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(x = 1) between nearby individuals of the same
species—will then influence the shape of the
abundance distribution in larger patches in a
testable manner. Nevertheless, an abundance
distribution skewed toward rarity relative to the
lognormal still results as long as the curvature
in z(7) is not extreme. Secondly, ecosystems are
heterogeneous with respect to habitat quality,
and thus quantities like S(4,) and P(n) depend
on which patch of area A4, is censused. More-
over, the minimum area per individual (4,,) will
differ among species and among individuals in
a species and thus can be defined only statisti-
cally (especially for motile organisms). Thus all
statements we have made about the number of
species, or the number of individuals within a
particular species, in a patch of area 4 refer to
the average over all the nonoverlapping patches
of area 4 that comprise the system.

We have demonstrated that self-similarity
theory provides an overarching framework
within which empirically supported patterns
in ecology are unified, new and plausible
results are derived, and the connection be-
tween the SAR and the lognormal abundance
distribution is questioned. Because our recur-
sion relation for the species-abundance distri-
bution is derived under the assumption of
self-similarity, it may be more widely appli-
cable to other spatial arrays of types of ob-
jects or to the distribution of energy fluctua-
tions in turbulent media (25).
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NMDA Receptor-Mediated K*
Efflux and Neuronal Apoptosis

S. P. Yu,* C.-H. Yeh,* U. Strasser, M. Tian, D. W. Choif

Neuronal death induced by activating N-methyl-D-aspartate (NMDA) receptors
has been linked to Ca?* and Na™ influx through associated channels. Whole-cell
recording from cultured mouse cortical neurons revealed a NMDA-evoked
outward current, /pa Carried by K efflux at membrane potentials positive
to —86 millivolts. Cortical neurons exposed to NMDA in medium containing
reduced Na* and Ca®* (as found in ischemic brain tissue) lost substantial
intracellular K* and underwent apoptosis. Both K™ loss and apoptosis were
attenuated by increasing extracellular K*, even when voltage-gated Ca?* chan-
nels were blocked. Thus NMDA receptor-mediated K™ efflux may contribute to

neuronal apoptosis after brain ischemia.

N-methyl-D-aspartate (NMDA) receptor—gated
channels are permeable to Ca®*, Na*, and K™
(I). NMDA receptor-mediated Na* and Ca?*
influx participates in synaptic transmission (2,
3) and excitotoxicity (4). In contrast, NMDA
receptor-mediated K™ efflux has received little
scrutiny, and its functional significance in either
normal or abnormal states has not been defined.
Stimulating NMDA receptors can induce cen-
tral neuronal apoptosis (5, 6), and loss of cel-
lular K may be a key step in caspase activa-
tion (7) and programmed cell death (8, 9). We
set out to test the hypothesis that NMDA recep-
tor-mediated K™ efflux might promote neuro-
nal apoptosis.

To detect K* efflux through NMDA re-
ceptor channels, the membrane current trig-
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Department of Neurology, Washington University
School of Medicine, St. Louis, MO 63110, USA.
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gered by NMDA was recorded in mouse
cortical neurons by means of patch clamp
whole-cell recording in an extracellular solu-
tion where Ca?* and Na™ were replaced by
the impermeable cation N-methyl-D-glu-
tamine (NMG) (10). At the membrane poten-
tial of —60 mV, where NMDA normally
evokes inward currents in bathing solutions
containing physiological concentrations of
Na* and Ca?*, application of 200 pM
NMDA plus 10 uM glycine induced an out-
ward current, designated here as L, ;p x> Of
33 = 6 pA (mean = SEM, n = 11 cells; Fig.
1). This outward current was enlarged at de-
polarized membrane potentials, reaching
315 £ 39 pAat 0 mV (» = 11). The current-
voltage curve of LA showed slight out-
ward rectification, and the current reversed
at—86 = 4 mV (n = 8), near the calculated
K* equilibrium potential of —93 mV. The
Lgvpax Teversal potential shifted toward
more positive potentials when external K™
was increased from 3 mM to 25 mM (Fig. 1)
or when internal K™ was decreased from 120
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Fig. 1. NMDA receptor channel-mediated out-
ward current /ympak- Local application of 200
1M NMDA plus 10 uM glycine triggered out-
ward whole-cell currents in a Na*/Ca?*-free
medium (inset) (70). Raising external K* from
3 mM (n = 11 cells) to 25 mM (n = 8) shifted
the reversal potential of the current to the
right, which is consistent with K* as the charge
carrier. Error bars indicate mean + SEM.

mM to 12 mM [an inward current of 29 *
10 pA was then triggered by NMDA at —60
mV (n = 4)].

We next examined whether NMDA recep-
tor-mediated K* efflux could affect neuron
viability in mixed cortical cultures containing
neurons and glia (12 to 13 days in vitro) (1,
12). In medium containing physiological con-
centrations of Na* and Ca?*, overstimula-
tion of NMDA receptors in our cortical cul-
tures triggered neuronal necrosis character-
ized by prominent, acute, cell body swelling,
little or no DNA laddering, and insensitivity
to protein synthesis inhibition (4, /3). How-
ever, if NMDA-induced inward cation influx

A

REPORTS

was attenuated by lowering extracellular Na™
and Ca?* to 30 mM and 0.1 mM, respective-
ly (a maneuver that in itself was not toxic),
adding 100 pM NMDA plus 10 pM glycine
for 1 hour (followed by returning to control
medium plus 10 pM MK-801) produced
widespread neuronal apoptosis over the next
23 hours. This NMDA-induced apoptosis
was characterized by cell body shrinkage,
nuclear condensation, internucleosomal DNA
fragmentation, and sensitivity to protein syn-
thesis inhibition with cycloheximide (CHX)
or caspase inhibition with Z-Val-Ala-Asp-
fluoromethylketone (Z-VAD) (Fig. 2, A and
B, and Fig. 3A). Neuronal cell body shrink-
age preceded neuronal death (Fig 2C); neu-
ronal cell cross-sectional area decreased from
223.0 + 4.3 um? to 146.9 = 3.4 um? at the
end of the 1-hour NMDA exposure (a 34%
reduction, different at P < 0.01; n = 206
cells per group) and was accompanied by
substantial loss of intracellular K* (Fig. 2D)
(12). Consistent with the hypothesis that the
observed cellular K* loss and neuronal apo-
ptosis were mediated by A x> they were
blocked by the NMDA antagonist, 1 uM
MK-801 (Fig. 3A) (cellular K* content was
111 *= 7% of the control at the end of the
1-hour NMDA exposure, n = 3 assays). In-
creasing external K* from 5 to 25 mM,
which reduced K* efflux, attenuated the
NMDA-induced neuronal death. High-K*
medium may increase intracellular Ca®* be-
cause of the opening of voltage-gated Ca®*
channels upon membrane depolarization;
however, the neuroprotection by 25 mM K*

30 mM Na* Medium

was not affected when voltage-gated Ca®*
channels were blocked by addition of 5 or 10
pM gadolinium [Gd** (Fig. 3A)] (9). In-
creasing extracellular K* also blocked cellu-
lar K* loss (K* content at the end of the
NMDA treatment was 105 * 4% of the
control, n = 3) and attenuated cell body
shrinkage (the cell cross-sectional areas at the
end of the NMDA exposure were 66 + 2%
and 80 * 3% of controls in 5 and 25 mM K*
medium, respectively; P < 0.01, n = 140
cells for each group). No additive protection
was observed with the co-application of Z-
VAD and 25 mM K™* (Fig. 3A).

In cultured rat hippocampal slices, lower-
ing extracellular Na™ to 3.6 mM for 30 min
induced a 20- to 40-fold increase in extra-
cellular glutamate (/4), probably because
of a block or reversal of the Na*-dependent
high-affinity glutamate transporter on neu-
rons and astrocytes (15). We used this pro-
tocol to determine whether endogenous
glutamate release could induce NMDA re-
ceptor—mediated K* efflux and consequent
neuronal apoptosis. Mixed cultures ex-
posed for 2 hours to a medium containing 3
mM Na™* and 0.1 mM Ca?* induced shrink-
age of neuronal cell bodies, followed by
widespread neuronal apoptosis 22 hours
later (Fig. 3B), as evidenced by morpholo-
gy under electron microscopic examination
and the presence of DNA laddering on
agarose gel. The cell body shrinkage and
cell death were attenuated by addition of
one of several different NMDA antagonists
or by the raising of external K* to 25 mM,

Fig. 2. NMDA-induced

R
O =
o o

Potassium content
(% of before treatment)

neuronal apoptosis, cell
body shrinkage, and cel-
lular K* loss. (A) Trans-
mission electron micro-
graphs (9) of neurons 3
hours after sham wash
or after the 100 pM
NMDA plus 10 pM
glycine exposure in
the 30 mM Na™ me-

No NMDA

+ 1 hr NMDA

1 2 3 dium (77), showing
z cell body shrinkage,
Time (hour) nuclear condensation,

and apoptotic bodies.

Scale bar, 4 um. (B) Agarose gel electrophoresis of DNA extracted from
cultures (9) after sham wash or 3 hours after NMDA exposure in the 30
mM Na™* medium, showing characterized DNA fragmentation (laddering).
(C) NMDA-induced cell body shrinkage. Mixed cortical cultures were
exposed for 1 hour in the 30 mM Na™ medium, which itself was neither
toxic nor changed the morphology of cells (sham, representative of eight
cultures), whereas adding 100 pM NMDA plus 10 pM glycine caused
marked cell body shrinkage after 1 hour of exposure (NMDA, representa-
tive of 24 cultures). Photos were focused on the maximum cell diameter
(72). Scale bar, 50 wm. (D) The cell body shrinkage was accompanied by
cellular K* loss during and after the NMDA exposure [n = 4 assays for
sham control (solid circles) and NMDA groups (open circles), respectively;
n = 7 for the NMDA group at 1 hour of exposure]. After the 1-hour NMDA

exposure, cells were returned to control medium containing 10 wM MK-801. No cell death was found at this time (n = 8 cultures) by either propidium
iodide staining or LDH release (72), although 3 hours later, about 30% cell death was detected. Co-applied MK-801 (1 M) or raising the extracellular
K™ concentration to 25 mM prevented the K™ loss. Asterisks indicate difference from controls at each time point or before treatment [P < 0.01,

one-way analysis of variance (ANOVA)].
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Fig. 3. NMDA- and endogenous glutamate—
induced neuronal apoptosis. (A) Neuronal apo-
ptosis triggered by exogenously added NMDA.
Mixed cortical cultures were exposed for 1 hour
to 100 uM NMDA in the low-Na* (30 mM),
low-Ca?* (0.1 mM) medium and then returned
to control medium containing 10 uM MK-801.
Cell death was assayed by LDH release and cell
counts 24 hours after the onset of insult (72).
Exposure to the 30 mM Na™ solution alone for
1 hour caused no perceptible cell death.
NMDA-triggered neuronal death was attenuat-
ed by co-applied CHX (1 pg/ml) or 100 uM
Z-VAD or by raising extracellular K* to 25 mM.
The 25 mM K* effect was not affected by
adding the Ca?* channel antagonist Gd3* (5 or
10 pM); Gd®** alone at these concentrations
had no effect on NMDA-induced apoptosis [n =
4 cultures (23)]. No synergy was seen when
both Z-VAD and 25 mM K™ were applied. Sim-
ilar neuronal apoptotic death was induced
when extracellular Mg?* was reduced from 2 to
1 mM (n = 12 cultures), a concentration that
precluded a NMDA receptor-mediated, Mg?*
influx-induced neuronal necrosis (24). The
CHX- and Z-VAD-insensitive residual cell death
was likely due to necrosis. (B) Neuronal apo-
ptosis triggered by endogenous glutamate. Ex-
posure for 2 hours to the bathing medium
containing 3 mM Na™ and 0.1 mM Ca?*, fol-
lowed by return to normal medium plus MK-

REPORTS

100

30 mM Na* Medium

Cell death (%)

w
8

Cell death (%)

801 (10 wM) and 6-cyano-7-nitroquinoxaline-2,3-dione (100 uM), triggered substantial neuronal
cell death 22 hours later (leftmost bar) (77). This death was largely blocked if the NMDA
antagonists MK-801 (1 uM) or D-3-(2-carboxypiperazin-4-yl-)-propyl-1-phosphonic acid (D-CPP)
(100 M) or the glycine antagonist 7-chlorokynurenate (7-CK) (100 pM) was included during the
2-hour exposure. CHX (1 pg/ml), 100 pM Z-VAD, or 25 mM K*, but not TEA (5 mM), also
attenuated neuronal death. The Ca?* channel antagonist Gd®** (5 or 10 wM) did not occlude the
protective effect by 25 mM K*. Twelve cultures were used for each test in (A) and (B). Asterisks
indicate difference from the 3 mM Na* medium alone (P < 0.01, one-way ANOVA).

but not by addition of the K* channel
blocker tetraethylammonium (TEA) (5
mM) (Fig. 3B). Endogenous glutamate-in-
duced apoptosis, sensitive to CHX, MK-
801, or Z-VAD, was also observed in near-
ly pure neuronal cultures (12 days in vitro;
n = 8 cultures for each test), although
longer exposure (24 hours) to the 3 mM
Na*™ medium was required, possibly re-
flecting the absence of glutamate export
from glial cells.

We have thus electrophysiologically iso-
lated the outward NMDA receptor-mediated
K™ current I ,\,;pa.x and demonstrated its
ability to promote neuronal apoptosis. The
ionic basis (the K* efflux) of NMDA recep-

* tor—-mediated apoptosis is distinct from the
ionic basis (the Ca?* and Na* influx) of
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NMDA receptor—mediated necrosis. Al-
though the latter may predominate at normal
physiological levels of extracellular Na*
and Ca?*, the demonstration here of
NMDA-induced apoptosis in extracellular
medium containing 30 mM Na* and 0.1
mM Ca?* may be relevant to the neuronal
apoptosis observed after brain ischemia in
vivo (I6), where comparable concentra-
tions of these ions have been measured
(17). NMDA receptor-mediated K™ efflux
may also contribute to neuronal apoptosis

under other conditions, as it occurs even in
the presence of normal concentrations of
extracellular Ca?* and Na™ (I).
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Ca**-Induced Apoptosis
Through Calcineurin
Dephosphorylation of BAD
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The Ca®*-activated protein phosphatase calcineurin induces apoptosis, but the
mechanism is unknown. Calcineurin was found to dephosphorylate BAD, a
pro-apoptotic member of the Bcl-2 family, thus enhancing BAD heterodimer-
ization with Bcl-x, and promoting apoptosis. The Ca®"-induced dephospho-
rylation of BAD correlated with its dissociation from 14-3-3 in the cytosol and
translocation to mitochondria where Bcl-x, resides. In hippocampal neurons,
L-glutamate, an inducer of Ca?" influx and calcineurin activation, triggered
mitochondrial targeting of BAD and apoptosis, which were both suppressible by
coexpression of a dominant-inhibitory mutant of calcineurin or pharmacolog-
ical inhibitors of this phosphatase. Thus, a Ca®*-inducible mechanism for
apoptosis induction operates by regulating BAD phosphorylation and localiza-

tion in cells.

Sustained increases in cytosolic-free Ca?*
lead to activation of the serine-threonine
phosphatase (PPase) calcineurin (PPase-B)
and subsequent apoptosis in susceptible cells
(). Overexpression of active calcineurin in-
duces apoptosis through a mechanism that is
suppressible by Bcl-2 (2). Bcl-2 family pro-
teins regulate a distal step in an evolutionarily
conserved pathway controlling apoptosis (3).
Many Bcl-2 family proteins are anchored in
the outer membranes of mitochondria, but
oriented toward the cytosol. BAD is a pro-
apoptotic member of this family that het-
erodimerizes with anti-apoptotic proteins
such as Bel-2 and Bel-x,, promoting cell
death (4). Phosphorylation of BAD is in-
duced by growth factors, impairing its bind-
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ing to Bcl-x; and abrogating its pro-apoptotic
effects in cells (5). Several protein kinases
can phosphorylate BAD, including Akt (5),
which mediates cell survival signals within
the phosphatidylinositol 3’ kinase pathway
(6); protein kinase A (PKA) (7), a kinase
previously implicated in cell survival (8); and
Raf-1, which promotes cell survival when
targeted to mitochondrial membranes through
interactions with Bcl-2 (9).

We explored the possibility that phospho-
rylated BAD (phospho-BAD) might be a sub-
strate of calcineurin involved in apoptosis.
Transfection of 293T cells with a plasmid
encoding a constitutively active form of cal-
cineurin that lacks a negative regulatory do-
main (ACnA/B) (2) decreased 3P incorpora-
tion into BAD (Fig. 1A). Coexpression of
ACnA/B with either constitutively active
Akt(E40K) (6, 10) or mitochondria-targeted
active Raf-1 (M-Raf) (9) restored 32P label-
ing of BAD. Experiments with a BAD mu-
tant, BAD(S75E, S99E), in which two serines
previously implicated in Akt-mediated phos-
phorylation (5, 7, 9) were replaced with an
unphosphorylatable residue (glutamic acid),
provided evidence that Akt and Raf-1 target
different sites on BAD (Fig. 1B). However,
regardless of whether active Akt or Raf-1 was
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used, coexpression of ACnA/B markedly re-
duced *?P incorporation into BAD (Fig. 1B),
suggesting that calcineurin can dephosphory-
late multiple sites on this pro-apoptotic pro-
tein in cells. Consistent with a direct interac-
tion, ACnA/B could be coimmunoprecipi-
tated from lysates of 293T cells transfected
with the BAD(S75E, S99E) protein, which
mimics a phosphorylated form of BAD rec-
ognized as a substrate by this PPase (/1).

Though a constitutively active form of cal-
cineurin could induce dephosphorylation of
BAD both in cells (Fig. 1, A and B) and in vitro
(Fig. 1, C to E), we also examined whether
endogenous calcineurin could associate with
the endogenous BAD protein and control its
phosphorylation state in untransfected cells.
Calcineurin is the only known serine-threonine
PPase whose activity is stimulated by Ca*
(12). Changes in BAD phosphorylation were
therefore examined in cells treated with Ca?*-
mobilizing agents, including the Ca®* iono-
phores ionomycin and A23187 (/3) and the
endoplasmic  reticulum  Ca®*-adenosine
triphosphatase inhibitor thapsigargin (THG),
which induces Ca™" release from internal stores
(14). HCT116 colon cancer and Du145 prostate
cancer cells contain high endogenous phospho-
BAD when grown with serum (/5). Treatment
of these cells with Ca?*-mobilizing agents in-
duced dephosphorylation of BAD, as deter-
mined by immunoblot analysis with antibodies
specific to phospho-BAD, without altering the
amount of BAD protein (Fig. 1F) (/3). Akt
kinase activity was unchanged under these
same conditions (/3), suggesting that the re-
duced amount of phospho-BAD was a result of
active dephosphorylation of BAD rather than
kinase suppression.

Coimmunoprecipitation experiments re-
vealed that Ca?*-mobilizing agents triggered
dissociation of BAD from 14-3-3 (Fig. 1F).
Moreover, endogenous calcineurin could be co-
immunoprecipated with endogenous BAD be-
fore treatment with Ca?*-mobilizing agents. In
contrast, PPase-2A was not coimmunoprecipi-
tated with BAD (Fig. 1G), indicating specificity
of the calcineurin-BAD interaction. Interesting-
ly, little or no calcineurin complexed with BAD
after induction of dephosphorylation with
Ca?*-mobilizing agents (Fig. 1F). Thus, cal-
cineurin appears to exist in a complex contain-
ing phospho-BAD before, but not after, Ca?*-
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