
high-affinity Zn>" chelator TPEN, indi-
cating a contribution of the Zn*" to the
cell death cascade.

Because there are likely to be therapeutically significant differ-
ences in the sequence of events linking ischemia to degeneration
of CALl versus CA3 neurons, we used the same paradigm to ex-
amine the contribution of Zn*" and Ca** in acute ischemic
degeneration of CA3 neurons. As in our prior studies, single neu-
rons in acute slices were coloaded with membrane impermeable
forms of the high-affinity Zn*" indicator FluoZin-3 (Ky ~15 nm)
and the low-affinity ratiometric Ca®* indicator Fura-FF (K,
~5.5 uM) via a patch pipette and the slices were subjected to
OGD as described previously (Medvedeva et al., 2009; Medve-
deva and Weiss, 2014; see Materials and Methods) while moni-
toring changes in cytosolic Zn*" (as AF/F,) and Ca*" (as 340/
380 ratio). We found that, as in CA1, Zn>" rises preceded Ca*"
deregulation events in CA3 (Fig. 1A, B).

To confirm that the Ca** deregulations were terminal events
in CA3, other neurons were coloaded with the low-affinity Ca*"
indicator Fura-FF, along with the ion-insensitive fluorescent
compound Alexa Fluor-488. As in CA1 (Medvedeva et al., 2009),
Ca** deregulation was always accompanied by the onset of a
dramatic loss of Alexa Fluor-488 fluorescence in the absence of
any recovery of the cytosolic Ca", indicating a terminal loss of
membrane integrity (Randall and Thayer, 1992; Vander Jagt et
al., 2008; Fig. 1A). Furthermore, the Ca** deregulation in CA3
pyramidal neurons was delayed by Zn>" chelation (with TPEN,
40 uM) to a similar degree as in CA1 (Fig. 1C), indicating that

Figure 4.

tin:llg (min)2

0 0 10 20
time (min)

MT-1Il deletion substantially eliminates the Zn2* contribution to acute 0GD-induced injury in CA1 (but not CA3)
pyramidal neurons. CA1 and CA3 neurons in slices from MT-III KO mice were loaded with Fura-FF and FluoZin-3 and subjected to
0GD alone (black) or with either TPEN (40 pum) or MK-801-+ nimodipine (MK/Nim, each at 10 wum) as indicated (blue). Traces
(= SEM; aligned for the onset of Ca™ derequlation) show mean Fura-FF ratio changes. A, In the absence of MT-lIl, the protective
effects of TPEN persist in CA3 (left) but are eliminated in CAT (right) (CA3: control: 10.2 == 0.7 min,n = 8, TPEN: 13.6 = 0.7 min,
n=28,p=3.7 %103 CAl:control: 11.6 == 0.7min,n = 9, TPEN: 12.0 == 0.8 min,n = 7,p = 0.76). B, Inthe absence of MT-Ill,
NMDA- and VG(C-mediated excitotoxicity contributes substantially to 0GD-evoked Ca* deregulation in both CA3 and (A1
pyramidal neurons (CA3: control: 10.2 = 0.7 min, n = 8, MK/Nim: 17.2 + 1.2min,n = 7,p = 5.2 X 10 ~* (A1: control: 13.0 +
0.7 min, n = 9, MK/Nim: 20.4 = 0.7 min, n = 10,p = 3.1 X 10 ~7; the MK/Nim-induced delay in Ca>* deregulation was not
different between CA3 and CA1, p = 0.78, ANOVA linear contrast).

7Zn** contributes to the onset of this terminal event in both
subfields.

‘Excitotoxicity’ contributes to OGD-induced degeneration in
both CA3 and CA1 pyramidal neurons

Most studies of acute excitotoxicity have focused upon the con-
tribution of rapid Ca** entry through highly Ca**-permeable
NMDA-receptor-gated channels. Ca*>* can also enter depolar-
ized neurons via voltage-gated Ca*”" channels (VGCCs). To as-
sess the contribution of these Ca*" entry routes to OGD induced
degeneration, we tested effects of the NMDA blocker MK-801
alone or in the additional presence of the VGCC blocker nimo-
dipine (each at 10 uM added 10 min before start of OGD). Each of
these treatments delayed Ca** deregulation in both CA3 and
CA1 neurons. Interestingly, each of these treatments provided
significantly greater protection in CA3 than in CA1l, suggesting a
greater acute excitotoxic contribution to ischemic injury in CA3
(Fig. 2), possibly consistent with the greater susceptibility of CA3
neurons to recurrent limbic seizures.

Critical contribution of Zn>* entry through Ca-AMPA to
acute OGD injury in CA3

AMPA-type glutamate receptors, which mediate most rapid ex-
citatory neurotransmission, are tetramers composed of com-
binations of four subunits (GluA1-4). Whereas most AMPA
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Figure 5.  Sublethal OGD evokes delayed mitochondrial Zn?* accumulation in CA1, but not in CA3 pyramidal neurons. A-C, Individual CAT and CA3 neurons in slices from wild-type mice were
loaded with Fura-FF and FluoZin-3, subjected to sublethal episodes of 0GD (~7-10 min, 0GD terminated ~ 1 min after the initial cytosolic Zn > *rise) and cytosolic Zn>* (monitored as FluoZin-3
AF/Fy), and followed for an additional hour without (A) or with (B, €) the delayed addition of FCCP (2 um X 5 min, as indicated). Pseudocolor images show FluoZin-3 fluorescence in single
representative neurons at the indicated times after the start of 0GD (in minutes), and traces (FluoZin-3 AF/F,, blue; Fura-FF ratio, black) show time course of changes in the same neurons (mean start
times of the initial 0GD-evoked Zn " rise were as follows: A: 8.0 = 0.8 min, n = 5;B:7.7 = 0.75min,n = 7;and C: 7.2 = 0.38 min, n = 8 neurons). A, Cytosolic Zn " rise and slow recovery in
(AT neurons after sublethal OGD. Note the further rise after the termination of 0GD followed by a slow recovery of cytosolic Zn " over the ~30 min after the OGD (trace representative of n = 5).
B, C, Administration of FCCP 55— 60 min after 0GD termination evoked large cytosolicZn ™ risesin CA1 but notin CA3 neurons (mean FCCP elicited Zn > rises at 55— 60 min: CA1: 75 + 21.9%,n =
7;(A3:8.75 + 7.4%,n = 8,p = 3.5 X 10 —*). D, E, Substantial recovery of mitochondrial potential (AW,,) in both CA1 and CA3 pyramidal neurons after sublethal OGD. Slices were bath loaded
with Rhod123 and subjected to sublethal (9 min) 0GD followed after ~50 min by FCCP application as indicated. Traces (from representative single neurons) demonstrate changes in Rhod123
fluorescence relative to the pre-0GD baseline (AF,,,). However, because slow dye loss from the slices after 0GD attenuated ahsolute AF rises, for quantitative comparisons of magnitudes of AF
changes (reflecting the degree of A'm loss triggered by 0GD vs that triggered by FCCP), responses were renormalized to the 3 min just before the addition of FCCP (AFe cp; red; CAT: AFq, 63

5.7%, AFrecp 58.7 + 5.2%, AFrccp/ AFgep 098 = 0.14,1 = 6; CA3: AFogp 56 = 3.5%, AFrccp 56 = 10%, AFrcp/AFoep1.02 + 0.19,n = 7;p = 0.88).

channels are Ca*>* impermeable, those lacking the GluA2 subunit
are Ca®" permeable (Ca-AMPA channels; Hollmann et al., 1991;
Verdoorn et al.,, 1991). Although it was originally thought that
pyramidal neurons express few Ca-AMPA channels, it later be-
came apparent that they are present at variable levels on many
pyramidal neurons and may be found preferentially in dendritic
membranes adjacent to sites of presynaptic glutamate release
(Lerma et al., 1994; Yin et al., 1999; Ogoshi and Weiss, 2003). In
addition to being Ca*" permeable, these channels, unlike NMDA
channels, are also highly permeable to Zn** (Yin and Weiss,
1995; Sensi et al., 1999; Jia et al., 2002) and are likely important
routes for the entry of synaptically released Zn** into postsynap-
tic neurons (Yin et al., 2002; Noh et al., 2005).

To block these channels, we used the selective Ca-AMPA
channel blocker NASPM, a synthetic analog of joro spider toxin
(Koike et al., 1997; Yin et al., 2002; Noh et al., 2005). Whereas
NASPM (100 um added 10 min before start of OGD) delayed
Ca** deregulation in CA3 pyramidal neurons significantly, it had
no effect on the time of Ca®" deregulation in CA1 (Fig. 3A).
However, because Ca-AMPA channels are permeable to Ca** as
well as Zn**, we wondered whether inhibition of Ca** or Zn**
entry was the more important factor in the protective effects of
NASPM in CA3. To determine whether the protection provided
by NASPM was due to specific blockade of Zn>* entry through
Ca-AMPA channels, we made use of mice lacking the vesicular
Zn>" transporter ZnT3, which are also completely lacking in

presynaptic vesicular Zn>" (Cole et al., 1999). In slices prepared
from ZnT3 knock-out mice (ZnT3 KOs), OGD still triggered
Zn*" rises and subsequent Ca*>" deregulation (data not shown),
much as we observed in WT. However, the previously observed
protective effects of NASPM, as well as of the Zn?" chelator
TPEN, were entirely absent in CA3 neurons of the ZnT3 KOs,
strongly arguing that the beneficial effect of NASPM in slices
prepared from WT mice was largely due to antagonism of the
passage of synaptically released Zn>" through Ca-AMPA chan-
nels (Fig. 3B). In contrast to the absence of protective effect of
TPEN in ZnT3 KOs in CA3, TPEN was still substantially pro-
tective in CAl, suggesting that the sources of the Zn>" that
contribute to acute OGD-induced injury differ between these
hippocampal subzones.

Zn”"* mobilization from MT-III contributes to OGD-induced
degeneration of CA1 neurons

Observations that Zn>" is stored in presynaptic vesicles and un-
dergoes activity-dependent release and that loss of presynaptic
Zn>" occurs concomitantly with Zn>" accumulation in degen-
erating postsynaptic neurons after ischemia or prolonged sei-
zures led to the expectation that Zn>* “translocation” accounted
for the injurious Zn** accumulation noted to occur in these
conditions (Frederickson et al., 1989; Frederickson, 1989; Tonder
etal., 1990; Koh et al., 1996). However, using ZnT3 KO mice, the
surprising observation was made that, rather than the expected
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Figure 6.  Delayed mitochondrial Zn>* uptake in CA1 pyramidal neurons is substantially
attenuated by MCU inhibition shortly after 0GD or by deletion of MT-IIl. CAT neurons were
coloaded with FluoZin-3 and Fura-FF and subjected to sublethal 0GD, followed, after 55— 60
min (4, €) or ~70min (B), by the addition of FCCP (2 um X 5 min). Traces show the time course
of changes in FluoZin-3 AF/F, (blue) and Fura-FF ratio (black) in representative neurons (mean
start times of the initial 0GD-evoked Zn2" rise were as follows: 4: 7.6 = 0.6 min,n = 7; B:
7.0 = 0.4min,n = 6;C:7.1 = 0.3min,n = 10).A, B, MCUinhibition only blocks mitochondrial
In** uptake when applied shortly after 0GD, while cytosolic Zn " is elevated. RR (10 v for
15 min) was applied ~7—-10 min (A) or ~35—40 min (B) after 0GD (traces show representa-
tive single neurons), followed by application of FCCP as indicated. Note the absence of FCCP-
elicited Zn2™" rise with early application of RR, while cytosolic In?" was still elevated (A), in
contrast to the strong FCCP-elicited Zn 2" rise with later application of RR (B). Also note the
small intracellular Zn > rise triggered by late RR application, most likely resulting from block-
ageofongoing Zn 2™ uptake into mitochondria at this late time point (arrow; seenin 6 of 6 cells
examined; mean FCCP-elicited Zn2™ rises, as FluoZin-3 AHF:A:63 = 42%,n=17,p =
1.7 X 10 ~3; B:68 = 18.3%, n = 6, p = 0.8; both comparisons with the rise in control, 75 +
21.9%, from Fig. 5B). €, Diminished delayed mitochondrial Zn 2+ accumulation in CA1 pyrami-
dal neurons of MT-IIl KO mice. Hippocampal neurons from MT3 mice were loaded with indica-
tors and subjected to sublethal 0GD, followed by application of FCCP as in Figure 58. Note
the paucity of Zn > rise triggered by FCCP exposure compared with that seen in WT mice
(FluoZin-3 AF/F:20.7 = 8%, n = 10). D, Summary data: Delayed mitochondrial In%*
uptake as a function of treatment. Bars indicate mean FCCP-evoked Zn 2™ rises (normal-
ized to the pre-FCCP baseline, Afycp) after sublethal 0GD under the conditions
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decreases, Zn>" accumulation and damage to CA1 pyramidal
neurons were actually increased (Lee et al., 2000). A subsequent
study using MT-II1 KOs and double MT-I11/ZnT3 KOs suggested
that much of the delayed Zn** accumulation seen after pro-
longed seizures in CA1 pyramidal neurons of ZnT-3 KOs was due
to Zn>" mobilization from MT-III (Lee et al., 2003).

To assess the contributions of MT-III-bound Zn>" to acute
OGD-induced degeneration, we used slices from MT-III KO mice.
In these slices, OGD still triggered Zn>* rises and subsequent Ca*"
deregulation (data not shown), much as in both WT and ZnT3 KOs.
Whereas Zn>" chelation with TPEN delayed Ca>" deregulation in
CA3 pyramidal neurons (much as in WT; Fig. 1), the protective
effects of TPEN were absent in CA1 neurons of the MT-III KOs (Fig.
4A). This strongly suggests that the Zn>" contribution to acute
OGD-induced degeneration of CA1 (but not CA3) neurons is me-
diated largely by Zn>* mobilization from MT-III. Despite the lack of
substantial Zn>* contribution to CA1 damage in these mice, Ca*"
entry blockers had protective effects in the MT-III KOs similar to
those seen in WT slices in both CA1 and CA3 (Fig. 4B).

Protracted mitochondrial Zn>* accumulation after sublethal
OGD in CA1 but not in CA3 neurons

Whereas above studies highlighted distinct sources of the Zn**
contributing to acute ischemic damage in CA1 versus CA3 pyra-
midal neurons, we next sought to examine clues to possible dif-
ferences in targets or effects of the Zn>" after the acute ischemic
episode that might help to explain the differential vulnerabilities
of CA1 and CA3 neurons in disease conditions. To this aim, we
performed OGD of durations just short of those that induced
acute Ca®" deregulation and cell death, terminating OGD ~1
min after the onset of the cytosolic Zn>" rise (which generally
occurred between 6 and 9 min), and monitored cytosolic Ca*"
and Zn** for an additional 60—80 min. Under these conditions,
cytosolic Zn>" rises persisted for ~10-30 min after OGD, fol-
lowed by recovery over ~40—60 min.

There are several reasons to suspect that mitochondria are
important targets for deleterious effects of cytosolic Zn** accumu-
lation (reviewed in the Discussion). To assess mitochondrial Zn>*
accumulation after sublethal OGD exposures, we used the mito-
chondrial uncoupler FCCP (2 uM, 5 min), which dissipates the pro-
ton gradient across the inner mitochondrial membrane, resulting in
rapid mitochondrial depolarization (loss of AW, ) and release of the
Zn*" already present in mitochondria (Sensi et al., 2000; Sensi et al.,
2002; Medvedeva et al., 2009; Clausen et al., 2013). Application of
FCCP 55-60 min after the end of the OGD episode resulted in a
sharp cytosolic Zn*" rise in CA1 neurons, presumably due to the
release of Zn>" that had become sequestered in the mitochondria.
However, Zn*" responses to identical delayed FCCP treatments
were almost absent in CA3 (Fig. 5A—C). One possible explanation for
the absence of a cytosolic Zn>" response to FCCP in CA3 could be
that the mitochondria were already fully depolarized at that time and
could not sequester Zn>*. To test this, we used the AW, sensitive
indicator Rhod123 to compare AW, between CAl and CA3; an
increase in fluorescence of this indicator is indicative of loss of AW .
When added 50 min after the end of the OGD, FCCP triggered
similar sharp increases in Rhod123 fluorescence (as AF/F,) in both
CAl and CA3 neurons, indicating a similar magnitude of AW¥, at

<«

indicated. *p < 0.01 versus CA1 control; (p-values vs CA1 control are as indicated above: CA1
earlyRR:p = 1.7 X 10 —3;CATlate RR: p = 0.8; CA3:p = 3.5 X 10 3 #for CATMT-Il KO, we
elect not to display a p-value because of the strain difference).
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ered. With this treatment, subsequent
FCCP (15 min after washout of the RR)
did result in a large cytosolic Zn>" rise
(Fig. 6B). The simplest explanation for
this observation is that the RR treatment
at this later time point largely failed to pre-
vent mitochondrial Zn*" accumulation
because considerable Zn>" had already
entered the mitochondria, remaining se-
questered within them at the time of the
FCCP exposure. Notably, however, this
delayed RR application caused a small in-
crease in cytosolic Zn?"* (Fig. 6B, arrow,
evident in all six cells examined), support-
ing the idea that free Zn>* accumulation
in the cytosol and its uptake into mito-
% chondria was still ongoing at the indicated
time (~40 min after OGD). Finally, to test
the contribution of Zn>" mobilization from
MT-III to this delayed mitochondrial Zn>*
accumulation, we performed an identical
sublethal OGD exposure in slices from MT-
[T KOs. Interestingly, despite the absence of
MT-IIL, we still saw cytosolic 7Zn>" rises that
persisted for a period of 10—20 min after the
end of the OGD. However, upon delayed
application of FCCP, cytosolic Zn*" rises
were considerably less than in WT (Fig. 6C).

Mitochondrial swelling after OGD in
CA1 pyramidal neurons is attenuated
by MCU blockade

Figure7.  Mitochondrial swelling after OGD in CA1 pyramidal neurons is attenuated by MCU blockade. Brain slices were subjected to
sham wash in oxygenated medium (control) or were subjected to 8.5 min OGD either alone or with RR (10 wum, applied 10 min after
termination of the 0GD for 15 min). One hour after the end of the 0GD, slices were fixed (with 4% PFA) and processed forimmunostaining
with TOM20 antibody. Top, Appearance of mitochondrial swelling. Representative merged images show the bright-field appearance of
pyramidal neurons in the CA1 region overlaid with confocal fluorescence images of TOM-20-labeled mitochondria. Scale bar, 10 wm.
Bottom, Quantitative measurements. Left, Mitochondrial measurements (length and width; obtained using ImageJ software, see Materials
and Methods) after the indicated treatment. Graphs display mean values from 3—5 independently treated hippocampal slices comprising
=18 neurons each condition and with 107 mitochondria measured in control (144 in 0GD; 190in 0GD + RR; see Materials and Methods;
length of control 1.4 = 0.047 um, 0GD 0.8 = 0.032 um, p = 2.0 X 10 ~*vs control; 0GD + RR 1.0 = 0.062 wm, p =8 X 10 >vs
control, p = 0.04 vs 0GD; width: control 0.49 = 0.007 um, 0GD 0.64 = 0.045 m, p = 0.03 vs control; 0GD + RR0.55 == 0.024 um,
p = 0.09vs control, p = 0.1vs 0GD). Right, Mean L/W ratios observed after each treatment (based on the same data; control 2.9 0.1,
0GD1.4 % 0.11,p = 19X 10 ~“*vscontrol;0GD + RR2.0 £ 0.17,p = 7.9 X 10 ~>vscontrol,p = 0.03 vs 0GD). Note that OGD caused
a “rounding up” of mitochondria, with a decrease in length and increase in width, and that this change was attenuated by delayed

Finally, to examine a possible conse-
quence of the mitochondrial Zn** uptake
in CAl, we used confocal imaging to as-
sess changes in mitochondrial morphol-
ogy ~1 h after sublethal OGD. Slices were
exposed either to sham wash in oxygen-
ated medium (as a control) or to a sub-
lethal (~8.5 min) episode of OGD either
alone or with RR applied 10 min after the
end of the OGD for 15 min (as in Fig. 6A,
top). One hour after OGD, slices were

treatment with RR. *p << 0.05; **p << 0.01; ***p << 0.001.

this time point (Fig. 5D, E). Therefore, the paucity of delayed mito-
chondrial Zn*" uptake in CA3 does not appear to be explained by
greater or more persistent loss of AW, | in these neurons.

Zn** accumulation in CA1 mitochondria during
‘reperfusion’ reflects mobilization from MT-III

We next used the MCU blocker RR (Moore, 1971; Medvedeva
and Weiss, 2014) to elicit clues as to the time frame during which
Zn** accumulates in the CA1 mitochondria (Fig. 6). When RR
was applied for 15 min starting 7-10 min after the end of the
OGD (while cytosolic Zn>* levels were still markedly elevated),
application of FCCP 30 min later failed to elicit a Zn>" rise (Fig.
6A), supporting the hypothesis that much of the Zn** may have
entered the mitochondria during this period of elevated cytosolic
7Zn?". As a test of this idea, we also examined the effect of RR
application at a later time point (starting ~30—40 min after the
end of the OGD), when cytosolic Zn>" rises had largely recov-

fixed and immunolabeled with antibody
for the mitochondrial outer membrane
marker TOM20. Slices were examined
under confocal microscopy (1000X) and images were obtained
in the CA1 pyramidal layer (Fig. 7, top). For quantitative assess-
ment, images were adjusted using Image]J software to discriminate
mitochondrial borders from background optimally and perinuclear
regions were cropped from images and coded for blinded measure-
ment of mitochondrial lengths and widths (see Materials and Meth-
ods). We found that OGD caused a marked “rounding up” of the
mitochondria, with substantial decreases in their mean lengths, in-
creases in their widths, and decreased length/width (L/W) ratios. We
further found that delayed application of RR attenuated this effect,
yielding an intermediate L/W ratio (Fig. 7, bottom).

Discussion

Distinct ‘pools’ contribute to injurious hippocampal Zn>**
accumulation in vivo

Despite high (>100 M) levels of Zn > in the brain, under resting
conditions, it is almost all sequestered, such that free levels are
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very low (generally <1 nwm; Frederickson,
1989). One major site of Zn>* sequestra-
tion is in synaptic vesicles, where it is
stored via action of the vesicular Zn>*
transporter ZnT3 (Cole et al., 1999) and
undergoes activity-dependent release (As-
saf and Chung, 1984; Howell et al., 1984).
Observations of Zn>* accumulation in
injured and degenerating neurons after
prolonged seizures or ischemia (Freder-
ickson et al., 1989; Tender et al., 1990) led
to the proposition that “Zn** transloca-
tion” across the synapse might contribute
critically to the associated neurode-
generation. The link between Zn>* accu-
mulation and neurodegeneration was
strengthened markedly by observations
that the extracellular Zn>* chelator Ca-
EDTA was highly protective in ischemia
(Koh et al., 1996; Calderone et al., 2004).
Studies of Zn>" entry routes indicated
permeation through VGCC, with particu-
lar rapidity through Ca-AMPA channels
(Weiss et al., 1993; Yin and Weiss, 1995;
Sensi et al., 1999; Jia et al., 2002). Indeed,
Zn** entry through Ca-AMPA channels
appears to contribute to ischemic injury
both acutely and at delayed time points
after transient ischemia, after numbers of
these channels have been upregulated
(Yin et al., 2002; Noh et al., 2005).

The generation of ZnT3 KO mice pro-
vided a model to examine directly the
specific contribution of synaptic Zn>" re-
lease in neurodegeneration (Cole et al.,
1999). Surprisingly, ZnT3 knock-out ac-
tually increased the delayed Zn*" accu-
mulation and neuronal injury occurring
after prolonged kainate seizures in CAl
neurons (while modestly decreasing them
in CA3; Lee et al,, 2000). It subsequently
became apparent that another important
Zn** pool is that which is bound to
Zn**-buffering proteins such as MTs
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Figure 8.  Schematic model showing possible acute and early “reperfusion” events after sublethal ischemia in CA1 pyramidal

neurons. Traces show representative FluoZin-3 changes from a single neuron and Rhod123 changes from the CA1 pyramidal cell
layer of a different slice. (1) Early 0GD: Zn 2™ (circles) and glutamate (triangles) are released from presynaptic terminals. Zn2* and
Ca*™* enter postsynaptic neurons via glutamate activated (Ca-AMPA and NMDA) channels and VGCC. Zn ™ is also mobilized from
MT-1ll as a result of ischemia-associated oxidative stress and acidosis. Intracellular Zn > and Ca* are taken up by mitochondria
(via the MCU). Mitochondrial dysfunction including ROS generation will promote further Zn* mobilization, resulting in a feed-
forward cascade of mitochondrial dysfunctionand Zn >* accumulation. This uptake causes early mitochondrial depolarization (loss
of AW ), which precedes the sharp cytosolic Zn 2% rise. (2) Later during OGD, after some threshold of mitochondrial Zn2™* and
Ca®" accumulation, mitochondria strongly depolarize (loss of AW, ) and the Zn>* and Ca* sequestered within them are
released back into the cytosol. At this point, the oxidative and acidotic environment combined with mitochondrial dysfunction will
impair both the buffering of Zn2* by MT-lll and cellular extrusion of Ca>* and Zn**, impeding recovery of ionic homeostasis. In
the absence of prompt reperfusion, severe cytosolic Ca™ deregulation and rapid cell death ensues. (3) “Reperfusion” after
sublethal OGD: if reperfusion with restoration of 0, and glucose occurs before the onset of Ca2* deregulation, then mitochondria
can begin to recover function and AW .. With recovery of AW, (along with oxidative environment possibly worsened by
reperfusion), cytosolic Zn 2™ is taken back up into mitochondria, where it can remain sequestered for extended periods of time
(likely hours; Sensi et al., 2002; Bonanni et al., 2006) and can impair their function (likely synergistically with Ca**; Sensi et l.,
2000; Jiang etal., 2001). Depending upon the extent of Zn > uptake, mitochondria might gradually recover their normal function
ormay undergo delayed dysfunction comprising ROS production and opening of the mPTP, with the release of cytochrome C (Cy()
and other apoptotic mediators, contributing to delayed cell death. Such a mechanism is compatible with findings of preferential
delayed mitochondrial dysfunction with CyC release in CA1 pyramidal neurons after transient ischemia (Nakatsuka et al., 1999;
Sugawara et al., 1999).

channels dominating in CA3 and rapid and ongoing mobilization

(MT-III being the primary isoform in neurons). Studies in neu-
ronal culture revealed that strong Zn** mobilization from these
proteins in the absence of any extracellular Zn>" entry could
trigger Zn>*-dependent neuronal injury (Aizenman et al., 2000;
Bossy-Wetzel et al., 2004), and also indicated that, depending
upon conditions, MT-III could either provide a source of Zn>"
that could injure neurons upon mobilization or a buffer that
could provide protection from cytosolic Zn** loads (Malaiyandi
etal., 2004). The generation of MT-IIT KOs provided a model to
examine directly its roles in vivo (Erickson et al., 1997). Interest-
ingly, MT-III appeared to act in both of these ways, with the
knock-out decreasing Zn>* accumulation and injury in CA1
while increasing injury in CA3 after prolonged kainate seizure,
consistent with its being a source of injurious Zn>* in CA1, but
buffering incoming Zn>* loads to provide protection in CA3
(Erickson et al., 1997; Lee et al., 2003). Present studies extend
these in vivo studies by revealing distinct sources and dynamics of
injurious Zn>" accumulation in CA1 and CA3 neurons in acute
ischemic injury with acute entry of synaptic Zn>" via Ca-AMPA

from MT-III appearing to dominate in CAl.

Mitochondria as critical targets of injurious Zn** effects
Whereas past studies have highlighted several mechanisms
through which 7Zn?" mediates neurotoxic effects, we and others
have found Zn*" to disrupt mitochondrial function potently in
vitro (Weiss et al., 2000; Dineley et al., 2003; Shuttleworth and
Weiss, 2011), causing dose-dependent mitochondrial dysfunc-
tion that correlates well with the extent of injury evolving over the
subsequent hours, leading us to hypothesize that mitochondria
may be a key locus of its neurotoxic effects. Zn>" appears to enter
the mitochondria through the MCU (Saris and Niva, 1994; Jiang
et al., 2001; Malaiyandi et al., 2005; Gazaryan et al., 2007; Med-
vedeva and Weiss, 2014) and to affect their function with far
greater potency than Ca’", causing mitochondrial depolariza-
tion, ROS generation, and potent induction of swelling, probably
due to activation of a large conductance channel, the mitochon-
drial permeability transition pore (mPTP; Wudarczyk et al.,
1999; Jiang et al., 2001; Gazaryan et al., 2007).



Medvedeva et al. e Zn>* and Ischemic Injury to CAT and CA3 Neurons

Despite the high potency of its effects on isolated mitochon-
dria, relatively high extracellular Zn>" exposures are needed to
disrupt mitochondrial function potently in intact neurons under
resting conditions, raising questions as to the degree of mito-
chondrial dysfunction and injury likely to be triggered by pre-
synaptic Zn>" release and its translocation into postsynaptic
neurons (Pivovarova et al., 2014). However, cytosolic buffering
(by MTs or related peptides) is normally highly protective from
cytosolic Zn>" loads and, under disease-associated conditions of
oxidative stress and/or acidosis, buffering is impaired and mito-
chondrial Zn** uptake and disruption of function can occur
with far lower levels or even in the absence of extracellular Zn>"
(Sensi et al., 2003; Clausen et al., 2013). Indeed, intracellular
mobilization and accumulation of endogenous Zn>* can affect
mitochondrial function both in neuronal cultures (Sensi et al.,
2003; Bossy-Wetzel et al., 2004), and in postischemic hippocam-
pus (Calderone et al., 2004; Bonanni et al., 2006). Furthermore,
our recent slice studies strongly support the idea that specific
entry of endogenous Zn>* into mitochondria through the MCU
contributes to ROS generation and injury during acute OGD
(Medvedeva and Weiss, 2014).

Notably, mitochondria seem to be critically involved in the
delayed selective degeneration of CA1 pyramidal neurons after
transient ischemia. These neurons show mitochondrial swelling
with release of cytochrome C into the cytosol beginning within
hours of ischemia, before caspase-3 activation and with the ap-
pearance of TUNEL-positive cells and neurodegeneration with
prominent DNA fragmentation occurring over several days (An-
tonawich, 1999; Nakatsuka et al., 1999; Ouyang et al., 1999; Sug-
awara et al., 1999). In addition, early treatment with either the
7Zn** chelator Ca-EDTA (Calderone et al., 2004) or the mPTP
blocker cyclosporine A (CsA; Nakatsuka et al., 1999) decreased
delayed cytochrome C release in CA1 neurons after ischemia,
supporting contributory roles of Zn>" and the mPTP to the ac-
tivation of this apoptotic pathway. In light of the potent effects of
Zn*"* on mitochondria, we propose that the protracted Zn**
accumulation that we found here to occur selectively in mito-
chondria of CA1 neurons represents a critical early and targetable
event in the cascade of events culminating in the delayed selective
degeneration of CA1 neurons.

Summary and therapeutic implications

Whereas in vivo studies have examined Zn>" effects on outcome
hours to days after the ischemic event, its contributions to the
initiation of death cascades have been relatively little studied. The
present study used an acute hippocampal slice model of ischemia,
which provides the benefit of enabling real-time high-resolution
tracking of changes to assess differences in Ca**- and Zn*"-
dependent excitotoxic triggering events between CAl and CA3
pyramidal neurons that may bear upon their differential suscep-
tibilities. Our findings suggest that rapid excitotoxic Ca®" and
Zn>" entry may dominate in CA3, possibly consistent with the
particular susceptibility of these neurons after recurrent limbic
seizures, which are characterized by repetitive firing of Zn>" rich
mossy fiber terminals. However, in the case of a sublethal insult,
CA3 neurons may be better able to recover ionic homeostasis. In
contrast to the dominant role of acute Zn*" translocation
through Ca-AMPA channels in CA3, Zn®" mobilization from
MT-IIT appears to dominate in CA1. Notably, mobilization from
MT-III also appears to underlie ongoing Zn** accumulation in
CA1 mitochondria during the “reperfusion” phase, well after the
end of sublethal episodes of OGD. We suggest that this ongoing
Zn** accumulation in CA1 mitochondria is integral to the de-
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layed activation of apoptotic injury in CA1, with sequential oc-
currence of ROS generation, mitochondrial swelling due to
mPTP activation, cytochrome C release, and caspase activation
contributing to delayed cell death.

Elucidation of these early excitotoxic events in CAl versus
CA3 pyramidal neurons may have therapeutic implications. In
the case of acute neuronal injury resulting from prolonged sei-
zures or ischemia, anti-excitotoxic interventions, including spe-
cific blockage of Ca-AMPA channels, may be of particular utility
in CA3. In contrast, whereas acute excitotoxic ion entry certainly
contributes in CAl, interventions aiming to attenuate Zn>" ac-
cumulation in mitochondria (and downstream consequences
thereof) may be of particular value both acutely and after sub-
lethal insults to diminish delayed injury. Potential interventions
could include MCU blockers to attenuate delayed mitochondrial
Zn** accumulation (although, depending upon conditions, they
also have potential to exacerbate cytosolic Ca** loading; Velasco
and Tapia, 2000; Medvedeva and Weiss, 2014), antioxidants
(which may attenuate oxidation dependent Zn>" release from
MT-III), or mPTP blockers such as CsA that should attenuate
downstream mPTP activation (Uchino et al., 1998; Nakatsuka et
al., 1999; Friberg and Wieloch, 2002). Indeed, in light of the
complexity of the events leading to delayed degeneration, it is
likely that no single intervention will be optimal, but that combi-
nations of interventions, likely delivered in distinct temporal
phases of the injury cascade, will provide the best outcome. We
hope that further clarification of early Zn>*-related events in
CA1 versus CA3 pyramidal neurons in a model of ischemia will
ultimately aid the development of targeted treatments to dimin-
ish injury to these vulnerable neuronal populations after isch-
emia or recurrent seizures.

Notes

Supplemental material for this article is available at https://doi.org/10.
5281/zenodo.168248. The posted data provide the control characteriza-
tion of the OGD-triggered occurrences of cytosolic Zn?* rises and ter-
minal Ca®" deregulation events in individual CAl and CA3 pyramidal
neurons in acute hippocampal slices of MT-III knock-out mice (004649-
129S7-Mt3tm1Rpa/J; Jackson Laboratory) and ZnT3 knock-out mice
(005064-B6;129-Slc30a3tm1Rpa/J; Jackson Laboratory) that are used in
these studies. This material has not been peer reviewed.
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