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Abstract

Introduction: Alzheimer’s disease (AD) is linked to neuronal calcium dyshomeostasis, which is
associated with network hyperexcitability. Decreased expression of the calcium-binding protein cal-
bindin-D,gx (CB) might be a susceptibility factor for AD. The subiculum is affected early in AD, for
unknown reasons.

Methods: In AD, CB knock-out and control mice fluorescence Ca>* imaging combined with patch
clamp were used to characterize Ca®* dynamics, resting Ca®", and Ca?*-buffering capacity in sub-
icular neurons. CB expression levels in wild-type and AD mice were also analyzed.

Results: The subiculum and dentate gyrus of wild-type mice showed age-related decline in CB
expression not observed in AD mice. Resting Ca>* and Ca®"-buffering capacity was increased in
aged AD mice subicular dendrites. Modeling suggests that AD calcium changes can be explained
by alterations of Ca>* extrusion pumps rather than by buffers.

Discussion: Overall, abnormal Ca®" homeostasis in AD has an age dependency that comprises mul-

tiple mechanisms, including compensatory processes.
© 2019 the Alzheimer’s Association. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Alzheimer’s disease (AD) starts with episodic memory
loss and progresses to functional decline in multiple cogni-
tive domains [1]. The link between specific brain region sus-
ceptibility and the pathophysiology of AD is not well
understood. In early AD, the subiculum is affected by the
amyloidogenic pathology [2,3], which includes decreased
number of neurons [4], dendritic loss [5], and neuronal hy-
persynchrony [6]. The subiculum is involved in memory
retrieval and spatial memory [7].
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Neuronal Ca®>" homeostasis is altered in AD, and it is
linked to neuronal susceptibility [8]. Increased intracellular
Ca”" levels and neuronal activity were found in neurons
close to plaques [9]. The characterization of the Ca®" dy-
namics of subicular neurons of wild-type (WT) or AD
mice remains unknown, and few studies have analyzed
how the excessive AD Ca’" levels are handled [9,10].
Most AD mouse models express presenilin mutations that
cause per se an increase of Ca’' release through IP3
receptors [11], but Ca®" dynamics alterations exclusively
produced by amyloidogenic pathology alter the activation
of ryanodine receptors [ 12]. Other possible Ca** dyshomeo-
stasis mechanisms in AD have been identified [13,14]. The
expression of calbindin-Dyg, (CB) is proposed as a
mediator of AD pathophysiology, and it is found decreased
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in the dentate gyrus (DG) of AD mice [15]; whereas other
studies found CB increased expression [16] and increased
CB-positive neurons in patients with AD [17]. Yet, no
Ca’?" dynamics have been described to prove the conse-
quences of CB changes in AD [15,18]. CB is expressed in
the subiculum [19], but its expression changes in AD are un-
known. In addition, the ability of the neuron to handle cal-
cium inflows, known as Ca2+-buffering capacity [20,21],
could be affected during neurodegeneration, but this
remains unexplored in AD.

In this study, we evaluated whether increased susceptibil-
ity of the subiculum to the amyloidogenic pathology corre-
lates with alterations in the Ca®" homeostasis, and if there
were similarities in Ca?* dynamics of AD neurons with
those from a mouse lacking CB (CBKO). Fluorescence
Ca’" imaging combined with whole-cell patch-clamp
were used to characterize Ca?* dynamics, resting Ca*",
and Ca2+—buffering capacity in subicular neurons of
young-adult and old mice. In addition, we evaluated the
CB expression levels in WT and AD mice. Here, we report
the Ca®" dynamics changes observed in AD mice in compar-
ison with CBKO and WT mice. We also used computer
models of Ca®* dynamics to investigate the mechanistic or-
igins of the changes observed experimentally and to predict
homeostatic compensatory mechanisms involved in AD.

2. Materials and methods
2.1. Animals

Experiments were approved by the Division of Compar-
ative Medicine (DCM) from SUNY Downstate Medical
Center. C57B1/6] mice, AD mouse model (J20) mice, and
calbindin (CB) knockout mice (CBKO) were used for the ex-
periments. C57B1/6J and J20 mice were purchased from The
Jackson Laboratory. CBKO animals were provided by Dr. B.
Schwaller. Two age groups were studied in these experi-
ments: 1-2 months-old animals serving as the young-adult
group (referred as young); and 14-18 months-older-adult
(referred as old) animals, 45% males were used for the ex-
periments.

2.2. Electrophysiology and calcium imaging

Animals were anesthetized via i. p. injection with keta-
mine/xylazine (100/10 mg/kg). The brain was placed in a
cold cutting solution bubbled with O,/CO, 95/5%, following
methods described in previous studies [6, 7]. Horizontal
ventral brain slices and recording conditions have also
been reported before [6, 7]. Neurons were located at an
approximate position: AP -3.8 mm, medio-lateral 3.0 mm,
and dorso-ventral -5.6 mm.

For calcium imaging, Oregon Green 488 BAPTA-1
(OG1) was used as a nonratiometric Ca®" indicator and
added to the intracellular solution at different concentrations
(see Results). In another series of experiments, we used the
low-affinity buffer (Oregon Green 488 BAPTA-5N;

500 pM). Subicular pyramidal neurons were recorded in
whole-cell configuration in voltage-clamp or current-clamp
mode according to the conditions of each experiment, and
junction potential was measured and corrected. Neurons
were discarded if the leak current was larger than 100 pA
at Vy, -70 mV or if the access resistance was larger than
20 MQ. Signals were low-pass filtered at 5 kHz, and offline
analysis was performed using Clampfit.

Ca’" signal acquisition and analysis are fully described
in Supplementary Material. Because basal fluorescence
(Fp) is a critical parameter in our measurements (See
Supplementary Material) as an internal control, Fy was
measured in several slices of each experimental group dur-
ing the time of the data acquisition (after calcium indicator
equilibrium, see below) and presented in Fig. 1B (lower
panel). No significant changes in F, were observed
throughout the experiment.

2.3. Immunohistochemistry

Fixed mouse brains were cut horizontally (40 pm),
following methods described in Supplementary Material.
Tissue was incubated with an anti-CB-D,g, antibody
(CB38). For the visualization, we used a fluorescent donkey
anti-rabbit secondary antibody. Images of the stained sec-
tions were taken with a digital slide scanner. Regions of in-
terest were drawn in the DG and subiculum, and
densitometry analyses were performed (intensity was
normalized by area).

2.4. Computer modeling

We modeled a simplified multicompartment hippocampal
pyramidal neuron based on previous models of pyramidal
neurons [22,23]. All simulations were run in the NEURON
simulation environment using a 0.025 fixed time-step [24]
with both electrical modeling and RxD modeling (detailed
in Supplementary Material) [25]. The full model of the hip-
pocampal pyramidal neuron is available on ModelDB [26]
(http://senselab.med.yale.edu/modeldb).

2.5. Statistical methods

All results were expressed as mean * standard error of
the means, and statistical differences were assumed to exist,
if the P value was less than 0.05. Statistical variations in AF/
F, in the text refer to cell-to-cell variations; values of n refer
to the number of cells, not the number of regions of interest.
We used linear regression models (LRMs), with genotype or
group and age or sex as predictors, where indicated. First-
order interactions between genotype and age were investi-
gated, and P values were adjusted using the Tukey-Kramer
test. In some instances, as indicated in the text, multiple
comparisons of parametric data were analyzed using anal-
ysis of variance and post hoc test. All analysis used SPSS
package.
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Fig. 1. Ca*" dynamics properties of two electrophysiological subtypes of subicular pyramidal neurons. (A) Microphotograph of slice used, indicating the sub-
iculum in red. (B) Upper panel: Ca®" fluorescence image of a subicular pyramidal neuron loaded with Oregon Green BAPTA-1 (OG1; 50 uM in the recording
pipette). Arrow indicates the tip of the patch pipette. The squares are regions of interest (ROIs) for the background signal (B), and the rectangles are the ROIs of
the apical dendrite signal. Lower panel: Normalized basal fluorescence (Fy) against time, and SD values. F, was measure once F reached steady state (time 0,
typically 16 mins after braking-in) and during 45 mins of 30 randomly selected recordings from all experimental conditions. (C) Representative examples of
current-clamp traces in the whole-cell configuration of the patch-clamp technique showing the differences in firing patterns of subicular pyramidal neurons upon
current injection as indicated. Top: Bursting Cell (BC), the arrow shows rebound action potential; Bottom: Regular spiking (RS) cell. (D) Top: Ca>* transients
evoked by three action potentials (APs) in BC and RS neurons. Mono-exponential fit of the decay in red. Bottom: Voltage-clamp traces of evoked rapid de-
polarization (100 Hz, 3 ms, from -70 mV to +10 mV) in the two neuron types. (E) Ca>" transient plateau induced by a large depolarization in current-
clamp (500 ms, 0.25 nA). Note that this parameter is required to calculate the resting Ca>* level (see Methods and Supplementary Material). (F) Scatter
plot of peak Ca>" transients, (G) decay time constant, and (H) resting Ca>" concentrations of BC (n = 17) and RS neurons (n = 8); no significant differences

were found between the two groups for the peak Ca?* transients, decay time constants, and resting Ca®* concentrations. Abbreviations: DG, dentate gyrus; CA1
subfield; SUB, subiculum.

3. Results experiments of young WT mice, the number of bursting
cells (BC) recorded (89.3%) was significantly higher than
the regular spiking (RS) neurons (10.7%) from a total of
131 neurons analyzed (Xz(l) = 80.985, P <.001) (Fig. IC

3.1. Electrophysiological properties and Ca®" dynamics
of subicular neuron subtypes

Subicular pyramidal neurons (Fig. 1A and B) were re- and Supplementary Table 1). Passive membrane properties
corded for basic electrophysiological and Ca** imaging ex- were compared between BC and RS neurons of young
periments. Previous studies have looked at the relative mice. The resting potential and half-width of the first action
proportions of the various types of subicular neurons identi- potential (AP) were similar between BC and RS neurons.

fied by their firing properties [7.27]. In the present But the input resistance and amplitude of the first AP were
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significantly different between BC and RS neurons
(Supplementary Table 1).

For the next group of experiments, intracellular Ca®"
measurements were performed in young WT mice. Similar
to studies in axonal varicosities [28], volume-averaged
Ca** (Ca;) measurements were obtained in apical dendrites
using an intracellular solution containing the Ca** indicator
0OGl, 50 uM; Fig. 1B. Ca®" transients were evoked by rapid
depolarizations (see Supplementary Methods) in BC and RS
neurons (Fig. 1D). A total of 109 neurons were used for this
analysis, 89.9% were BC, and 10.1% were RS. LRM anal-
ysis including the group*sex interaction (see Methods)
showed that BC and RS neurons had similar peak Ca** tran-
sients (F(; 1907y = —1.48, P = .123) (Fig. 1F) and a similar
mono-exponential decay time constant (F 75 = 0.31,
P =.685) (Fig. 1G). The decay time constant was best fitted
by a single exponential in 72.2% of RS neurons and in 53.7%
of BC neurons. The biexponential fitting of the decay time
constant was similar between the two types of neurons
(BC fast component [t¢] = 0.248 = 0.017 s, slow component
[ts] = 1.356 = 0.141 s, As/(As + Af) = 0.5 = 0.23; RS
T = 0.179 £ 0.043 s, T 0.899 = 0.111; As/
(As + Af) = 0.51 = 0.08; fast component F; 35y = 1.21,
P = .244; slow component F(, 35, = 0.988, P = .371; As/
(As + Af) F(y 35y = —0.261, P = .844). Ca®™" resting levels
(Fig. 1E) were not significantly different between BC and
RS neurons (F(; 23y = —1.076, P = .312) (Fig. 1H). No sig-
nificant group*sex interaction was observed in any of the
analysis. In summary, subicular BC and RS neurons have
significant differences in the amplitude of the first AP and
input resistance, but similar Ca>* dynamics. From this point
on, we studied only the more prevalent BC neurons for a
comparison between different genotypes.

3.2. Calbindin immunohistochemistry in the DG and
subiculum of WT and J20

J20 mice were compared with WT mice. J20 mice overex-
press a disease-causing mutation of the human amyloid precur-
sor protein (hAPP) [29]. Calbindin-Dgy (CB) is a Ca2+-binding
protein with known Ca?* -buffering properties [30]. CB expres-
sion levels in young and old J20 and WT mice were determined
by immunohistochemistry (IHC) of brain slices. CB staining in
the DG was mostly confined to granule cells (Fig. 2A, left
panels) and in the subiculum to a population of neurons in the
pyramidal cell layer (Fig. 2A, right panels).

LRM analysis shows that IHC signal intensities repre-
senting CB expression levels were lower in the DG of old
WT mice compared with young ones (F34) = 6.61,
P = .008), whereas there were no significant differences
with age in J20 mice (F 35, = 1.37, P = .25) (Fig. 2B).
These results are in agreement with our previous study
[31], where we had reported an age-dependent loss of CB
expression in the DG of WT mice.

In young mice, there was a group difference in the CB
signal in the DG, which is lower in J20 mice
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Fig. 2. CB expression levels in the DG and SUB change with age and amy-
loidogenic pathology. (A) Representative microphotographs of CB immuno-
histochemistry signal in hippocampal horizontal sections of WT and
amyloidogenic model (J20) mice—young-adult (1- to 2-month-olds [WT],
n = 20 slices; J20, n = 11 slices) and older-adults (14- to 18-month-olds
[WT], n = 16 slices; J20, n = 26 slices). The sections were photographed
with a 40X objective, scale bars = 50 uM. CB immunoreactivity intensity
(thresholding and densitometry, see Methods and Supplementary Material)
were normalized to values in young-adult WT mice and compared with
old WT and J20 mice of both ages in the DG (B) and SUB (C). Significance
differences were found in the DG between young WT and young J20, old WT
and old J20, and young WT and old WT. In addition, significant differences
were found in the SUB between old WT and old J20, and young WT and old
WT. Comparison and significant differences are indicated in the figure and in
the text. Abbreviations: AD, Alzheimer’s disease; CB, calbindin; DG, den-
tate gyrus; SUB, subiculum; J20, AD mouse model; WT, wild type.

(F(1 20y = 5.2, P =.03) (Fig. 2B). In contrast, DG CB signals
were significantly higher in old J20 mice (F; 49y = —10.2
P = .003). The subicular CB signal declined with age in
WT mice (F; 34y = 4.168, P = .012), but its value was age
independent in J20 mice (F,3s5) = 0.031, P = .972)
(Fig. 2C). CB IHC signal in J20 mice was significantly
higher than that in WT in older mice (F 40 = —4.11
P =.013) (Fig. 2C). In summary, our results indicate that
CB levels do not decline in an age-dependent manner in
the DG or subiculum of J20 mice, as it has been documented
and corroborated here in WT mice, making the values of CB
higher in the AD model than WT in older mice.

3.3. Age and amyloid pathology potentiate chronic Ca**
dysregulation in apical dendrites

Resting Ca®" level in neurons, as well as in other cells, is
tightly controlled and is maintained by multiple mechanisms
[32]. We compared resting Ca®" values in WT, J20, and
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CBKO mice and both ages and used a single wavelength Ca>*
indicator protocol as described in Supplementary Methods
section. Data were analyzed with a LRM. Results revealed
that compared with WT, the resting Ca*>" levels in BC apical
dendrites were significantly higher in older J20 BC dendrites
(Fs135y = 3.319, P = .039; WT versus J20, P = .035;
CBKO versus J20, P = .536; WT versus CBKO, P = .448)
(Fig. 3B). In addition, age did not affect resting Ca®" levels
in WT and CBKO neurons (WT, P = .592; CBKO,
P = .174) (Fig. 3B). However, the increase in resting Ca*t
levels in old J20 BC dendrites indicated changes in Ca**
handling (J20*age interaction, P = .045) (Fig. 3B).

3.4. Abnormalities in temporal dynamics of subicular
calcium signals in dendrites of J20 and CBKO mice

We first studied the active and passive BC neurons’ elec-
trophysiological membrane properties of WT, J20, and
CBKO mice and found no statistical differences between
the genotypes (Supplementary Table 2) similar to previous
studies in AD [33-35]. Next, experiments were performed
in BC subicular neurons’ apical dendrites to compare
Ca** transient dynamics using OG1 (50 pM) in young and
old mice (Fig. 3A). Fluorescence signals were collected
from the apical dendrite. We compared peak calcium tran-
sients and monoexponential decay time constants. Analysis
using LRM controlling for multiple comparisons showed
that peak Ca®" transients in apical dendrites (Fig. 1D)
were similar in the three groups at young age
(F2,112) = 1.051, P = .353), whereas the peak Ca®" transient
amplitudes were significantly smaller in old CBKO mice
(Fi221) = 4285, P = .016; WT versus CBKO, P = .044;
J20 versus CBKO, P = .026) (Fig. 3C). A comparison of
peak Ca®" transients from the three groups demonstrated
that aging did not affect this parameter in WT and J20 BC
dendrites (WT, P =.255; J20, P =.323) (Fig. 3C). However,
peak Ca®" transient was significantly lower in old CBKO
neurons (young vs. old, P =.013) (Fig. 3C).

LRM analysis shows that the monoexponential decay
time constants were similar between the different groups
at young age (F, 55y = 1.162, P = .317) (Fig. 3D). Mono-
exponential fittings of decay time constants of elder mice re-
vealed those to be faster in CBKO and J20 dendrites than in
WT neurons (Fz, 21y = 5.086, P = .008; WT versus J20,
P =.024; WT versus CBKO, P = .005) (Fig. 3D). The re-
sults demonstrate unexpected Ca®" dynamics in J20 mice
suggestive of compensatory processes, indicated by the
age-related changes in decay time constants (faster). Simi-
larly, old CBKO dendrites had findings suggestive of
compensatory processes, as indicated by the lower peak
Ca’®" transient and faster decay time constant in older
mice, again an unexpected finding if the only calcium buffer
modified was CB.
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Fig. 3. Age- and genotype-related changes in Ca®" dynamics and resting
Ca" levels of BC subicular neurons in WT, J20, and CBKO mice. (A)
Representative Ca>" transients (OG1: 50 pM) in apical dendrites elicited
by 3 rapid depolarization steps (100 Hz, 3 ms, from —70 mV to +10 mV)
in subicular BC neurons of young-adult and older-adult WT (n = 86 and
12, respectively), J20 (n = 18 and 5, respectively), and CBKO (n = 10
and 6, respectively) mice. Shown are the traces in which the decay
time constant (red line) is fitted with a single exponential function (ap-
prox. 50% of the cells in the three groups, see text). (B) Mean
values + SEM of resting Ca®" estimation (see methods) in different
age groups and genotypes as indicated in the figure. Resting Ca” " levels
were similar at different groups in young-adult mice (WT n = 25, J20
n = 14, and n = 11). Old J20 mice subicular neuron dendrites show
higher resting Ca®>" compared with all other groups (WT n = 36, J20
n = 23, and CBKO = 28). Age was a significant factor in J20 neurons,
but not in WT or CBKO neurons. (C) Shown are mean and SEM values
of peak Ca>" transients at different ages in the different genotypes as
indicated in the figure. Note that young mice have similar Ca®" transient
peaks, whereas old CBKO had significant smaller peaks than old WT and
J20 groups. In addition, only CBKO had an age-dependent decrease of
the peak Ca’* transient in compare with WT and J20 groups. (D)
Mono-exponential decay time constant (mean + SEM) from Ca** tran-
sients at different ages and in different genotypes. No significant differ-
ences between genotypes were observed in young mice. Old CBKO and
J20 mice had a faster decay time constant as compared with old WT mice,
and old WT mice have a slower decay than young WT mice. Abbrevia-
tions: AD, Alzheimer’s disease; BC, bursting cells; CBKO, calbindin
knock-out; DG, dentate gyrus; SUB, subiculum; J20, AD mouse model;
WT, wild type.
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3.5. Changes in the Ca** -buffering capacity of AD and
CBKO subicular dendrites

The ability of subicular neurons to rapidly buffer
depolarization-evoked Ca”" influx (Ca*"-buffering capacity)
was studied comparatively in WT, J20, and CBKO mice. In
these experiments, the endogenous buffer was titrated against
incremental concentrations of OG1. The Ca”>*-buffering ca-
pacity is defined as the ratio of Ca®* jons bound to a buffer
over the free (unbound) Ca*" ions (Supplementary Methods,
Equation 3). Experiments were performed in old mice. First,
we estimated the resting Ca>* levels and decay time constants
based on Ca*" transients elicited by one and three APs at
different concentrations of the Ca®* probe (OG1 100, 50, 25,
and 12.5 pM) (Fig. 4A). As expected, resulting from the buffer
properties of OG1, changes in the decay time constants and
peak Ca”" transients were observed at different concentrations
(Fig. 4B and C).

The Ca**-buffering capacity was estimated assuming a
single compartment model [32]. Different concentrations
of OG1 were used to estimate the exogenous Ca*" -buffering
capacity (plotted on the x-axis), and the decay time constant

of Ca®" transients elicited with three rapid depolarizations
(3 APs) was plotted on the y-axis, and data were fitted
with a linear regression. The x-intercept of the linear regres-
sion represents the internal Ca?*-buffering capacity and was
determined in the different groups (WT = 88, n = 37,
¥ = 0.83 P < .001; J20 = 168, n = 21, r* = 0.79
P < .001; CBKO = 58, n = 24, r* = 0.88 P < .001)
(Fig. 4D, E, 4F). The decrease in the Ca2+-buffering capac-
ity of CBKO neurons was as expected by the removal of CB
acting as Ca®" buffer (WT = 88, CBKO = 58). The
increased Ca®"-buffering capacity found in subicular den-
drites of J20 mice is consistent with the higher CB expres-
sion indirectly observed as a stronger CB IHC signal in the
subiculum of old J20 mice (Fig. 2C), although other addi-
tional mechanisms may be implicated.

3.6. Low-affinity Ca*" indicator-based experiments
identify additional abnormalities in Ca** dynamics in J20
and CBKO mice

The low-affinity Ca®" indicator OG-5N (Kp = 20 uM)
was used for the following set of experiments, to extend
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Fig. 4. Estimation of the Ca?*-buffering capacity in apical dendrites of subicular BC neurons from different genotypes in old mice. (A) Representative Ca**
transients evoked with a single depolarization using different concentrations of OGl1 in the pipette (12.5, 25, 50, and 100 puM, as indicated). Mono-exponential
fitting is in dark blue. Note that, as expected, the decay time constant is slower with higher OG1 concentrations in all neurons recorded. (B) Mean + SEM of peak
Ca** concentrations at different concentrations of OG1 in the three genotypes (indicated in the graph), elicited with a single depolarization (1AP) (3 ms, from
—70 mV to +10 mV). (C) Mean + SEM of Ca’" transients decay time constants elicited with 3 rapid depolarizations (3AP) (100 Hz, 3 ms, from —70 mV to
+10 mV). Data obtained from these transients were used to estimate the Ca>"-buffering capacity in the different genotypes. (D-F) Individual neuron kappa
values (see Methods and Supplementary Methods) were plotted against the decay time constant of a Ca®* transient after three rapid depolarizations (3AP).
Linear regression was performed, and the interception with the x-axis was considered as the estimated endogenous buffering capacity in the apical dendrite
for the 3 groups of neurons, as indicated. (D) WT kg: 88, n = 37 cells, % 0.83; P <.001. (E) J20 ks: 168, n = 21 cells, r*: 0.79; P < .001. (F) CBKO «s:
58, n = 24 cells, 2 0.88; P <.001. Abbreviations: AD, Alzheimer’s disease; BC, bursting cells; CBKO, calbindin knock-out; DG, dentate gyrus; SUB, sub-
iculum; J20, AD mouse model; WT, wild type; OG1, Oregon Green 488 BAPTA-1.



S.L. Angulo et al. / Alzheimers & Dementia B (2019) 1-11 7

the findings presented previously with a different probe in
BC dendrites of old mice. The advantages of Oregon Green
488 BAPTA-5N for these experiments are (1) less interfer-
ence with the internal Ca®" buffers and (2) lower saturation
probability. A disadvantage is the relatively smaller evoked
transients given its kinetics, which decreases the signal-to-
noise ratio. For this reason, we induced a large Ca’®" tran-
sient by a train of depolarizing steps (125 Hz for 7 seconds,
and comparisons were performed for the last 500 ms of the
stimulation period (Fig. 5A and B). WT subicular BC den-
drites reached a significantly lower Ca’* plateau level
compared with J20 and CBKO neurons
(WT = 46.61 = 0.86 %AF/Fy; J20 = 70.71 = 1.71 %AF/
Fp; CBKO = 67.60 = 1.39 %AF/F,; analysis of variance
Fo,14) = 13,79, P <.01; Post hoc Games-Howell WT versus
J20 P <.01; WT versus CBKO P <.01) (Fig. 5A and B). In
contrast, the Ca?* plateau level was similar between the J20
and CBKO subicular dendrites (J20 vs. CBKO P = .339).
These findings indicate a deficiency in both CBKO and
J20 to cope with, i.e., to buffer high Ca®" levels.

3.7. Modeling of intracellular Ca**
and old WT, CBKO and AD mice

dynamics in young

We performed reaction-diffusion and electrical modeling
of a multicompartmental pyramidal neuron. To simulate
Cca’t transients, we modeled OG-1, using kinetic parameters
taken from the literature (see Supplementary Methods). In
the model, we used the same concentration of OG-1 as
was used in the experiments, as well as the same temperature
(24°0).

To generate Ca”* transients, we placed a voltage clamp in
the soma (100-130 ms) set to 80 mV above the resting mem-
brane potential. The depolarized membrane potential caused
opening of voltage-gated Ca®" channels, influx of extracel-
lular Ca®*, and binding of this Ca®" to simulated OG, form-
ing a Ca’t/0G (CaOG) complex, whose concentration
reflects the free intracellular Ca>* concentration. We quan-
tified properties of the CaOG transient and compared them
with experimental results. Both the concentrations of the
different Ca®>" buffers (CB and other nonspecific buffers)

p<0.001

and the rate of Ca®>" extrusion by pumps influenced the
CaOG transient decay time constant (7), the peak [CaOG]
during a Ca?" transient, and the resting (basal) Ca?" levels.

We adjusted parameters in the simulations to replicate the
direction of changes of each of the four investigated features
of a Ca®”" transient (temporal changes in [CaOG], T, peak
[CaOG], and resting intracellular [Ca2+]) observed in exper-
iments as a function of age. The underlying changes required
to replicate the experimental data suggest the induction of
several different homeostatic mechanisms that regulate
Ca’* levels. In WT, we simulated young mice to have equal
levels of CB and other nonspecific Ca®>" buffers. To simulate
normal aging in WT, we reduced levels of CB and other
Ca’" buffers. As a possibly homeostatic compensation, we
needed to increase the Ca®" extrusion pump rate. This
then resulted in a faster half-decay time T, a slightly higher
peak [CaOG] and a lower basal Ca?" level in the older mice,
as was observed experimentally (Fig. 6, top row, A-D).

In the next set of simulations, we modeled CBKO mice by
setting the intracellular CB concentration to 0 mM. We hy-
pothesized that CBKO mice might have higher levels of
other Ca®" buffers as a compensatory possibly “protective”
mechanism. This increase in “other Ca”* buffers” was suffi-
cient to rather accurately model the Ca>* transients in young
CBKO resulting in transients as observed in young WT. To
model the situation prevailing in old CBKO, we increased
the nonspecific Ca®" buffer concentrations, reduced
voltage-gated Ca>* channel density, and increased the extru-
sion rates of Ca>* pumps. As a result of these changes, Ca®*
transients decayed much more rapidly, with lower peak
values, when we reduced the efficacy of the Ca®* extrusion
pump marginally (see Supplementary Methods). This
caused a slight increase in basal Ca’" levels (Fig. 6, middle
row A-D). All the changes in old CBKO mice were also
consistent with experiments.

Finally, we modeled the Ca®" transients in young and old
J20 mice. We hypothesized that Ca®"-mediated excitotoxic-
ity might cause neuronal damage leading to AD, but that J20
mice would demonstrate homeostatic compensatory mecha-
nisms, including maintenance of CB levels also at old age.
Thus, CB and nonspecific Ca>* buffer levels in the young

p<0.001

FKW‘“‘“\\

400 600
Number of APs

400 600 20 AF/F (%)

Number of APs 2 S

Fig. 5. J20 and CBKO mice have deficiencies to buffer a large Ca>" influx. Oregon Green BAPTA-5N (OG5N; 500 pM) was used as a low-affinity Ca>* dye, to

measure the dynamics of high Ca®* concentrations. (A) Ca**

transients evoked with a prolonged depolarization (100 Hz, 3 ms for 7 s) in J20 (red traces; n = 5)

and WT (black traces; n = 5) subicular BC neurons. (B) Same as in A, but comparing CBKO (blue traces; n = 6) and WT. Notice that both CBKO and J20 mice

have higher plateau values after the initial 5 APs, indicating that Ca>*

buffering is decreased for large Ca>*
calbindin knock-out; J20, Alzheimer’s disease mouse model; WT, wild type.

influx. Abbreviations: AP, action potential; CBKO,
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Fig. 6. Computer simulations predict several different homeostatic mechanisms that compensate for Ca®* dysregulation in CBKO and J20 mice. Somatic
voltage clamp (100-130 ms; 80 mV above resting membrane potential) causes opening of voltage-gated Ca** channels, influx of Ca>*, and binding of
Ca*" to Oregon Green (OG), forming CaOG complexes. Concentrations of the latter are reflecting the changes in cytosolic Ca®" concentrations in WT (first
row), CBKO (second row), and the AD model (J20 mice) of young (stippled line) and old (solid line) mice (A). Both the concentrations of the different Ca**
buffers and the rate of Ca>" extrusion pumps influence (B) the CaOG transient decay time constant, (C) the peak CaOG transient, and (D) the resting (basal)
Ca®" levels. Simulations (red) replicated the direction of changes of the variables observed in experiments (blue; B-D) as a function of the age of mice. Model-
predicted mechanisms are described. Top row: wild-type (WT): young—equal levels of CB and other Ca®" buffers; old—reduced levels of CB and other Ca®*
buffers, minor increase in speed of Ca>" extrusion to compensate for reduced Ca>" buffering. Middle row: CB knockout mice (CBKO): young—loss of CB
produces higher levels of other Ca>" buffers to compensate for loss of CB; old—intermediate reduction in efficacy of Ca®" extrusion pump moderately raises
resting Ca”>" levels, further results in increases in other Ca>* buffers, a reduced voltage-gated Ca>* channel (VGCC) density, and an increase in speed of Ca**
extrusion, possibly to protect against effects of aging and loss of CB. Bottom row: Alzheimer’s disease (AD): young—minimal changes in Ca®" buffers; old—
reduced efficacy of Ca®" extrusion pump substantially raises resting Ca®" levels, homeostatic maintenance of CB levels and major increase in speed of Ca*"
extrusion, in parallel with reduction in other Ca>* buffer levels due to aging.
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AD mice were kept identical to the ones of young WT mice.
In the old J20 mice, we simulated homeostatic mechanisms
by maintaining CB levels and by a major increase in the
speed of Ca®" extrusion, while decreasing the nonspecific
Ca®" buffer levels. In addition, in the old J20 mice, we
reduced the Ca’* extrusion pump efficacy substantially
(see Supplementary Methods).

As a result of these modeled changes, the old J20 mice
showed faster CaOG transients. The experimentally
observed higher peak [CaOG] was not accurately modeled;
however, due to reduced Ca>* extrusion pump efficacy, there
was a large increase in basal Ca*>" levels, in agreement with
experimental data (Fig. 6, lower row, A-D).

4. Discussion

This is the first report of subicular neuron Ca*>* dynamics
in WT or an AD mouse model. Similar to reports on rats
[7,36], we found that the majority of subicular neurons
were BC. BC and RS were found to show differences in
electrophysiological properties, but not in intracellular
Ca’" handling. The lower input resistance is likely to
decrease BC neuron excitability compared with RS. A
higher input resistance in RS neurons but similar resting
potentials in both cell types was previously demonstrated
in young [36] and in older rats [7]. Importantly, similarities
of resting Ca®" and Ca®" transient decay time constants be-
tween BC and RS neurons indicate that the Ca®" signaling
machinery has closely related kinetics. Although it is estab-
lished that the subiculum is affected early in AD [3,37], the
specific neuronal subpopulation remains unknown.

The presented Ca?* measurements report the volume-
averaged Ca®" (Ca;), which is the Ca’* concentration
assumed to be homogenous within a small-size cellular
compartment one millisecond after the Ca?* influx/release
[38]. Such Ca; measurements are affected by Ca**-buffer
proteins such as CB [30] and by the Ca®" indicator [32].
No significant changes were found in Ca?" transients with
single exponential decay time constant of young J20 mice
compared with WT. As most of the subicular neurons are
BC with similar peak Ca”" transients, we presume no signif-
icant changes in the expression of CB in the two BC neuron
subpopulations.

Surprisingly, the absence of CB in old CBKO neurons led
to decreased peak Ca®" transients. This strongly indicates
alterations of the Ca’"' signaling toolkit, possibly as a
compensatory mechanism. Such mechanisms have been re-
ported in double knockout mice for CB and parvalbumin
[39]. Consistent with reports in humans, our CB expression
levels also decreased in the subiculum of WT mice during
normal aging, which is correlated with regional vulnerability
[40]. Interestingly, the significant age-dependent decrease in
CB expression of WT subicular neurons was not reflected
in transient peak Ca’* changes (Fig. 3C), indicative of
additional variations in the Ca®>" homeostasis in aged WT
neurons.

Based on our data, we suggest that faster mono-
exponential decay time constant values might be linked
with higher CB expression levels in subicular neurons
from old J20 mice compared with old WT neurons
(Fig. 3D). This might be viewed as a compensatory mecha-
nism, but certainly not the cause of the increased resting
Ca*" levels in old J20 neurons (Fig. 3B).

In our experiments, resting Ca> " levels were increased in
an age-related manner in J20 subicular neurons and were
higher than in old WT neurons, which is previously reported
in amyloidogenic models of AD [41,42]. It is known that
Ca**-pump/exchangers and Ca®>" stores can affect resting
Ca’" levels [43,44], and we explored them with computer
modeling (see Fig. 6). Resting Ca>* levels in CBKO subic-
ular neurons were unaffected; CB is a moderate-to-fast high-
affinity Ca>* buffer and is not expected to affect resting
Ca®" levels [30].

To the best of our knowledge, there are no previous re-
ports of the Ca®"-buffering capacity of neurons in AD. In
general, the Ca®*-buffering capacity in WT subicular den-
drites is within the range found in previous reports from den-
drites of hippocampal pyramidal neurons [21,45]. We found
that the Ca®"-buffering capacity was significantly higher in
0ld J20 neurons than in WT neurons (Fig. 4D, E). Also, it has
been previously reported that Ca®"-buffering capacity dur-
ing normal aging is increased in several neuron types
[45,46,47]. An increased Ca®"-buffering capacity is
thought to be a protective mechanism during normal
“physiological” aging [18]. In line with these previous re-
ports and with the high Ca*>*-buffering capacity of J20 neu-
rons, J20 mice shows minimal neuronal death in the CA3
subregions even at old age [48].

Our experiments and modeling predict several homeo-
static mechanisms that might counteract the different forms
of Ca®>* imbalance including reductions in voltage-gated
Ca®" channel density, increases in Ca® " -buffer concentra-
tions, and changes in the rate of Ca®" extrusion pumps. In
addition, the model predicts that Ca®" extrusion pump ef-
ficacy is reduced with aging in both CBKO and AD mice,
producing noticeable increases in resting Ca’" levels
observed mainly in the AD model. Such mechanisms
have been suggested previously [43,44]; however, our
modeling ties each homeostatic change with a specific
experimental condition.

Finally, the early decline in the CB expression level is not
a critical factor for the subiculum dysfunction/susceptibility
in J20 mice. Further study is required to assess whether
maintenance of high levels of CB in subicular neurons is a
physiological homeostatic response in AD.
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RESEARCH IN CONTEXT

1. Systematic review: Although the link between spe-
cific brain region susceptibility and the pathophysi-
ology of Alzheimer’ disease (AD) is not well
understood, the neuronal calcium changes in AD
have been well documented. Here, we reviewed
recent publications describing the region-specific
changes in Ca®" binding proteins and Ca*>" dysho-
meostasis in AD, and those focused in the subiculum
and adjacent regions.

2. Interpretation: This study modifies the general view
in the AD community, which proposes that decreased
expression of Ca>* buffer is critical in AD-related
Ca*" dyshomeostasis. Specifically, we showed an
unexpected age-related increased Ca®" buffering
capacity in subicular neurons of AD mice, and the
opposite in calbindin knock-out mice.

3. Future directions: We propose that Ca?* overload
leads to increased Ca®"-buffering capacity because
of compensatory mechanisms. Our modeling indi-
cates that abnormalities in Ca®" extrusion systems
could explain it. Therefore, future experiments
must elucidate the upregulated Ca’* buffer/extrusion
system and its subcellular localization; the mecha-
nism of such process; and the processes regulating
this compensatory event, which may provide insights
into new therapeutic approaches.
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