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ABSTRACT: Intracellular Ca?t signaling involves Ca?* liberation
through both inositol triphosphate and ryanodine receptors (IP3;R and
RyR). However, little is known of the functional interactions between
these Ca’* sources in either neuronal physiology, or during Ca** disrup-
tions associated with Alzheimer’s disease (AD). By the use of whole-cell
recordings and 2-photon Ca?* imaging in cortical slices we distinguished
between IP3;R- and RyR-mediated Ca?>* components in nontransgenic
(non-Tg) and AD mouse models and demonstrate powerful signaling in-
teractions between these channels. Ca?*-induced Ca?* release (CICR)
through RyR contributed modestly to Ca** signals evoked by photore-
leased IP; in cortical neurons from non-Tg mice. In contrast, the exag-
gerated signals in 3 X Tg-AD and PS1k; mice resulted primarily from
enhanced CICR through RyR, rather than through IP;R, and were as-
sociated with increased RyR expression levels. Moreover, membrane hy-
perpolarizations evoked by IP; in neurons from AD mouse models were
even greater than expected simply from the exaggerated Ca’** signals,
pointing to an increased coupling efficiency between cytosolic [Ca’*]
and KT channel regulation. Our results highlight the critical roles of
RyR-mediated Ca**t signaling in both neuronal physiology and patho-
physiology, and point to presenilin-linked disruptions in RyR signaling
as an important genetic factor in AD.
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INTRODUCTION

Neuronal Ca?* signaling is tightly controlled to ensure proper operation
of a myriad of Ca**-dependent processes.!?> Two major sources contribute
to cytosolic Ca?t signals; an extracellular pool entering through plasma
membrane channels, and an internal reservoir in the endoplasmic reticulum
(ER) that is liberated by opening of inositol triphosphate- and ryanodine-
receptor/channels (IP;R and RyR). The activation of both IP;R and RyR
channels is promoted by cytosolic Ca**, resulting in a regenerative process
of Ca?*-induced Ca’* release (CICR).> The feed-forward action of Ca’*
to enhance its own release through IP;R and RyR introduces considerable
complexity in Ca?* signaling, and enables interactions between these different
pathways.

Growing evidence implicates disruptions of Ca’* signaling in the etiol-
ogy of neurological diseases.®® In particular, mutations in presenilin (PS)
genes associated with Alzheimer’s disease (AD) increase IP3R-evoked Ca?*
release in a variety of cells.” !! Previous studies focused on responses evoked
by elevating intracellular IP3 either directly via flash photolysis of caged
IP;!%!1 or indirectly by agonist application,”!? and did not explicitly ad-
dress the role of RyR in AD. Nevertheless, there is evidence pointing to
RyR involvement. RyR expression levels are increased in cultured neu-
rons expressing the PS1y46v mutation, ' the RyR blocker dantrolene has
been shown to reverse the elevated carbachol-induced Ca®* release seen in
SH-SYS5Y cells expressing a mutant PS/,'> and the RyR agonist caffeine
evokes larger Ca®* liberation in cultured neurons from transgenic AD mouse
models.'*

Here, we explore RyR involvement in neuronal functioning in both nor-
mal physiology, and during Ca®* signaling disruptions associated with AD.
For the latter purpose we employed two mouse models of AD: the PS1 y;461
mutant knockin, and a triple-transgenic mouse model (3xTg-AD).!® Both
transgenic mice display similarly exaggerated neuronal Ca** signals to IP;
at all ages, but whereas the PS1g; mice fail to show AD histopathology,
the 3xTg-AD mice develop BA plaques and neurofibrillary tangles in an
age- and a region-specific manner. We show that RyR activation contributes
modestly to Ca?* signals in nontransgenic (non-Tg) control mice, but ac-
counts for almost all of the exaggerated ER Ca?* signals in the PS1k; and
3xTg-AD transgenic mice models. Moreover, in all groups, IP3-dependent
membrane hyperpolarizations are regulated primarily through RyR, and
the transgenic mice show hyperpolarizing responses even greater than ex-
pected from the enhanced Ca’* signals. Thus, RyR contribute largely
to the exaggerated Ca®* signals associated with AD-linked mutations in
presenilin, and may thereby present a target for therapeutic interven-
tion.
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RESULTS

Exaggeration of IP3-Evoked Ca?™ Signals in PS1g;
and 3 X Tg-AD Neurons

Individual neurons were loaded with caged IP; and fura-2 by dialysis through
the patch pipette, and flashes of UV light of varying durations were applied to
photorelease IP3. The resulting ER Ca?* liberation was monitored by imaging
fura-2 fluorescence from the soma (excluding the nucleus) and the proximal
dendrites using a custom-built 2-photon imaging system, and by measuring
changes in membrane potential resulting from activation of Ca’*-dependent
K™ channels. In addition, depolarizing current pulses were applied to evoke
action potentials and accompanying entry of Ca*>* through VGCC.

FIGURE 1 A presents a scatter plot of individual IP3-evoked responses evoked
by selected flash durations, and FIGURE 1 B plots the mean amplitude of these
responses as a function of flash duration (proportional to the amount of pho-
toreleased IP3) in the soma. The mean Ca>* responses in PS1g; and 3x Tg-AD
neurons were appreciably (P < 0.05) larger than in non-Tg control cells for
all flash durations, with the greatest enhancement seen with 30 ms flashes
(316% for PS1k; and 342% for 3 x Tg-AD neurons); but were not significantly
different from one another. In marked contrast, no significant differences in
spike-evoked Ca®* signals were apparent between non-Tg, PS1g; and 3x
Tg-AD groups (P = 0.24).

Enhanced RyR-Mediated Ca’+ Release Predominates
in ER-Ca*t Dysregulation

To ascertain the extent of the RyR-mediated component in the IP;-evoked
Ca’* signals, we first determined the relative RyR contribution by comparing
somatic signals evoked by photoreleased IP; (FiG. 2 A, B) before and after
bath-applying 10 wM dantrolene to block RyR. In non-Tg neurons dantrolene
caused a modest (20 &= 7%, n = 6) reduction in signals evoked by 50 ms flashes,
and action potential-evoked Ca’* signals were reduced by 15 & 5%. In marked
contrast, dantrolene substantially reduced the IP3-evoked Ca’* responses in
PS1k neurons (by 59 + 11%, n = 6; P < 0.01) and in 3 x Tg-AD neurons (by
71 + 9%, n = 7; P < 0.01). However, similar to non-Tg neurons, dantrolene
produced only modest (15-20%) reductions of the spike-evoked Ca** signals.

The effects of dantrolene on the dose-response relationship for IP;-evoked
Ca’* signals are shown in Figure 2 C. Responses in PS1y; and 3xTg-AD
neurons were not significantly different from one another (P > 0.05), and
we therefore combined these data (Tg) for analysis. Dantrolene strongly sup-
pressed Ca’" signals in the pooled Tg neurons (n =19) across the full range
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FIGURE 1. IP3-evoked Ca’* signals are exaggerated in both PS1k; and 3xTg-AD
mice. (A) Peak amplitudes of IP3-evoked somatic Ca2T signals evoked by photolysis flash
durations of 10, 30, and 100 ms in individual non-Tg (circles), PS1kj (triangles), and 3 x Tg-
AD neurons (squares). Open symbols with error bars indicate corresponding means and
standard errors. Average PS1y; and 3xTg-AD Ca?T amplitudes were significantly (P <
0.05) larger for the 30 and 100 ms flash durations relative to the non-Tg values. (B) Mean
peak amplitudes of somatic Ca®* signals as a function of photolysis flash duration; data are
from 12—14 neurons for each group. Points at the right indicate mean Ca?* signals evoked
by action potential trains. Data from non-Tg mice are indicated by light-gray circles (¥),
PS1k1 mice by dark-gray triangles (M), and 3 x Tg-AD mice by black squares (B).
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FIGURE 2. Ca" liberation through RyR contributes to the IP3-evoked Ca* signals.
(A) IP3-evoked Ca?™ signals are reduced by the RyR blocker dantrolene. Traces show Ca?*
responses evoked by a 50 ms flash in control conditions (black) and in the presence of bath-
applied dantrolene (gray), in representative non-Tg (left) and 3xTg-AD (right) neurons.
(B) Mean percentage reductions in amplitudes of IP3-evoked Ca®* responses (50 ms flash
duration) and spike-evoked Ca®* signals resulting from application of dantrolene (10 wM)
innon-Tg (n=6), PS1k (n=06),and 3xTg-AD (n = 7) neurons. (C) Effect of dantrolene on
the dose-response relationship of IP3-evoked Ca2™ signals. Points show measurements from
non-Tg neurons (n =12; squares) and pooled measurements from 3 xTg-AD and PS1k;
neurons (Tg, n = 25, circles) before (filled symbols) and after (open symbols) applying
dantrolene. Data at the right show respective spike-evoked Ca2t signals.
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of flash durations tested (FIG. 2 C; circles), whereas the reduction in non-Tg
neurons (n = 6) was less pronounced (FIG. 2 C; squares). Importantly, there
were no significant differences (P > 0.05) between Tg and non-Tg groups in
the Ca®* signals remaining in the presence of dantrolene, suggesting that Ca**
flux through the IP;R channels themselves is not appreciably enhanced by the
AD-linked mutations, but rather that larger responses in the Tg neurons arises
principally from greater CICR through RyR. In contrast to the IP;-evoked
Ca* signals, spike-evoked Ca®* signals were reduced to a similar extent in
both the non-Tg and Tg neurons.

RyR Expression Levels Are Increased in Both PS1gr and 3 X Tg-AD Mice

We performed Western blot analyses of several Ca** signaling-related pro-
teins in the brains of non-Tg, PS1x; and 3 xTg-AD mice at ages (4—6 weeks)
equivalent to those used in the imaging studies. There were no significant dif-
ferences (P = 0.46) in cortical expression levels of IP;R, SERCA-2B, calse-
nilin, calbindin-D, or calreticulin (data not shown). However, RyR levels were
significantly enhanced (FIG. 3; ~2-fold; ANOVA F, 5y = 9.41, P < 0.01) in
the PS1x; and 3 xTg-AD mice relative to non-Tg controls (Fischer post hoc
analysis, P = 0.04 and 0.005, respectively). RyR levels in PS1g; and 3 xTg-AD
mice were not different from each other (P = 0.14).

IP;-Evoked Membrane Hyperpolarization Is Driven
by Ca*t Liberation through RyR

IP; evokes a membrane hyperpolarization in cortical neurons via activation
of Ca>*-dependent K* channels'”!® and this hyperpolarization is enhanced in
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FIGURE 3. Tg neurons show enhanced expression of RyR and expression of mutant
transgenes. Left: representative Western blots from homogenized non-Tg, PS1k; and3xTg-
AD cortices demonstrating differences in RyR levels relative to $-actin. Right: RyR levels
in the PS1kj and 3 xTg-AD mice were significantly greater (~2-fold) than non-Tg levels
(P < 0.05), but were not different from each other.
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PS1; mice.!®1° Here, we sought to determine whether the K+ channel regula-
tion primarily involves Ca®* liberated through the IP3R channels themselves,
or is consequent to CICR through RyR channels.

Representative membrane potential responses to photorelease of IP3 in non-
Tg and 3xTg-AD neurons are shown in FIGURE 4 A, and were appreciably
smaller and of lower sensitivity in the non-Tg cells. These differences did
not arise through differences in initial resting membrane potential (set to
—60 mV by current injection) or input resistance. Strikingly, all responses
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FIGURE 4. IP3-evoked membrane hyperpolarizations are strongly suppressed by
dantrolene. (A) Traces show (from top to bottom) changes in membrane potential in rep-
resentative neurons from non-Tg (leff) and 3xTg-AD mice (right) following photolysis
flashes of 20 and 100 ms duration, and the almost complete block of the response to a
100 ms flash in the presence of dantrolene (10 wM). (B) Relationships between photolysis
flash duration and magnitude of the IP3-evoked hyperpolarization. Main graph shows data
from non-Tg (n =17, black squares) and Tg neurons (n = 31, gray circles), before (filled
symbols) and during (open symbols) dantrolene application. Inset: Mean data comparing
effects of ryanodine in Tg neurons (n = 16; closed circles) with dantrolene in Tg neurons
(open squares, same data as in the main graph). (C) IP3-mediated reduction in spiking
frequency is suppressed by dantrolene. The upper trace shows spikes evoked by periodic
injections of depolarizing current. A photolysis flash (100 ms) was delivered at the arrow to
photorelease IP3, resulting in a reduced spiking frequency for several seconds. The lower
trace was obtained using the same protocol in the same neuron while continually superfusing
dantrolene (10 wM).
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were substantially abolished by dantrolene (F1G. 4 A, lower traces), even in the
3xTg-AD neuron following a strong (100 ms) flash. Mean data for non-Tg
and Tg neurons in control and dantrolene conditions are plotted in FIGURE 4
B. Hyperpolarizing responses in both non-Tg and Tg neurons increased with
increasing photorelease of IP3 but, for a given flash duration, the responses in
Tg neurons were nearly three times as large (3.04-fold with 50 ms flashes, P <
0.01: and 2.7-fold with 100 ms flashes, P < 0.01). After adding dantrolene,
only small IP3-evoked hyperpolarizations remained with the strongest flashes,
and were not significantly different between non-Tg and Tg neurons (P >
0.05).

IPs-evoked changes in membrane conductance strongly regulate spiking
patterns, and photorelease of IP3 caused a long-lasting reduction in numbers
of action potentials evoked by depolarizing current pulses (FiG. 4 C, upper
trace). This modulation was abolished by dantrolene (FiG. 4 C, lower trace).

AD-Linked Mutations Affect the Coupling between RyR
and Membrane K~ Channels

The greater IP3-evoked membrane hyperpolarization seen in neurons ex-
pressing AD-linked mutations might arise directly as a consequence of the en-
hanced ER Ca’* release. However, this appears not to be the sole mechanism,
because scatter graphs plotting the relationship between IP3-evoked hyperpo-
larization amplitude (— AmV) and the accompanying IP3-evoked Ca®* signals
(Fo/AF) revealed markedly different slopes between non-Tg and Tg neurons
for both soma (FIG. 5 A) and dendrite (FiG. 5 B). That is to say, a given cytoso-
lic Ca* signal was associated with a larger membrane hyperpolarization in
Tg neurons, suggesting that the AD-linked mutations modulate the “coupling
efficiency” between cytosolic Ca>* signals and activation of membrane K+
conductance, as well as enhancing the Ca** signals.

To explore the mechanism underlying this effect, we constructed a similar
scatter plot of hyperpolarization versus Ca>* signal amplitude after adding
dantrolene to block RyR (FIG. 5 C). As noted before, both Ca’* and mem-
brane potential signals were strongly reduced, requiring pooled measurements
from the soma and dendrite to obtain sufficient data points. Regression lines
showed a slope for non-Tg neurons that was not appreciably different from
that in control conditions without dantrolene, whereas in Tg neurons the slope
was dramatically reduced as a result of blocking RyR. Our findings are further
summarized in FIGURE 5 D. Key points are: (1) The slope of the relationship
between membrane hyperpolarization (—AV) and Ca?* (Fo/AF) was steeper
(5.9) in Tg than in non-Tg neurons (3.15). (2) The slope in Tg neurons was
greatly reduced by dantrolene, but was almost unchanged in non-Tg neurons.
(3) The amplitudes of IP3-evoked Ca* signals (measured from the soma, aver-
aged across all flash durations) in Tg neurons were approximately double that in
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FIGURE 5. The relationship between the IP3-evoked Ca®* signal and membrane hy-
perpolarization is steeper in Tg than in non-Tg neurons. (A) Scatter plot showing the
relationship between IP3-evoked Ca2™ signal in the soma and the magnitude of the accom-
panying membrane hyperpolarization in neurons from non-Tg mice (n =14; open symbols,
gray line) and Tg mice (n = 23; closed symbols, black line). Points show means = 1 SEM
obtained after binning over selected ranges of fluorescence amplitudes. (B) Corresponding
data for measurements in the proximal dendrites. (C) Corresponding data in dantrolene
(10 wM), obtained after pooling data from soma and dendrites. (D) Dantrolene strongly
reduces the slope of the relationship between IP3-evoked membrane hyperpolarization and
Ca**-fluorescence signal in Tg neurons, but has negligible effect in non-Tg neurons. Slope
data were derived from the plots in (A, B, C).

non-Tg neurons, whereas membrane hyperpolarizations were more than three
times larger. (4) Thus, RyR are critically involved in mediating the hyperpolar-
izing response evoked by IP;. Moreover, AD-linked mutations appear to result
in greater hyperpolarizing responses not only because they enhance the Ca?*
signals, but also as a result of enhanced coupling efficiency between RyR and
Ca’*-activated K* conductance.

DISCUSSION

Involvement of RyR in IP3-Mediated Signaling
in Neuronal Physiology and Pathophysiology

The functional roles of intracellular Ca’>* stores in neuronal signaling are
becoming increasingly recognized, and include modulation of membrane ex-
citability,'®20 synaptic activity and plasticity,”! and gene transcription.?? To
gain a more complete understanding of these intracellular Ca’>* signaling
mechanisms we attempted to parse their IP;R and RyR components so as to
identify interactions between the two types of release channel and determine
functions that may specifically be coupled to a particular channel.

Here, we show that Ca>* release evoked by IP; in cortical neurons from
non-Tg mice arises primarily from Ca?* flux through IP; receptors themselves,
with a modest additional component being added by Ca** flux through RyR.
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This balance, however, changes dramatically in transgenic mice expressing
AD-linked mutations. Presenilin mutations are known to exaggerate ER-
mediated Ca’* signaling in a variety of cell types, but this has implicitly
been assumed to arise as a direct consequence of increased flux specifically
through IP;R channels.”!! Instead, our results demonstrate that Ca** flux
through RyR accounts for the great majority of the exaggerated 1P;-evoked
Ca’* response in AD transgenic mice. Consistent with this, neurons from AD
transgenic mice showed larger Ca?* signals in response to the RyR agonist
caffeine, and enhanced expression of cortical RyR levels. Interestingly, in the
AD transgenic mice, the RyR component associated with VGCC activation
was not different from the non-Tg. Thus, the enhancement of Ca?* signals by
AD-linked mutations appears to arise primarily as a result of exaggerated Ca>*
flux through RyR rather than through IP;R, and specifically affects ER Ca?*
signaling.

The RyR-mediated component of the intracellular Ca®* signals almost cer-
tainly arises because CICR through RyR is triggered by, and amplifies, the
Ca’* liberated through IP3R. Increased expression of RyR, as observed previ-
ously in cultured neurons' !4 and in the brains of mice expressing the PS 1146y
mutation,'® provides a likely explanation for the exaggerated IP3-evoked Ca?*
signals. Moreover, CICR may be further enhanced by the actions of PS/ mu-
tations to enhance Ca>" filling of ER stores because elevated lumenal [Ca®*]
is known to increase the sensitivity of RyR to both cytosolic Ca?* and caf-
feine.?>2* Although increased store filling might also be expected to result in
greater Ca’" flux through IP3R—as has been observed in Xenopus oocytes,
which lack RyR!°—our present results may be reconciled if Ca** stores in cor-
tical neurons are enhanced sufficiently to sensitize RyR, while causing only a
modest increase in Ca?t flux through IP;R. Questions remain, however, as to
why the Ca* signals evoked by action potentials show relatively little RyR-
mediated contribution; and why there is no appreciable enhancement of these
signals in the transgenic mouse models of AD. An explanation may be that the
voltage-gated Ca’** channels in the plasma membrane are located more dis-
tantly from RyR than are the IP;R-channels, and are thus relatively ineffective
in inducing CICR.

The mechanisms by which mutations in PS expression result in RyR up-
regulation and exaggerated ER Ca?* release are presently unclear. One ex-
planation draws on evidence showing that the PS mutations result in altered
v -secretase activity, which is responsible for the proteolysis of amyloid precur-
sor protein (APP).” APP proteolysis generates several fragments, including the
APP-intracellular domain fragment (AICD), which has been shown to regu-
late IP3-mediated Ca’* signaling by possible transcriptional mechanisms.?>-2
Although the target proteins ultimately affected are not known in this case, the
AICD transcriptional activity may serve to influence expression or function of
the RyR.
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Electrical Excitability Is Modulated by RyR

Intracellular Ca?* plays an important role in modulating the electrical ex-
citability of neurons, and AD-linked disruptions in Ca?>* might thus be expected
to have acute consequences for neuronal signaling, as well as for chronic dis-
ease pathology. Accordingly, we had found that hyperpolarizing responses to
IP; are enhanced in PS1g; neurons,'!'!? probably because the enhanced cy-
tosolic Ca* signals evoke greater activation of Ca’>*-dependent membrane K+
channels. We now show a similar exaggeration of [P;-evoked hyperpolarizing
responses in 3xTg-AD neurons, and further demonstrate that in 3xTg-AD,
PSki, and non-Tg mice these membrane responses are mediated primarily by
Ca’* liberated through RyR, rather than by the Ca®* directly liberated through
IP3R. In particular, blocking of RyR greatly reduced IP;-evoked hyperpolar-
izations in both non-Tg and Tg neurons, resulting in almost identical membrane
responses to a given flash duration.

The larger hyperpolarizing responses in the Tg neurons could most simply
be accounted for as a direct consequence of the greater overall Ca>* signal.
However, this appears not to be the sole explanation, because the membrane
responses accompanying Ca?* signals of a given size were roughly twice as
large in Tg versus non-Tg neurons: in other words, the Tg neurons showed a
greater “coupling efficiency” between cytosolic Ca** and activation of Ca**-
dependent K* current. This may result if sites of Ca®" liberation through
RyR are closer to the Ca?*-dependent K* channels than are the sites of IP3R-
mediated Ca®* liberation. On this basis, the disproportionate hyperpolarization
in Tg neurons arises because most of their exaggerated Ca’* signal arises
through RyR; whereas after blocking RyR both Tg and non-Tg neurons show
comparably small hyperpolarizations that are driven by the remaining IP3;R-
mediated Ca?" liberation.

CONCLUSIONS

Our results reveal important new aspects of Ca?* signaling disruptions asso-
ciated with AD. Specifically, exaggeration of IP3-evoked neuronal Ca* signals
is principally linked to mutations in presenilin and is largely independent of ex-
pression of A3 plaques or neurofibrillar tangles; these exaggerated signals are
manifest throughout life and do not represent an acceleration of a normal aging
process; and they arise principally through enhanced Ca®* flux through RyR,
not IP3R. Several crucial questions remain unanswered, including the mech-
anism by which mutations in presenilin modulate RyR-mediated signaling,
and whether and how dysregulated Ca?* signaling may play a causative role
in AD pathology. Nonetheless, these findings further strengthen the growing
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consensus that a calciumopathy may be at least partly responsible for neuronal
degeneration in AD.
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