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Strain-Dependent Differences in Calcium Signaling Predict
Excitotoxicity in Murine Hippocampal Neurons
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Commonly used inbred murine strains differ substantially in
their vulnerability to excitotoxic insults. We investigated
whether differences in dendritic Ca®* signaling could undetlie
the differential vulnerability of C57BL/6 (resistant to kainate
excitotoxicity) and C57BL/10 strains (vulnerable). A striking
difference was found in fine dendrite Ca®* responses after
kainate exposure. Ca®" signals in distal dendrites were large in
C57BL/10 neurons, and, if a threshold concentration of ~1.5
uM was reached, a region of sustained high Ca®* was estab-
lished in the distal dendritic tree. This region then served as an
initiation site for a degenerative cascade, producing high Ca2*
levels that slowly spread to involve the entire neuron and led to
cell death. Dendritic Ca®* signals in C57BL/6 neurons were
much smaller and did not trigger these propagating secondary
responses. Strain differences in dendritic Ca®* signaling were

also evident after tetanic stimulation of Schaffer collaterals.
Ca®" responses were much larger and peaked earlier in distal
dendrites of C57BL/10 compared with those in C57BL/6. Neu-
rons from both strains had similar membrane properties and
responded to kainate with intense action potential firing. De-
generative Ca®"* responses were seen in both strains if soma
Ca?" could be sustained above 1.5 um. The early phases of
secondary Ca®" responses were attributable to Ca®" influx
and were abolished rapidly by buffered zero Ca®™ saline. Taken
together, these data indicate that the substantial difference in
Ca?" signals in fine distal dendrites and in the initiation of
spreading secondary responses may underlie the selective vul-
nerability of these neurons to excitotoxic insults.
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Excitatory amino acid toxicity is of critical importance in the
neuronal death that occurs after stroke, traumatic brain injury,
and a range of other CNS pathologies. During an insult the
excessive stimulation of glutamate receptors opens calcium-
permeable channels capable of allowing massive Ca*" influx and
also can trigger the release of Ca®" from intracellular stores
(Rothman and Olney, 1986; Choi, 1995). A number of potential
factors leading to cell death might be activated by severe Ca>*
elevations. Among them are calcium-activated proteases (Bror-
son et al., 1995; Lipton, 1999), phosphatases (Rao et al., 1997;
Wang et al., 1999), and more complex cascades involving Ca?*-
activated factors such as MAP kinase (Murray et al., 1998) and
Ca?* calmodulin kinases (Picone et al., 1989; Aronowski et al.,
1992; Churn et al., 1992).

One of the most widely used model systems to investigate
cascades triggered by excitotoxic stimuli involves the systemic
administration of the neurotoxin kainate. In rats, kainate
causes repeated seizure activity and ultimately leads to well
defined patterns of destruction of hippocampal CA3 pyramidal
neurons and hilar neurons (Ben-Ari, 1985). Variants of the
procedure also can produce extensive neuron loss in area CAl
(Balchen et al., 1993). This model increasingly is being applied
to mice, particularly as transgenic approaches are developed to
investigate mechanisms of neurodegeneration. In the course of
these studies it has emerged that substantial differences exist
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among commonly used inbred murine strains in their vulner-
ability to kainate. Some inbred strains (e.g., C57BL/10,
FVB/N) are well suited for studies of excitotoxicity and behave
in may respects like rat, in that systemic kainate exposure
results in extensive cell death of CA3 and CAl pyramidal
neurons. In contrast, other strains (e.g., C57BL/6) are remark-
ably resistant to these same insults and, despite experiencing
similar seizure activity, show virtually no cell death (Schau-
wecker and Steward, 1997; Steward et al., 1999). These obser-
vations are important for the design of murine studies of
neurodegeneration. They suggest that inbred strain differences
could be exploited to evaluate the role of excitotoxic cell death
in a variety of injury models (e.g., ischemia and mechanical
trauma), as well as suggesting which cellular properties might
be most important in determining vulnerability or resistance to
excitotoxic insults.

To exploit murine strain differences, we believe it is important
to understand at what level in excitotoxic cascades these strains
differ. In the present study we tested the hypothesis that vulner-
able and resistant strains have important differences in one of the
early steps in excitotoxic cell death, that of dendritic Ca?* influx
resulting from excitotoxic stimuli. In this scenario Ca>" levels in
vulnerable neurons would exceed a threshold required to initiate
degenerative mechanisms, whereas neurons from resistant strains
would not achieve this threshold and survive similar excitatory
stimuli. Alternatively, if no differences in Ca?* signaling were
observed between these strains, this might suggest that important
strain differences exist downstream of Ca?" entry, potentially
involving mechanisms common to other cell death pathways. All
experiments were performed in slice preparations to investigate
the threshold and propagation of excitotoxic Ca** increases in
intact dendritic processes.
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MATERIALS AND METHODS

C57BL/6] mice were chosen as representative of strains resistant to
excitotoxicity, because they are used widely as a background strain for
transgenic studies. Of the vulnerable strains, the 129SVEMS line is of
interest because of its use in the generation of embryonic stem cells used
for generating many knock-out mutant lines. However, there is well
documented genetic variability within this line (Threadgill et al., 1997),
which is likely to account for the some of the reported differences in
kainate vulnerability with this strain (Schauwecker and Steward, 1997,
Faherty et al.,, 1999). Therefore, for the purposes of this study the
C57BL/10J strain was chosen as a representative of strains vulnerable to
excitotoxicity. Mice of either sex were obtained from Jackson Laborato-
ries (Bar Harbor, ME) at 4-6 weeks of age and were housed in standard
conditions (12 hr light/dark cycle) before death. Experiments on the two
strains were interleaved throughout the study. Numbers in the study refer
to numbers of neurons, each obtained from a different experimental
animal for each protocol. For slice preparation the mice were anesthe-
tized deeply with a mixture of ketamine and xylazine (85 and 15 mg/ml,
respectively; 150 ul subcutaneously) and decapitated. Brains were re-
moved and placed in ice-cold cutting solution. Cutting solution contained
(in mm) 3 KCl, 1.25 NaH,PO,, 6 MgSO,, 26 NaHCO;, 0.2 CaCl,, 10
glucose, 220 sucrose, and 0.43 ketamine. Coronal sections (350 wm) were
cut with a Vibratome (Technical Products, St. Louis, MO), and the slices
were transferred into room temperature artificial CSF [aCSF; containing
(in mm): 126 NaCl, 3 KCl, 1.25 NaH,PO,, 1 MgSO,, 26 NaHCO,, 2
CaCl,, and 10 glucose, equilibrated with 95%0,/5%CO,]. Cutting and
recording solutions were both 315-320 mOsm. After being warmed to
34°C and being held for 1 hr, the aCSF was changed again, and the slices
were held at room temperature until they were used for recording.
Individual slices were transferred to the recording chamber and were
perfused with warmed (35°C), oxygenated aCSF at 1.7-2 ml/min. Intra-
cellular recordings were made from single CAl pyramidal neurons by
using glass microelectrodes, which were advanced with a Nanostepper
micropositioner (SPI, Germany). Voltage recordings were made with an
Axoclamp 2A amplifier (Axon Instruments, Foster City, CA), recorded
onto magnetic tape, and analyzed after being digitized at 4.5 kHz
(Superscope II, GW Instruments, Somerville, MA). Cells were accepted
for filling and analysis if they had steady resting membrane potentials
(RMPs) greater than —60 mV and generated action potentials >60 mV
in response to depolarizing current pulses. The basic electrophysiological
properties (RMP, input resistance, action potential amplitude, and du-
ration) were not significantly different between the strains (see Results).

To provide adequate resolution of Ca>" in dendrites, we microinjected
individual neurons with the Ca?" indicator bis fura-2 (Molecular
Probes, Eugene, OR). The recording/injection microelectrodes were
tip-filled with 10 mm bis fura-2 in 0.5 m K-acetate/0.5 m KCI and
back-filled with 3 M KCI. These microelectrodes had resistances of ~100
MQ when filled with 3 M KCI and >200 MQ) initially when filled with the
injection mixture. After a stable impalement was made, the indicator was
injected by passing hyperpolarizing current (300-500 pA) for 10-20 min.
Neurons were visualized and imaged with a water immersion objective
(40X, numerical aperture 0.8; Olympus), the indicator was excited at
350/380 nm (100 msec duration at each wavelength), and fluorescence
emission (510 nm center A) was detected with a cooled CCD camera
(CH250, Photometrics, Tucson, AZ). Excitation and image acquisition
were controlled by using custom software as described previously
(Petrozzino et al., 1995). For analysis, data from regions of interest 2.2 X
2.2 or 3.3 X 3.3 um were background-subtracted first for each frame. For
figure presentation the images were background-subtracted first; then
ratio images were generated and filtered by using 3 X 3 pixel averaging.
Final images were masked by using an image generated from raw 380 nm
fluorescence images. Conversion to estimated Ca?* concentrations was
done by using unfiltered pixel values, as described in Grynkiewicz et al.
(1985), using in vitro Ca*" concentration standards. The Ca®" indicator
(bis fura-2) has an intermediate Ca*" sensitivity (K4 ~525 nM in 1 mM
Mg?") and provides sensitive monitoring of Ca®" levels near rest (~100
nM) as well as at levels up to ~5 uM (~10-fold above the K, of 525 nMm in
1 mM Mg?"). Levels above this likely are underestimated because of the
saturation of the indicator and are represented at >2.5 uM in some of the
figures.

In most of the Ca?*-imaging experiments, particularly those involving
repetitive kainate exposures or repetitive electrical stimulation of syn-
aptic inputs, the filling electrode was withdrawn before the neuron was
stimulated. This procedure minimized the possibility of Ca®* changes
because of changes in impalement quality during intense activation of the
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slice or during long periods of repeated stimulation. In a small number of
cases electrode withdrawal led to membrane rupture, immediate irrecov-
erable Ca** influx, and dye loss; these cells were discarded. In a series of
experiments to test the influence of rapid, transient reduction of extra-
cellular [Ca®"], the Ca®" buffer BAPTA was applied to the slice by
pressure ejection. BAPTA (Na * salt, 10 mm) in modified aCSF (CaCl,
substituted with MgCl,) was loaded into a glass micropipette (tip, ~10
um) and placed at the slice surface within ~100 um of the cell of
interest. The pipette was connected to a Picospritzer (General Valve,
Fairfield, NJ), and 1-3 sec pressure pulses were applied at 15-20 psi.
There was a small movement of the slice and moderate defocus of
dendrites during the outflow of fluid from the pipette that recovered
within 1 sec of flow cessation. Local application of physiological saline
producing the same movement had no effect on Ca®* levels.

Kainate was obtained from A. G. Scientific (San Diego, CA) and was
applied as a constant perfusion (10 min, 10 uM) in some experiments. To
investigate transient responses to brief kainate exposures, we introduced
a bolus of kainate (25 ul, 5 mMm stock) into the perfusion line. The
maximum peak concentration in the recording chamber was estimated at
100 uM with this procedure. All other drugs and salts were obtained from
Sigma (St. Louis, MO) and were diluted in the aCSF perfusate. Bipolar
stimulating electrodes were used for stimulation of Schaffer collateral
fibers. Platinum tips (50 wm in diameter) were placed in stratum radia-
tum ~100 wm from the pyramidal cell layer. Stimuli were delivered with
a Master 8 controller, DC supply, and constant current isolation unit
(AMPI, Jerusalem, Israel). Group data are presented as mean = SEM
and significant differences were evaluated by using Student’s ¢ tests, with
p < 0.05 considered significant.

RESULTS

Strain differences exist in dendritic Ca®* signaling

In the first series of experiments we determined whether there are
significant strain differences in dendritic Ca*" signals in response
to endogenously released glutamate. Synaptically evoked Ca®*
transients were compared in hippocampal slices prepared from
two inbred murine strains: C57BL/6J (resistant to in vivo kainate
excitotoxicity, referred to as B1/6 hereafter) and C57BL/10J (vul-
nerable to in vivo kainate, referred to as Bl/10 hereafter). Intra-
cellular Ca** was monitored during and after tetanic stimulation
of the stratum radiatum (2 sec, 50 Hz train of 70 usec stimuli).
Experiments were performed in the presence of 25 um bicucul-
line to minimize the influence of GABA input to the pyramidal
neurons and 1 mm TEA for a partial block of K* channels to
accentuate Ca®" increases after stimulation. Figure 14 illustrates
Ca?" transients in representative neurons from the two strains.
Before the records that are shown were made, at least four tetanic
stimuli were applied to the cells at 1 min intervals to saturate
potentiation effects. Care also was taken to position the field
stimulus electrode at the same distance (100 wm) from stratum
pyramidal in both groups. From a uniform resting Ca" concen-
tration of ~100 nm, peak transients in the BI/6 strain were
restricted to the proximal apical dendrite and cell soma before
returning to resting values after the stimulus. In contrast, Ca®*
transients in the BI/10 strain showed marked differences after
identical stimuli. Peak Ca®" transients in the BI/10 strain oc-
curred in more distal dendrites and were substantially larger than
transients in the Bl/6 strain (Fig. 14).

These differences in the spatial distribution of Ca®* increases
were also clear in the population data of Figure 1, B and C, where
Ca”" increases at the peak of the synaptic response were plotted
as a function of distance along the apical dendrite from the soma.
In the BI/6 group large increases were limited to the proximal
dendrite, whereas in the Bl/10 strain the largest increases oc-
curred in the more distal branches. Furthermore, the Ca?* con-
centrations achieved in distal dendrites (>50 um from soma)
were significantly greater in the B1/10 strain.
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Secondary Ca?* responses generated in dendrites
after kainate exposure show strain differences

Having found a significant difference in Ca®" signals after syn-
aptic stimulation, we next tested whether excessive Ca?" entry
produced by the excitotoxin kainate (KA) would result in strain
differences in degenerative Ca>" signaling. Bicuculline and TEA
were not included in these experiments. CA1 neurons from both
inbred strains responded with large Ca*" increases during KA
exposure, but significant strain differences in the time course and
distribution were observed.

Figure 2 shows intracellular Ca>" profiles in exemplar neurons
of the B1/6 (Fig. 24, top panels) and B1/10 (Fig. 24, bottom panels)
lines responding to bath-applied KA (10 uM, 10 min). Routinely,
two or more of these challenges were presented to slices; here,
responses to initial exposures are shown. The response patterns
are different in significant ways. At the peak of the response (~3.5
min after exposure onset) both neurons showed strong increases
in Ca?" in the proximal apical dendritic region. However, Ca®"
increases in the distal dendrites (>50 wm from the soma) were
much larger in the Bl/10 neuron than in the Bl/6 (Fig. 2A4c,c").
The most striking strain differences were observed late in the KA
exposure period and after washout. Ca" throughout the Bl/6
neuron rapidly recovered to resting levels (Fig. 24e). In contrast,
Ca?" levels in a portion of the apical dendritic tree of the Bl/10
neuron remained elevated (Fig. 24e’). The Ca*" concentration
in this site was estimated at 1550 nmM. It is significant that this
region of elevated Ca®" was very restricted, and near-resting
Ca?* levels (100-200 nm) were observed in dendrites within 30
pm of the high Ca*" region. Analogous dendritic regions of high
Ca?" levels remaining long after agonist washout have been
described previously and termed “secondary” Ca®* responses
(Connor et al., 1988; Wadman and Connor, 1992), so this termi-
nology will be used hereafter. Figure 2B follows the development
of the secondary Ca®" response in the same neuron as it propa-
gated and engulfed the entire neuron over a 25 min period after
KA washout. It can be seen that the propagation occurred both
toward the soma and away from the soma as branch points with
uninvolved dendrites were reached. Figure 2C (red trace) tracks
the advance of the secondary response down the main dendrite by
plotting the location at which Ca®" first reached a benchmark
value of 1.5 um. The black trace tracks soma Ca>" over the same
period to emphasize that there was an initial full recovery to
resting levels, which was maintained until the secondary re-
sponse arrived from the distal dendrite. Thus Ca*" levels in
the soma recovered to near-resting levels (105 nM) 5 min after
KA washout, and only ~22 min later was Ca®" elevated signifi-
cantly in the cell soma.

This strain difference in generation of dendritic secondary
responses was observed in neurons from a group of six Bl/6 slices
and seven BIl/10 slices after the bath perfusion protocol (10 um,
10 min). From similar resting Ca®" levels (79.6 = 22.0 and 83.6 *
17.5 nm in BI/6 and BI/10, respectively), initial peak Ca*" re-
sponses measured in somata during the KA exposure were not
significantly different (1266.5 = 238.8 and 1434.9 = 306.7 nm for
Bl/6 and BI1/10, respectively). Three Bl/6 slices were exposed to
single KA perfusions, and three were exposed to multiple trials of
three perfusions each, separated by 15 min periods of washout.
Importantly, after KA washout the secondary dendritic Ca®"
responses were never observed in any of the six Bl/6 neurons. In
contrast, six of seven Bl/10 neurons developed secondary Ca*"
responses in dendrites. Three developed dendritic secondary re-
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sponses on the initial KA exposure, the initiation site being
visible within the field of view (i.e., within ~160 wm from the cell
soma) immediately after KA washout and subsequently propa-
gating throughout the cell and invading the cell soma. In another
two of the seven cells the secondary responses were initiated after
either the second or third KA perfusion. The propagating sec-
ondary response originating in the distal dendritic tree (>160 um
from the soma) was seen in an additional Bl/10 neuron after 10
min of KA (10 um) perfusion after the neuron was exposed
previously to multiple, brief KA bolus applications (see below). In
contrast to the resistant Bl/6 neurons, only one of seven BI/10
neurons failed to initiate dendritic secondary responses after this
protocol of 10 min, 10 um KA perfusion.

We next asked whether this difference was attributable to
persistent actions of KA during extended bath perfusions or
whether strain differences were also apparent after much shorter
KA exposures. Bolus application of KA at a higher concentration
(see Materials and Methods) has the advantages that an effective
concentration of KA is reached more rapidly and normal aCSF is
restored more rapidly, making the separation of direct KA ac-
tions from secondary effects more prominent. A disadvantage,
that the concentration a given neuron sees is a more serious
function of depth into the slice, is minimized by the fact that
neurons had to be within ~60-70 wm from the surface for well
defined images of the dendrites to be obtained. This procedure
also resulted in secondary Ca?" responses being generated se-
lectively in BI/10 dendrites, but in all cases the application of
multiple boli was required to initiate the responses. Thus for this
series of experiments an experiment was considered successful if
soma Ca?" levels returned to resting levels between successive
applications. This was achieved in six Bl/10 and five Bl/6 neurons
subjected to multiple KA bolus challenges. Secondary Ca?*
responses were initiated in distal dendrites in five of six of the
BI1/10 neurons and required a range of three to eight KA expo-
sures (mean 5.5). The remaining one Bl/10 neuron in the group
did not produce a secondary response after eight KA bolus
challenges. None of the Bl/6 neurons produced secondary re-
sponses originating in dendrites (zero of five), where the mean
number of KA exposures that were tested was 6.2 (range 3-12).

Figure 3 illustrates secondary responses initiated in the distal
dendrites of two Bl/10 neurons after KA bolus exposure. Figure
34 shows the common situation (four of five neurons) for which a
secondary response, triggered after six bolus exposures, ended up
invading the cell soma. In this case the secondary response
originated outside the field of view in the distal dendritic tree, and
only the progressive phase of the event is observed in the prin-
cipal apical dendrite. Figure 3B shows the fifth neuron for which
a secondary response (Ca** concentration at the front, ~1500
nM) propagated toward the soma but recovered, and resting Ca®*
levels (~100 uMm) were restored throughout the apical dendrite.
We surmise that recovering secondary responses could be initi-
ated with greater frequency if appropriate intermediate strength
stimuli could be determined. Taking the perfusion and bolus KA
data together, dendritic secondary responses were evoked in 11 of
13 BI/10 neurons and 0 of 11 Bl/6 neurons.

Characteristics of secondary Ca2* responses
generated in dendrites of C57BL/10J neurons
Because dendritic secondary responses that follow KA exposure
have not been described previously, we exploited the Bl/10 strain
to investigate the thresholds, progression, and sources of Ca®*
involved in these responses. The characteristics of these re-
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Figure 1. Strain difference in dendritic Ca®" responses after tetanic stimulation of Schaffer collateral inputs. A, Examples of intracellular Ca?*
transients in Bl/6 (fop panels) and Bl/10 (bottom panels) neurons in response to a single tetanus applied to the stratum radiatum (50 Hz, 2 sec).
Fluorescence images (a, a') show bis fura-2 excited at 380 nm. Right panels are ratio images (350/380 nm excitation) showing Ca*" levels as false color
images (calibration at right). Resting levels are shown in b, b’, and subsequent frames were taken at the times indicated after the onset of the tetanus.
In the BI/6 neuron the peak Ca?" increases during the tetanus (c) were restricted to the proximal apical dendrite and soma before declining during
the stimulus (d) and recovering to near-resting levels 30 sec after the stimulus (e). In contrast, the same stimulus produced (Figure legend continues)
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sponses were very consistent among the group of Bl/10 cells. They
all showed a similarly steep Ca*" concentration gradient that was
maintained at the leading edge of the response as it moved
through all dendritic regions (Fig. 3C). Because of the difficulty in
making reliable measurements in fine secondary and tertiary
dendrites, this gradient was determined in a region of the primary
apical dendrite 50-100 wm from the soma. In all cases the
estimated Ca®* concentration just behind the leading edge of the
response was close to 1500 nm, and this point was used as a
benchmark concentration to define the position of the front. The
similarity with Ca?" concentrations observed at initiation sites
(see above) suggests that this sustained elevation to ~1500 nm
represents a threshold concentration required for the establish-
ment of secondary Ca?" responses in Bl/10 dendrites.

When propagating secondary responses were observed, they
progressed in all directions along neuron processes. Thus, when a
dendrite branch point was reached by a propagating response, the
response spread into uninvolved dendritic regions irrespective of
direction with respect to the cell soma (e.g., Figs. 2B, 34). Once
a branch point had been reached, the rate of progression slowed
and often stalled temporarily. This behavior and the branching
nature of CA1 apical dendrites made it difficult to determine the
mean rate of progression of secondary responses. Similar to the
situation of reaching a dendrite branch point, there was also a
substantial slowing of the progression of the secondary response
as it reached the soma. Nevertheless, the overall progression rate
over the last 100 uM was 2.67 = 1.1 um/sec for six neurons. The
indicator bis fura-2 was retained within dendritic processes after
the invasion of a region for periods up to ~30 min after the
involvement of a dendritic process. However, rapid indicator loss
was observed after the secondary response had spread to involve
the entire neuron, indicating a clear loss of viability.

Sources of Ca2* involved in triggering and

propagation of dendritic secondary responses

Because previous studies have shown that NMDA receptors
contribute to the generation of secondary responses (Connor et
al., 1988; Wadman and Connor, 1992; Chen et al., 1997), the
effect of aminophosphonovalerate (APV; 100 um) was tested on
repetitive, sustained KA perfusions in Bl/10 slices. In these
experiments APV was present throughout the experiment be-
cause we had demonstrated previously that dendritic secondary
responses could be initiated on the first KA exposure. Thus no
direct assessment could be made of the effectiveness of APV on
initial peak Ca®* responses within each slice. In three experi-
ments KA was applied for 3 X 10 min perfusions (10 um) at 20
min intervals in the presence of APV; in all cases no secondary
dendritic response was initiated, in contrast to the results de-
scribed above with normal aCSF. Thus indirect actions of KA
appear to be critical in triggering the secondary response, possibly
by causing the release of glutamate from presynaptic or other
sources. Future studies will be required to determine whether the
differences seen here are attributable to strain differences in the
NMDA receptor complement or other receptors and pathways,
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e.g., factors that would limit dendrite depolarization and hence
block Ca®" influx through the receptor (Mayer et al., 1984;
MacDermott et al., 1986). These factors could include GABA
receptor-mediated differences or differences in muscarinic—
cholinergic inputs that dramatically can increase dendritic Ca®*
signals generated either by antidromic or orthodromic stimulus
(Miiller and Connor, 1991; Egorov et al., 1999).

An additional series of experiments was performed to assess
the importance of Ca®" influx in the progression of secondary
responses. This was accomplished by pressure application of
BAPTA/zero Ca®* aCSF to the cell, using a small pressure
pipette positioned adjacent to the neuron of interest (see Mate-
rials and Methods). In near-surface neurons such as we use for
imaging, this allowed rapid, local removal of extracellular Ca*"
and abolished Ca®" transients when it was applied during initial
KA responses (data not shown). BAPTA /zero Ca?™ effects were
tested in five BI/10 neurons (five animals) in which secondary
responses had been initiated by bolus applications of KA as
before. At the time of application the secondary responses were in
the process of spreading through the dendritic tree. The pipette
tip containing BAPTA /zero Ca** aCSF was positioned generally
to be near the propagation front of the secondary response. In all
five experiments the local application of BAPTA-zero Ca®*
aCSF produced an immediate reduction in Ca*" levels in cellular
regions near the pipette opening. After termination of flow from
the pipette and attendant recovery of extracellular Ca*", the
intracellular Ca®* levels quickly increased to levels that equaled
or exceeded those before the BAPTA/zero Ca®" test. The time
course and spatial profile of such reductions are illustrated in
Figure 4, A and B. Figure 44 shows intracellular Ca** dynamics
for three successive BAPTA /zero Ca*" applications. After this,
no further applications were made, and the secondary response
invaded the soma over the time course shown in the figure.

This observation strongly suggests that the propagating in-
crease of intracellular Ca®* does not result from a progressive
failure of regulatory mechanisms to cope with normal Ca?*
influx but, instead, results from a progressive increase in Ca®"
influx such as might occur from a change in the characteristics or
number of Ca®"-carrying channels in the plasmalemma, over-
whelming the normal regulation. During the brief applications of
BAPTA/zero Ca*" saline that are shown (Fig. 44,B), intracel-
lular Ca*" levels did not recover completely to pre-KA stimulus
values. Longer-term exposures to zero Ca®", using complete
bath exchange, allowed intracellular Ca?" levels to drop to
pre-K A levels or below (data not shown).

To allow for a comparison of group data (Fig. 4C), we allowed
secondary responses to progress to a common region in the apical
dendrite ~30-50 um from the cell soma. Once this point had
been reached, a 3 sec application of BAPTA/zero Ca** pro-
duced a rapid and dramatic retraction of the response. In all cases
the responses recovered within 2 min and continued propagating
toward the soma.

substantially larger Ca>" transients in the distal dendrites of the Bl/10 neuron, and peak responses throughout the BI/10 neuron occurred sooner than
transients in the B1/6 cell (¢") before recovery to resting levels (d’, e’). Scale bar, 50 um. B, Group data showing the time course of Ca®" concentrations
at three locations in response to 50 Hz, 2 sec tetani. Peak concentrations are similar in soma and proximal dendritic regions of both groups (sorma and
20 pm) but substantially larger in Bl/10 neurons at more distal sites (70 wm). Dendritic Ca?* signals also peak earlier after the onset of the tetanus in
the BI/10 strain (20 wm and 70 wm; n = 6 Bl/10 neurons and n = 5 Bl/6 neurons). C, Responses normalized to peak responses in each cell, illustrating
that peak Ca®" responses in Bl/6 neurons were observed close to the soma in the proximal apical dendrite, but peak responses in Bl/10 cells were
observed much further from the soma (n = 6 and 5 for Bl/10 and BI/6, respectively).
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Electrophysiological properties of neurons from the
two strains are similar

We next examined whether strain differences in Ca?" signaling
could be attributed to some difference in active or passive mem-
brane properties. Electrophysiological properties recorded from
CAl somata were very similar in the two strains. RMP was not
significantly different between the strains (65.0 = 0.7 and 66.0 =
1.1 mV for Bl/6 and BI/10, respectively). Input resistance was
measured by using small hyperpolarizing current pulses (100 pA)
applied at resting membrane potential and was almost identical
for the groups (100.2 * 4.3 and 103.9 = 3.0 MQ for Bl/10 and
Bl/6, respectively; n = 6). Depolarizing current applied at —65
mV produced trains of action potentials and similar spike fre-
quency adaptation in both strains during long stimuli (Fig. 54).
The degree of adaptation was determined during 1 sec trains, 200
PA applied at —65 mV and was not different between the strains
(Fig. 5B), suggesting that spike-driven Ca>" influx and coupling
to Ca®"-dependent K" currents in somata are similar during
trains of antidromically driven action potentials. Similarly, after-
hyperpolarizations measured at the completion of spike trains
were not different between the strains (3.5 = 0.7 and 4.3 £ 0.4 mV
for BI/10 and BI/6, respectively). There was no difference in
action potential amplitude (69.5 * 3.2 and 70.4 = 2.1 mV) or
duration (1.38 * 0.05 and 1.37 *= 0.04 msec). These results
indicate that there is no demonstrable difference in membrane
properties as recorded from somata of the two strains; electro-
physiological evidence for Ca?" influx (spike frequency adapta-
tion) further supports conclusions from indicator measurements
that soma Ca®" dynamics are similar between the strains. We
also examined paired-pulse facilitation as one indicator of differ-
ences in presynaptic regulation of transmitter release, a factor
that could contribute to strain differences in postsynaptic Ca®*
responses. Postsynaptic responses during electrical stimulation of
Schaffer collateral inputs produced discrete excitatory postsynap-
tic potentials in both strains, and decreasing the interval between
pairs of pulses produced similar paired-pulse facilitation (Fig.
5C), suggesting that the regulation of transmitter release after
electrical stimulation is similar between the strains.

Finally, firing patterns during KA exposure were examined.
Because of KA-induced swelling (see Andrew and MacVicar,
1994) it was seldom possible to maintain microelectrode penetra-
tions for more than a few minutes after KA exposure; nonethe-
less, electrical recordings were made in three Bl/6 and three Bl1/10
neurons for durations up to 4 min. During this time period KA
initiated a sustained barrage of action potential firing and prom-
inent EPSP activity recorded in CA1l neurons. Thus, standard
electrical measurements fail to reveal differences that might ac-
count for differential vulnerability.

A somatodendritic spread of secondary Ca2*
responses can be induced under certain conditions in
both strains

Taken together, the results above suggest that the ability to
generate dendritic Ca?" levels sustained above a threshold of
~1.5 pwm underlies the strain difference in excitotoxic vulnerabil-

<«
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ity. However, in addition to differences in peak Ca®* influx
during excitotoxic stimuli, neurons of the Bl/10 strain also may
have unique intrinsic properties that promote the propagation of
secondary responses throughout the neuron, a feature required
for coupling discrete secondary responses to acute cell death. The
resistant strain may lack the cellular mechanism(s) required to
maintain and propagate secondary responses. The final set of data
argues against this possibility because, under appropriate exper-
imental conditions, sustained Ca*" responses could be initiated
in soma/proximal apical dendrites of Bl/6 neurons and spread
outward throughout dendritic processes.

This was achieved in five Bl/6 neurons in which sustained high
(>1.5 um) Ca>* elevations were achieved in the soma/proximal
apical dendrite region. A primary contributor to the development
of these large responses was the experimental factor relating to
electrode impalement and withdrawal. In some cells the removal
of the injection microelectrode caused a transient disruption of
the soma membrane and a significant Ca*" increase in the soma
and proximal apical dendrite regions. The soma Ca®* distur-
bance then recovered in 5-6 min, after which the levels recovered
to prewithdrawal values, were uniform throughout the neuron,
and remained there in the absence of stimulation. These neurons
invariably produced large soma/proximal apical dendrite Ca®*
transients (peak, 2264 = 256 nm; n = 5) during subsequent bolus
KA exposures, and the focus of the response was often at the
microelectrode impalement site. Because soma Ca?" did not
recover between successive KA exposures, these “primed” neu-
rons were not useful for studying secondary responses in den-
dritic processes that were initiated after the transient response
during KA exposure (see above). However, data from these
neurons are included here to demonstrate that Bl/6 neurons are
capable of generating propagating secondary Ca’" responses
after threshold Ca®" concentrations have been reached.

Figure 64 illustrates the propagating secondary response in a
Bl/6 neuron after the third challenge with a KA bolus. In stark
contrast to secondary responses originating in Bl/10 dendrites,
the direction of propagation of the high Ca®* front is outward,
beginning at the soma/proximal dendrite region and proceeding
toward the distal dendrites. The secondary response stalled at a
branch point, and the subsequent addition of a further bolus
resulted in further propagation throughout the dendritic tree.
Figure 6C shows that Ca?" levels in the distal dendrites remained
at resting levels until the arrival of the secondary response (~20
min). The occurrence of secondary responses initiated in somata
of BI/10 neurons was much less frequent, usually because these
neurons were killed by events originating in distal dendrites.
Nonetheless, in three Bl/10 neurons in which somata were primed
after electrode withdrawal, soma-originating responses were es-
tablished. Figure 6B illustrates the progression of events in one
such BI/10 neuron in which propagating responses developed
both in the soma and distal dendrite. The secondary response
originating in the soma was seen first (Fig. 6Bb), beginning to
propagate outward into the apical dendrite. The initiation site of
the dendrite secondary response was beyond the field of view, and

BI/6 neuron. In contrast, Ca** levels in a portion of the apical dendritic tree of the Bl/10 neuron remain elevated (arrow in e’). Scale bar, 50 um. B, After
KA washout, Ca?* levels remain very high in this restricted dendritic region of the Bl/10 neuron and then slowly propagate throughout the neuron. Ca?*
profiles at the times indicated, in minutes, after KA washout are illustrated in the four panels. Note the change in color calibration. C, Plot showing
progression of secondary Ca?" response toward the soma (red line) and the Ca>" levels measured in the cell soma ( filled circles) during the same

time course. Soma Ca®™"
irrecoverably high levels.

remains low until the secondary response reaches the soma (~22 min after KA washout) and then rapidly rises to
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Figure 3. Secondary Ca®" responses in Bl/10 dendrites after repeti-

tive bolus KA exposure. 4, Ca®" images at the times indicated after
washout of the third of three KA bolus applications. Dendrites within
the field of view had recovered to resting levels 3 min after KA
washout (a). With the passage of time a secondary response invaded
the dendrite within the field
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the front was not seen until Figure 6Bc. It then propagated
toward the soma (Fig. 6 Bc—¢) until it collided with the outgoing
response. The elapsed time from when the invasion was first
visible in the distal dendrite until the fronts collided in the
proximal dendrite was ~4 min. It will be noted that the length of
the dendrite connecting the two active regions maintained near-
normal resting Ca>" levels until the fronts became very near each
other. This region of the apical dendrite normally responds to
depolarizations with large Ca®" increases, indicating the pres-
ence of voltage-gated Ca" channels, so dendritic depolarization
cannot be the primary factor driving the Ca®" increases. Also
because the intervening levels are low between the two fronts,
Ca?* cannot be spreading passively from one location to the
other.

Importantly, the characteristics of the secondary responses
originating in somata were similar in all of the neurons (six B1/6
and three B1/10) after bolus KA exposures and were very similar
to the secondary responses described above in dendrites of Bl/10
neurons, with the obvious difference in direction. After the initi-
ation of secondary responses in somata, dendrite Ca*" was main-
tained at low levels in advance of the propagating front, creating
a steep Ca”" gradient. In neurons with soma secondary re-
sponses, determining the range of this value was straightforward
because measurements could be made in the relatively large
proximal dendrite (Fig. 6C). This value appears almost identical
to the threshold value required to trigger progressive secondary
responses in dendrites of Bl/10 neurons (see above). The outward
progression also was retarded by the presence of dendrite branch
points, and, in cases in which the response invaded the entire
neuron (eight of nine neurons), indicator loss and cell death were
observed.

To summarize, under conditions in which soma Ca?" re-
sponses were transient, only neurons of the Bl/10 line were killed
by KA and then only after establishment and propagation of
secondary responses from distal dendrites (described above; see
Figs. 2, 3). However, both strains were capable of showing pro-
gressive secondary responses if threshold concentrations were
reached under experimental conditions in which the soma/prox-
imal dendrite were primed. This suggests that the strain differ-
ence rests in the ability to achieve the threshold concentration in
BI/10 dendrites rather than in some downstream characteristic
that permits consolidation and progression of secondary re-
sponses leading to cell death.

DISCUSSION

The results of this study suggest that substantial differences in
dendritic Ca®* signaling contribute to the differential vulnerabil-
ity of murine strains to excitotoxic insults. After KA exposure in
the vulnerable BI/10 strain, sustained Ca?" increases developed

<«

of view (b, top). The response then propagated along the apical dendrite
and invaded secondary dendrites as they were encountered (c, d) before
arriving at (¢) and involving the cell soma (f). B, A secondary Ca*"
response was generated by six bolus KA applications. The response
originated in distal dendrites, progressed toward the soma, and then
receded until the neuron recovered to prestimulus Ca?* levels. The
numbers in each panel indicate the time (in minutes) after the initial peak
Ca?* response in the proximal apical dendrite during the final KA
exposure. C, Mean data illustrating the steep Ca®* concentration across
the front of propagating secondary responses. Data were derived from
regions 50-100 wm from the cell soma after secondary responses were
initiated in the distal dendrites (n = 9 Bl/10 neurons).
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Figure 4. Rapid localized reduction of extracellular [Ca®*] quenches

secondary intracellular [Ca?*] increases in Bl/10 neurons. A, Shown are
the effects of three successive pressure applications of BAPTA /zero Ca®*
solution (arrows) applied during the progression of a secondary response
toward the soma. Dendrite Ca** measured ~30 um from the soma (open
circles) dropped sharply and then recovered after each BAPTA/zero
Ca?" application. As a consequence of the close proximity of the dendrite
secondary response, soma Ca’* levels also were elevated significantly
(filled circles) and also were reduced during BAPTA /zero Ca** applica-
tion. The position of the leading edge of the secondary response is
indicated by the solid line and shows that, after the three zero-Ca?*
applications, the secondary response was allowed to proceed into the cell
soma. B, Profile of Ca®" concentrations as a function of distance from the
soma at the times marked by the asterisks in A. C, Mean data from a group
of five neurons showing mean Ca>* concentrations in soma and dendrite
(3050 wm from soma) before, during, and 2 min after a brief (3 sec)
BAPTA /zero Ca?* exposure (*p < 0.005).

in restricted regions of the dendritic tree and persisted long after
agonist washout, a behavior not seen in the resistant Bl/6 strain.
These responses (termed secondary Ca®* responses) then slowly
propagated throughout the dendritic tree, ultimately killing the
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Figure 5. Similarity of action potential trains and synaptic inputs in B1/6
and BI/10 mice. 4, Representative trains of action potentials evoked by
current injection (200 pA, 1 sec from —65 mV). Neurons from both strains
show strong spike frequency adaptation. Mean adaptation is shown in B,
where the mean interspike interval is plotted for the first six events (n =
6 for each group). C, Paired-pulse facilitation of EPSPs evoked by pairs of
shocks applied to the stratum radiatum was not significantly different
between the strains (n = 4 for each group).

cell on arrival at the soma. Dendritic secondary Ca®* responses
have not been described previously after KA exposure and ap-
pear to be maintained by sustained Ca®" elevations above a
threshold of ~1.5 uM (see below). Electrophysiological properties
and Ca?" signaling recorded in somata of the two strains were
almost identical. The fact that Ca®* increases in distal dendrites
of B1/6 neurons were significantly smaller in response to both
endogenous glutamate and exogenous KA and did not reach this
threshold appears to explain why neurons from this strain survive
similar excitotoxic insults.

Thresholds for triggering degenerative Ca2* signaling

Secondary Ca>" responses spread in a uniform and predictable
manner, slowly in all directions through the dendritic processes.
In all cases a rather remarkable consistency existed in the sus-
tained [Ca®"] that appeared to trigger the secondary response
(~1.5 puM; measured with bis fura-2) and also was found at the
leading edge of spreading secondary responses. This value is at
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Figure 6. Secondary Ca?* responses orig-
inating in somata of both BI/10 and Bl/6
neurons. A, Ca2* in a Bl/6 neuron after
repeated KA bolus applications. The num-
bers indicate the time (in minutes) after the
application of the third KA bolus to this
neuron. Ca?* remained high within the
soma and proximal apical dendrite and
then progressed to a point ~80-100 um
from the soma, where the response stalled
at a branch point (¢). An additional KA
bolus added between ¢ and d triggered fur-
ther progression of the front along the den-
dritic tree (d, e). The response ultimately
invaded all resolvable dendrites. Differ-
ences in apparent length and configuration
of dendrite branches are attributable to dif-
ferent focal planes at the different time
points. B, BI/10 neuron with secondary re-
sponses initiated in both the soma (b) and C
distal dendrites (c) after KA boli. The two ~
sites progressed simultaneously, converging

~50 wm from the cell soma (¢). C, Progres-

sion of secondary Ca?" in the Bl/6 neuron
illustrated in A. The red line indicates the
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function of time after the initial peak re-

sponse during KA application. Ca** levels

in a dendritic region 130 wm from the soma

(site indicated by white arrow on inset) are
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ary response (~19 min after the initial re-
sponse). D, Mean data illustrating the steep
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the upper measurement range of fura-2, the indicator that com-
monly has been used in Ca®* excitotoxicity measurements (cf.
Wadman and Connor, 1992; Dubinsky, 1993; Weiss et al., 1993).
Thus it is not possible to compare the 1.5 um threshold measured
here by using bis fura-2 with many previous findings other than
those of Hyrc et al. (1997), who reported a critical level for
toxicity of >5 um Ca?* in cortical cultures.

Our results show that initiation sites of this excitotoxic Ca*"
signaling can involve very restricted regions of dendrite, and, in
cases in which we could visualize initiation sites after KA expo-
sure, Ca*" levels remained at high concentrations (>1.5 um) for
periods up to 20 min before beginning to propagate throughout
the neuron. This contrasts greatly with the time course of Ca?*
transients after the stimulation of synaptic inputs to CA1 neurons.
In the present study tetanic stimulation of inputs excitatory to
CAL1 neurons of KA-vulnerable neurons produced large Ca®"
responses in distal dendrites, but they were rapidly decaying.
These responses never led to secondary responses or degenera-
tion. Higher resolution imaging has demonstrated much larger
Ca?" increases (e.g., 40—60 um) in small spiny dendrites of CA1
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neurons during physiological activity (Petrozzino et al., 1995).
Again, these rapidly decaying events were reproducible and did
not lead to secondary responses nor to overt cell damage (see also
Helmchen et al., 1999; Yuste et al., 1999). Taken together, these
observations suggest that the time course of Ca*" transients is a
critical determinant in separating normal Ca?"-dependent phys-
iology from pathological cascades. Because recovering dendritic
secondary responses as long as 300-400 sec were encountered
(see Fig. 3B), the safety factor for this separation could be >100.
In the case of repeated seizure activity after in vivo KA exposure
(Faherty et al., 1999; Steward et al., 1999), we would predict that
Ca?* would remain elevated in the fine dendritic structures of
B1/10 neurons (but not Bl/6 neurons) for periods sufficient to
initiate secondary responses and consequent excitotoxic cell
death.

Relationship between secondary responses and

cell death

If differences in the generation of secondary Ca®* responses
explain differential vulnerability, then these responses should lead
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to cell death in the slice preparation. Acute toxicity in the slice
preparation is unequivocal. In those cases in which a cell loses its
contents of a 1007 molecular weight indicator (bis fura-2), it is
seriously compromised and reasonably may be considered irre-
coverable. This acute toxicity never occurred without the devel-
opment of the secondary propagating response invading the en-
tire neuron, indicating that these secondary responses underlie
differential vulnerability to KA, at least in the slice preparation.
An additional conclusion is that acute toxicity is not the direct
result of the initial agonist-induced Ca>" load but appears to be
a consequence of intrinsic processes in the neuron. As a result of
the long delay involved in the progression of dendritic secondary
responses, poststimulation soma Ca?* often recovered to levels
indistinguishable from prestimulus levels until the secondary re-
sponse invaded. This finding emphasizes the necessity of moni-
toring Ca*" signals in apical, and possibly basal, dendrites as well
as soma levels to avoid misinterpretation. For example, without
dendrite measurements it might appear that Ca?*-independent
processes were involved in the secondary soma Ca?" rise and cell
death, when this is clearly not the case here.

Secondary responses initiated in somata of

both strains

Our results show that outwardly propagating secondary responses
could be generated in both strains, under conditions in which
soma Ca>" levels were elevated above a threshold for a sufficient
duration. Once outwardly propagating responses were estab-
lished in somata, their characteristics, Ca®* gradient steepness,
propagation velocity, and slowing at branch points were very
similar to those of inward propagation from Bl/10 dendrites. In
the Bl/6 neurons the secondary responses were induced most
readily by KA after an overt Ca®* priming transient caused by
withdrawal of the injection electrode. It is arguable that some
Ca?" leak always occurs either at penetration, which would be
undetectable, or at withdrawal. Consequently, it is possible that
BI/6 neurons would never develop secondary responses to KA at
the doses used here. Future work will attempt to address the
question by using noninvasive loading techniques (Connor and
Cormier, 2000). In the BI/10 strain the outward propagating
pattern was difficult to demonstrate under normal conditions
because distal dendritic initiation occurred and dominated sub-
sequent behavior. In extraordinary circumstances, as when the
soma membrane had been “primed” by Ca?* leakage, outward
and inward propagation of the secondary responses collided in
BI1/10 neurons (see Fig. 5B). These findings imply that the differ-
ential vulnerability between strains is not attributable to differ-
ences in the intrinsic machinery producing the secondary re-
sponses. Rather, it suggests that the important difference with
respect to KA vulnerability is the difference in ability to generate
large, sustained Ca®* elevations in distal dendrites where a
favorable surface-to-volume ratio exists.

Future studies will be required to determine whether differ-
ences in initial responses involve differences that regulate mem-
brane excitability (e.g., K* channel expression or regulation) or
glutamate receptor expression (e.g., NMDA receptors; see Re-
sults) and/or differences in intracellular Ca®* buffering. Such
differences do not appear to be specific to KA stimulation, be-
cause prominent strain differences also were observed after the
release of glutamate from Schaffer stimulation. It is also impor-
tant to note that strain differences may not be evident for elec-
trophysiological measurements (see Fig. 5) or imaging studies that
concentrate on somata, rather than on distal dendrites.
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Mechanisms of dendritic secondary responses

The ability to evoke secondary responses reproducibly in the
BI/10 strain provided the first opportunity to characterize KA-
induced dendritic secondary responses. An immediate question is
whether the progression of the secondary Ca®" response is re-
versible or whether it reflects irreversible loss of membrane in-
tegrity or metabolic competence. Figure 3B argues in favor of
reversible modifications, because it illustrates a case in which a
region of dendrite was invaded by a secondary response, but after
a period of 3-4 min Ca?* spontaneously recovered to resting
levels. Stronger evidence comes from the effects of extracellular
Ca?* removal. After initiation of secondary dendritic responses,
we locally and briefly removed extracellular Ca®* and observed
dramatic, transient reductions in cytoplasmic Ca*" (see Fig. 4).
This indicates (1) that influx of extracellular Ca®" is critical in
establishing the secondary response, and (2) that extrusion and/or
sequestration mechanisms remain viable for a considerable time
after invasion of secondary responses and are able to clear cyto-
plasmic Ca*" rapidly, if influx can be prevented. These conclu-
sions are consistent with previous studies of tissue culture and
acutely isolated neurons (Randall and Thayer, 1992; Wadman
and Connor, 1992) and suggest that selective inhibition of den-
dritic Ca?" influx may be an effective strategy to limit excitotoxic
cell death.

Sustained Ca?" elevations could activate a number of critical
molecules. Because propagation of the secondary response is
reasonably fast (minutes, not hours) and supported by Ca?*
influx, it is probable that existing channels are modified and
produce the increased influx. Protein kinase C phosphorylation of
calcium-carrying channels that increases open probability at small
depolarizations was suggested initially (Connor et al., 1988). A
second attractive hypothesis involves the activation of calpain,
which has been shown to modify voltage-dependent Ca** chan-
nels in CA1 neurons, resulting in substantially increased Ca?"
influx (Hell et al., 1996). Calpain has been shown to contribute to
KA excitotoxicity in cultured neurons (Brorson et al., 1994, 1995)
and may contribute to dendritic remodeling after excitotoxic
injury (Faddis et al., 1997). Alternatively, it is possible that the
Ca?*-dependent insertion of novel channels into the membrane
occurs, given recent findings on the speed of this process (Wan et
al., 1997). Finally, the effects of secondary Ca*" responses on
mitochondrial function are unknown, but long-lasting Ca*" ele-
vations should contribute to the dysfunction that is associated
with excitotoxic cell death (Stout et al., 1998; Reynolds, 1999).
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