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Abstract

Normal aging may limit the signaling efficacy of certain GPCRs by disturbing the function of
specific Ga-subunits and leading to deficient modulation of intracellular functions that subserve
synaptic plasticity, learning and memory. Evidence suggests that Gag/11 is more sensitive to the
effects of aging relative to other Ga-subunits, including Ga,. To test this hypothesis, the
functionality of Ga.g/11 and Ga,, were compared in the hippocampus of young (6 months) and
aged (24 months) F344xBNF; hybrid rats assessed for spatial learning ability. Basal GTP-yS-
binding to Gay/11 Was significantly elevated in aged rats relative to young and but not reliably
associated with spatial learning. mMAChR stimulation of Gag/11 with oxotremorine-M produced
equivocal GTPyS-binding between age groups although values tended to be lower in the aged
hippocampus and were inversely related to basal activity. Downstream Gag11 function was
measured in hippocampal subregion CA1 by determining changes in [Ca2*]; after mMAChR and
mGIuR (DHPG) stimulation. mMAChR-stimulated peak change in [Ca2*]; was lower in aged CA1
relative to young while mGluR-mediated integrated [Ca%*]; responses tended to be larger in aged.
GPCR modulation of [Ca2*]; was observed to depend on intracellular stores to a greater degree in
aged than young. In contrast, measures of Gag-mediated GTPyS-binding were stable across age,
including basal, mMAChR-, GABARgR (baclofen)-stimulated levels. Overall, the data indicate that
aging selectively modulates the activity of Gaq/11 within the hippocampus leading to deficient
modulation of [Ca2*]; following stimulation of MAChRs but these changes are not related to
spatial learning.

1. Introduction

G-protein coupled receptors (GPCRs) interact with a variety of Ga-subunits and effectors,
giving rise to considerable diversity in signal transduction and resulting in the modulation of

© 2013 Elsevier Ltd. All rights reserved.

Address correspondence to: Joseph A. McQuail, B.S., Neuroscience Program, Wake Forest University Graduate School of Arts &
Sciences, Medical Center Boulevard, Winston-Salem, NC 27157, jmcquail @wakehealth.edu, Telephone: (336) 713-1515; Fax: (336)
713-1545.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McQuail et al.

Page 2

a variety of cellular processes including cell excitability, kinase activity, intracellular Ca2*
concentration ([Ca2*];), neurotransmitter release and gene expression. GPCRs transduce
extracellular signals via an associated G-protein heterotrimer that includes a Ga.-subunit
bound to a GDP molecule under resting conditions. In response to neurotransmitter binding,
the transmembrane receptor protein undergoes a conformal change that drives a GTP-
exchange reaction at the Ga-subunit. The active GTP-bound Ga.-subunit can then modulate
the activity of effector proteins until the GTP is hydrolyzed back to GDP by the Ga-
subunit’s intrinsic enzymatic activity, thus terminating signaling action. Acetylcholine,
glutamate and y-amino butyric acid (GABA), each interact with a subset of GPCRs, but the
consequences for neural activity are subtype-dependent. M1 muscarinic acetylcholine
receptors (MAChR) and Group | metabotropic glutamate receptors (mGIuR), including
mMGIuR1 and mGIuRS, couple to Gag and Gay; that stimulate phospholipase C (PLC) to
catalyze the formation of inositol phosphates (IP) and diacylglycerol (DAG) and
subsequently releases intracellular Ca2* stores (ICS) via inositol triphosphate receptors
(IP3Rs; reviewed in Caulfield and Birdsall, 1998; Bordi and Ugolini, 1999). This signaling
cascade is distinct from GPCRs, including M2 mAChRs and GABAg receptors
(GABARgRS), that couple to Gay and Ga, to inhibit adenylyl cyclase and limit
neurotransmitter release (reviewed in Caulfield and Birdsall, 1998, Chalifoux and Carter,
2011).

Aging is associated with progressive cognitive decline as well as increased risk for
neurodegenerative disorders such as Alzheimer’s disease (AD). Therapeutic interventions
would offer the greatest benefit if administered at the earliest indication of cognitive
impairment, but the biological basis for this impairment must be sufficiently characterized to
optimize therapeutic efficacy. Naturally occurring rodent models can assess the effects of
normal aging on neural substrates and behavior without confounds stemming from
neuropathological disease. Using these rodent models, mAChR-mediated phosphoinositide
(PI) turnover has been reported as impaired (Ayyagari et al., 1998; Chouinard et al., 1995;
Nicolle et al., 1999) or enhanced (Parent et al., 1995; Tandon et al., 1991) in the aged
hippocampus. Similar disagreement is apparent in studies of Group | mGIuR signal
transduction (Nicolle et al., 1999; Parent et al., 1995). Comparatively less is known about
the integrity of M2 mAChR- or GABAgR-stimulated signaling in the aged hippocampus,
but compounds that block either M2 mAChRs or GABAgRs enhance learning and memory
in aged rats (Froestl et al., 2004; Lasarge et al., 2009; Quirion et al., 1995). However, it is
unclear if these benefits are derived from reversing age-related changes to GPCRs or
indirectly promoting postsynaptic activity by facilitating neurotransmitter release.

Given the complex relationship between GPCRs and associated signal transduction
mechanisms, this study presents findings from a series of comparative pharmacological
analyses designed to determine whether aging selectively impairs receptor-stimulated
activation of Ga1; leading to insufficient modulation of subsequent neural responses
within the hippocampus of young adult and aged rats that were characterized for spatial
learning. First, this study used mAChR and GABAgR agonist-stimulated [3®S]guanosine-5’-
O-(3-thio)triphosphate (GTPyS)-binding to assess functional coupling of these receptors to
specific Ga-subunits that were biochemically verified using an immunocapture scintillation
proximity assay (SPA). Subsequently, activity downstream of mMAChRs or Group | mGIuRs
was examined by measuring agonist-stimulated changes to [Ca2*];.

2. Materials and Methods
2. 1. Subjects

Male, Fischer 344 x Brown Norway F1 hybrid rats were obtained from the National
Institutes of Aging rodent colony maintained by Harlan-Sprague-Dawley, Inc.,
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(Indianapolis, IN, USA) and were 6 months of age (young; n = 21) or 24 months of age
(aged; n = 47) at the time of behavioral training. All animals were housed in a facility
approved by the International Association for the Assessment and Accreditation of
Laboratory Animal Care at Wake Forest University School of Medicine. The Institutional
Animal Care and Use Committee of Wake Forest University approved all protocols
described in these studies.

2.2. Behavioral Testing in Morris Water Maze

Rats were behaviorally characterized using a standardized place-learning task developed to
optimize detection of age-associated changes in spatial learning (Gallagher et al., 1993).
Rats trained 3 trials a day for 8 days to navigate to a submerged platform using spatial cues
surrounding the maze. Rats were placed into the water at one of four equally spaced start
positions in a counterbalanced order and allowed 90 s to locate the platform after which time
they were guided to the platform. Rats remained on the platform for 30 s before transfer to a
holding cage for 30 s. Every sixth trial (i.e. the third trial on days 2, 4, 6 and 8) was a probe
where the platform was lowered and inaccessible during the first 30 s of the trial then
subsequently raised for escape. Following place-training, rats received a single session of 6
cued trials, escaping to a visible black platform extending 2 cm above the water surface, to
assess sensorimotor function and motivation. Data were acquired via a video camera
mounted above the maze connected to a digital video recorder and computer running
Ethovision software (Noldus, Leesburg, VA, USA). Cumulative distance and average
distance from platform assessed training and probe trial performance, respectively. Values
from the second, third and fourth probe trials were summed to produce a “proximity score”,
a graded measure summarizing individual performance (Gallagher et al., 1993; Bizon et al.,
2009; Nieves-Martinez et al., 2012).

2.3. Hippocampal Microdissection and Membrane Preparation

Approximately 2 weeks after the completion of behavioral testing, rats were decapitated, the
brain removed, and hippocampi dissected on an ice-cold plate. 1 mm-thick transverse
sections were made through the septal-temporal axis using a tissue chopper and sub-
dissected into dentate gyrus (DG; including the hilus), CA3 (including CA2) and CAl
regions. Regions from both hippocampi were pooled, frozen on dry ice and stored at —80°C
until used for membrane preparation as described in (McQuail et al., 2012). Membrane
protein content was measured using the Pierce bicinchoninic acid assay kit (Rockford, IL,
USA) and aliquots were stored at —80°C until used for GTP-yS-binding assays.

2.4. GTPyS-Binding and Anti-G-protein Scintillation Proximity Assay

All reagents were purchased from Sigma-Aldrich (Saint Louis, MO, USA), unless otherwise
stated. GTPyS-binding reactions were conducted in triplicate in 96-well Opti-plates
(PerkinElmer, Waltham, MA, USA). The reaction buffer contained 100 mM NaCl, 5 mM
MgCl; in 50 mM HEPES (pH 7.4). To unmask Gagy; activity, membranes were pre-treated
with 10 mM A-ethylmaleimide for 30 minutes on ice (Salah-Uddin et al., 2008) and
guanosine 5’-diphosphate concentration was 0.1 mM (Delapp et al., 1999; Porter et al.,
2002). For the Gaq assay, GDP concentration was 50 mM (Delapp et al., 1999). Non-
specific binding was determined in the presence of 10 uM GTPyS. Basal GTP-yS-binding
was measured in the absence of any experimental compounds. 100 tM oxotremorine-M or
300 M baclofen (Tocris, Ellison, MO, USA) stimulated mAChR and GABAgRS,
respectively. These concentrations were selected to produce maximal GTP-yS-binding based
upon prior studies examining total or Ga-subunit specific GTP-exchange in rodent brain
(Delapp et al., 1999; McQuail et al., 2012; Porter et al., 2002; Zhang et al., 2007). Ten
micrograms of membrane protein was added to each well and equilibrated at room
temperature for 30 minutes. GTPyS-binding was initiated by the addition of 500 pM
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[3°S]GTPyS (PerkinElmer) to a final volume of 200 pl/reaction. After 60 minutes, IGEPAL
CA-630 was added to a final concentration of 0.3% (v/v) with agitation at +4°C for 30
minutes. Anti-Gagq1 or anti-Ga,, (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was
added at a final dilution of 1:100 and incubated for 1 hour at +4°C. Anti-1gG-coated
scintillation proximity assay beads (PerkinElmer) were suspended in 25 ml of 50 mM
HEPES and 50 pl added per well then incubated for 30 minutes at +4°C. Plates were
centrifuged and counted in a TopCount scintillating microplate reader (PerkinElmer). Basal
GTP-yS-binding (counts per minute; CPM) was determined by subtracting non-specific
activity. Agonist-stimulated values were transformed to “percent over basal” [% =
(stimulated-basal)/(basal)*100] to facilitate comparisons between age groups and subregions
or “net CPM” values (i.e. basal subtracted from stimulated) for correlation with basal
activity.

2.5. Hippocampal Slice Preparation and Calcium Imaging

Transverse hippocampal slices (250 um) were prepared and loaded with Calcium Green-
AM (Molecular Probes, Eugene, OR, USA) as described in (Hampson et al., 2011). In
contrast to intracellular injection, acetoxymethyl (AM) ester derivatives of fluorescent
indicators allow for the labeling of multiple cells per slice/field of view. Imaging was
performed on CAL1 cells with an upright confocal microscope (Nikon, New York, NY, USA)
equipped with a water-immersion objective, a Hamamatsu Orca-ER digital camera and an
Ultraview spinning disc confocal system (PerkinElmer). Calcium Green emission images
(500-600 nm) were acquired by laser excitation at 488 nm and sampled at 0.3 s intervals. A
piezoelectric “stepping” motor advanced the objective through the focal plane to acquire 40
vertical slices (2.5 wm) per field, producing a complete three-dimensional image every 12 s.
Slices were perfused with artificial cerebrospinal fluid (ACSF; 126 mM NaCl, 20 mM
NaHCO3, 5 mM KCI, 2 mM MgCls, 2.5 mM CaCl,, 10 mM glucose in 20 mM HEPES [pH
7.4]) for 2 min to determine baseline fluorescence and then perfused with either 50 M
oxotremorine-M or 50 M (5)-3,5-dihydroxyphenylglycine (DHPG; Group | mGIuR
agonist; Tocris Bioscience) in ACSF for 3 minutes. Drug perfusion was followed by 5
minute ACSF washout. Each slice was then incubated with 50 wM cyclopiazonic acid (CPA,
Tocris Bioscience) for 10 minutes to deplete intracellular calcium stores (Soler et al., 1998)
and the drug stimulation protocol was repeated. Calcium imaging results were expressed as
percentage change in cell soma fluorescence (AF) of baseline Calcium Green fluorescence
(Fo; average of first 120 s of recording). This relatively quantitative approach is necessary
because uptake of the indicator dye is dependent upon infiltration of the cell plasma
membrane followed by cleavage of the dye from the conjugated acetoxymethyl group by
endogenous esterases to facilitate cytosolic localization and retention within the cell. Peak
change in fluorescence (AF/Fg; i.e. the single greatest value observed during agonist
administration) was obtained from each cell under all conditions to determine maximal
response and the cumulative effect of agonist-stimulated change to [Ca2*]; was evaluated by
calculating area under the curve (AUC) using the integral of the response calculated in
GraphPad Prism 5 software (LaJolla, CA, USA).

2.6. Statistical analyses

Data are presented as the mean + standard error. Independent- or paired-samples #tests and
repeated measures analysis of variance (RMANOVA) were performed using GraphPad
Prism 5 software. RMANOVAs were followed with Bonferroni post hoc tests to evaluate
significant differences while correcting for multiple comparisons. In all statistical
comparisons, p<0.05 was considered significant. GTPyS-binding and [Ca%*]; results that
were significantly different between young and aged rats were tested for correlation with
proximity scores; bivariate correlations were performed for young and aged in a single
analysis as well as separately for each age group.
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3. Results

3.1. Spatial learning

While young and aged rats did not differ on the first training trial (see supplemental
materials and Fig S1), there were main effects of age (/1,66)=31.34, p<0.001) and training
trial block (F(3,198)=82.93, p<0.001) as well as an interaction between these two variables
(F3,90)=9.62, p<0.001). Post hoc comparisons revealed aged rats swam a greater cumulative
distance from the platform on the first two training blocks (p<0.001 for both; Fig. 1A).
Probe trial performance also differed between age groups (F(1 66)=65.81, p<0.001) and
across trials (F(3,198)=9.39, p<0.001) but these factors did not interact (A3 19g)=0.74, />0.5
N.S.) demonstrating poorer spatial bias for the platform location on all probes in the aged
group compared to young (Post hoc: £<0.01 on 15t probe and p<0.001 on 2"-4t probes, Fig
1B; also see supplemental materials and Fig. S2 and S3). However, age groups performed
comparably on cued, visible-platform trials ({s6)=1.36, #>0.1 N.S.), demonstrating that
spatial impairment was not related to non-cognitive factors such as swimming ability or
motivation to escape to the platform (Fig. 1C; also see supplemental materials and Fig. S4).
Proximity scores were significantly higher in the aged group (4e6)=7.65, p<0.001),
consistent with searching further from the platform location, compared to young (Fig. 1D).
Similar results were obtained comparing proximity scores between young and aged rats used
for GTPyS-binding experiments (#30)=4.62, p<0.001; Fig. 1E), oxotremorine-M [Ca?);
imaging (419)=4.46, p <0.001; Fig. 1F) and DHPG [Ca?*]; imaging (§13)=4.77, p<0.001;
Fig. 1G).

3.2. Muscarinic acetylcholine receptor-stimulated GTPyS-binding to Gag/11

Non-specific binding was not different between age groups (£1,30)=0.09, p>0.7 N.S.) or
hippocampal subregions (F2 60=1.63, #>0.2 N.S.; data not shown). Basal GTPyS-binding
to Ga/11 Was greater in aged rats relative to young rats; age x subregion RMANOVA
revealed a main effect of age (F(1,30)=4.79, p<0.05), but no main effect of subregion

( A2,60=0.95, p>0.3 N.S.) or interaction (£,60)=0.45, p>0.6 N.S.). However, when
compared within each subregion, basal GTPyS-binding to Gaq1 did not significantly differ
between young and aged in DG, CA3 or CAL (Fig. 2A). When averaged across all three
subregions (Fig. 2B), a trend towards a positive correlation with proximity scores was
observed for young and aged rats (r=0.31, p<0.1), but no significant relationship was
observed when aged rats were considered alone (r=0.12, £~0.6 N.S.; Fig 2C; but see
supplemental materials, Table S1 and Fig. S5 for a specific case). GTPyS-binding to Gag11
stimulated by oxotremorine-M did not differ as a function of age (£(,30)=1.81, p>0.1 N.S.)
or subregion (F,60)=2.34, p>0.1 N.S.) nor did these factors interact (~ 60=0.08, >0.9
N.S.; Fig. 2D). Although no effect of age was observed for oxotremorine-M-stimulated
[35S]GTPyS-binding to Gag11, given previous findings in aged rats trained in an identical
manner (Chouinard et al., 1995; Zhang et al., 2007), we averaged data from all 3 subregions
(Fig. 2E) for correlation with proximity scores, but observed no reliable association across
all rats (r=-0.25, p>0.3 N.S) or in aged rats alone (r=-0.20, p>0.1 N.S.; Fig. 2F).

To determine whether greater basal GTPyS-binding to Ga/11 is associated with lower
MAChR-stimulated GTP~yS-binding to Ga11, correlations were performed between basal
and oxotremorine-M stimulated values (net CPMs). Basal and oxotremorine-M-stimulated
GTPyS-binding to Ga11 were inversely related in the entire cohort when data from all 3
subregions were averaged (/=—0.40, p<0.05; Fig 3A), although when analyzed by age,
young showed a significant correlation (/=-0.69, p<0.05) whereas aged rats exhibited a
trend (r= —0.37, p<0.1 N.S.). Within the DG, there was negative correlation between basal
and stimulated GTP-yS-binding across the entire cohort (/=-0.17, #>0.3 N.S.; Fig 3B), but
when comparing between age groups, young rats exhibited a negative correlation (/= —0.67,
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p<0.05) whereas aged did not (=0.09, £>0.6 N.S.). There was no significant correlation in
the CA3 in the entire cohort (/=-0.01, p>0.9; Fig 3C) or in either age group (/0ungf
—7.0e-4, p>0.9 N.S,, 7ageq=- 0.01, p>0.9 N.S.). In the CAL, basal and oxotremorine-M-
stimulated GTPyS-binding to Ga11 Were inversely correlated in the total cohort (/=-0.56,
p<0.001; Fig 3D) but when age groups were analyzed separately, this relationship was only
significant for aged rats (+=—0.63, p<0.01) and not young (=-0.49, p~0.1 N.S.).

3.3. Muscarinic acetylcholine and GABARg receptor-stimulated GTPyS-binding to Ga,

Non-specific binding did not differ between age groups (A 30)=1.65, p>0.2, N.S.) or
among subregions (£ 60)=1.00, £>0.3, N.S.) nor did these factors interact (A2 g0)=1.23,
£>0.2, N.S.; data not shown). There was a significant main effect of subregion on basal
GTPyS-binding to Ga, (F2,60)=38.28, p<0.001), but no main effect of age (F1,30)=0.01,
£>0.9, N.S.) or interaction (A2 60=0.60, p>0.5 N.S.; Fig. 4A). Subsequent #test
comparisons demonstrated basal GTP-yS-binding to Ga, was significantly different between
all subregions; it was lowest in CA3 and greatest in DG with intermediate values in the CA1
(p<0.05 for all comparisons). GTPyS-binding to Ga, stimulated by oxotremorine-M was
significantly different among subregions (/,60)=82.46, p<0.001), but not different between
age groups (£1,30)=0.04, p>0.8, N.S.) and there was no interaction between these two
factors (F2,60y=1.18, #>0.3 N.S.; Fig 4B). In contrast to basal activity, oxotremorine-M-
stimulated GTPyS-binding to Ga, was lowest in the DG and greater in the CA1 with
intermediate values in the CA3 (p<0.05 for all comparisons). Baclofen-stimulated GTPyS-
binding to Ga, was also significantly different between subregions (/2 60)=8.54, p<0.001)
but values were not different between age groups (~1,30)=1.38, #>0.2 N.S.) and there was
no interaction between age and subregion (A2 60)=1.36, />0.2 N.S.; Fig. 4C). Subsequent #
tests indicated that baclofen-stimulated GTPyS-binding to Ga, was lower in CAL relative to
CA3 (p<0.001) and DG (p<0.001) while binding was equivalent in CA3 and DG (p>0.5,
N.S.).

3.4. Muscarinic receptor-stimulation of intracellular calcium in CA1

Representative Ca2* imaging results are shown from slices prepared from young (Fig. 5A)
and aged rats (Fig. 5B). When peak values from all cells were compared between age
groups, oxotremorine-M-stimulated [Ca2*]; was lower in aged cells relative to young
(Z206)=2-19, p<0.05; Fig. 4B), but the AUC was not different between ages ({206)=0.82,
£>0.4 N.S.; Fig. 5F). When oxotremorine-M stimulation was repeated following CPA
treatment, peak values were significantly lower in aged (4135)=3.41, p<0.001), but not
young ( 471)=1.26, p>0.2 N.S.; Fig. 4C&D; Fig. 5C) cells. Similarly, CPA significantly
attenuated AUC in aged (4135)=4.09, p<0.001), but not young (471)=1.20, p>0.2 N.S.; Fig.
5F). When averaged by rat, a trend towards lower peak [Ca2*]; was observed in the aged
group (#19)=1.77, p<0.1 N.S.; Fig 5D) and while decreased peak was associated with greater
proximity scores in the entire sample (=-0.21, p<0.05), this relationship was not significant
when aged rats were tested alone (/=-0.38, £>0.1; Fig 5E) There was no difference between
young and aged rats when comparing AUC (419)=0.81, p>0.4 N.S.; Fig 5F).

3.5. Group | metabotropic glutamate receptor-stimulation of intracellular calcium in CA1

Representative CaZ* imaging results are shown from slices prepared from young (Fig. 6A)
and aged rats (Fig. 6B). When peak values were compared between ages, DHPG-stimulated
[CaZ*]; was not different between young and aged cells (%100)=0.75, p>0.4, NS; Fig. 6C),
although aged cells showed a trend towards greater AUC relative to young (4100)=1.90,
p<0.1; Fig. 6E). CPA treatment depressed peak DHPG-stimulated values in young
(#34)=2.34, p<0.05; Fig. 5C&D) and aged cells (£g6)=5.14, p<0.001; Fig. 6C) but only
decreased AUC in aged (fes)=4.01, p<0.001) and not in young cells (434)=0.07, p>0.9; Fig.
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6E). When averaged by rat, there was no difference between age groups with respect to peak
(#13=0.07, p>0.9; Fig. 6D) or AUC (413)=1.18, p>0.2; Fig. 6F) [Ca%*]; response.

4. Discussion

The current data demonstrate that aging selectively alters Gag/11-mediated GTPyS-binding
as well as [Ca?*]; after mMAChR and mGIuR stimulation in the hippocampus. In contrast,
GTP-yS-exchange by Ga stimulated with oxotremorine-M or baclofen was unchanged by
age. While stimulation of GTPyS-exchange by Gag11 via mMAChRs was lower, though not
significantly so, in all subregions of aged hippocampus, peak [Ca?*]; stimulated by this
same receptor was significantly depressed in the aged CAL. Interestingly, peak Group |
mGIuR-stimulation of [Ca2*]; was comparable between young and aged CA1 cells but there
was a trend towards greater integrated [Ca2*]; response in aged cells. Whether stimulated
with oxotremorine-M or DHPG, aged cells also demonstrated a greater dependence on
intracellular calcium stores compared to young. Collectively, the data suggest that modest
changes to Gaq11 may impair downstream signal amplification, but additional intracellular
signaling pathways may compensate in a system-specific manner.

Data indicate that aging selectively alters hippocampal receptor-mediated PI turnover due to
modified receptor:G-protein coupling, but not protein expression (Aubert et al., 1995;
Chouinard et al., 1995; Nicolle et al., 1999; Smith et al., 1995; Zhang et al., 2007). But
evidence obtained via the PI hydrolysis assay has yielded equivocal results. Chouinard and
colleagues reported that mAChR production of IP elicited by oxotremorine-M was
decreased in the hippocampus of aged Long-Evans rats and this decrease was associated
with spatial learning impairment (Chouinard et al., 1995). However, Parent and colleagues,
also examining PI hydrolysis in Long-Evans rats, reported elevated IP production in aged,
spatial learning-impaired rats when stimulated with the cholinergic agonist carbachol (CCh
Parent et al., 1995). Slight differences in the pharmacology of oxotremorine-M versus CCh
may account for these discrepancies as additional studies examining oxotremorine-M or
CCh-stimulation of CDP-DAG report either a decrease (Nicolle et al., 2001) or no effect of
age (Parent et al., 1995) in the hippocampus of aged Long Evans rats, respectively.
Additionally, there is also no consensus on the effect of age on basal PI turnover in the
hippocampus (Ayyagari et al., 1998; Nicolle et al., 1999; Parent et al., 1995; Tandon et al.,
1991).

While PI turnover assays probe only those GPCRs that signal via Gagy3, insight from
traditional GTPyS-binding assays is limited as many agonists exhibit poor subtype
selectivity and, without modifications to detect binding to Gag13, results reflect a
disproportionate contribution from Gaj/Ga, (reviewed in (Milligan, 2003). However, the
current data obtained via a Ga.-specific SPA, may bridge the disparate P1 hydrolysis
findings as elevated basal activity of Ga11 lends credence to those studies reporting
elevated basal PI hydrolysis, while modestly depressed mMAChR:Gag11 coupling
(presumably M1, e.g. Porter et al., 2002) may translate to significantly lower PI turnover
downstream through deficits in signal amplification, especially given evidence for an age-
associated decrease in PLCB1 protein levels (Nicolle et al., 1999). This assumption is
strengthened by the reliable, negative association between basal and mAChR-stimulated
GTP-binding in the CA1 hippocampal subregion and when values were averaged across
subregions. Resolving the status of M1 activity in normal aging is imperative because
mAChR-stimulated P1 hydrolysis is decreased in post-mortem AD cortical samples
(Greenwood et al., 1995; Jope et al., 1997), but stimulation of M1 inhibits amyloid-p
formation (Caccamo et al., 2006; Jones et al., 2008). Thus, deteriorating M1 function
expedites AD pathology and this receptor may be a key disease-modifying target if
appropriate therapies can be administered at the earliest sign of cognitive changes.
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In contrast to Gag11, Ga, activity remained stable with age. Detailed subregion analyses,
however, showed agonist-dependent differences in the relative activities between DG, CA3
and CAL, potentially reflecting differences in M2 receptor densities and GABAgR1
expression profiles (Aubert et al., 1995; Fritschy et al., 1999; Quirion et al., 1995; Smith et
al., 1995). Although M2 autoreceptor density is reported as stable or modestly elevated with
age (Aubert et al., 1995; Quirion et al., 1995; Smith et al., 1995), cholinergic fiber length is
decreased in the aged hippocampus (Ypsilanti et al., 2008). Similarly, expression of
GABARgR2, the subunit that mediates GABAgR:G-protein coupling (Robbins et al., 2001),
is unchanged in the aged hippocampus (McQuiail et al., 2012) but there are fewer glutamic
acid decarboxylase-67-expressing (GAD-67+) interneurons (Stanley and Shetty, 2004) and
possibly greater numbers of basal forebrain GAD-67+ projection neurons innervating the
hippocampus in cognitively impaired aged rats (Bafiuelos et al., 2013). Thus, prior findings
indicate that circuit-level changes may alter cholinergic and GABAergic modulation of the
aged hippocampus while the current data indicate the activity of M2 mAChRs and
GABAGRgRs is preserved with age.

Given the tendency towards decreased mAChR-stimulation of Gay1 in the current study
and prior evidence of decreased post-synaptic mAChR function in aged rats (Chouinard et
al., 1995; Nicolle et al., 2001; Zhang et al., 2007), it was hypothesized that oxotremorine-M
would be less effective at stimulating downstream ICS release. Accordingly, there was a
significant age-dependent decrease in peak oxotremorine-M-stimulated [Ca2*]; of CA1 cells.
As Group | mGIuRs also release Ca2* from ICS, it was surprising to find that peak DHPG-
stimulated [Ca2*]; was not blunted in aged CA1 cells. CPA did not completely block
mAChR or mGluR-stimulated [Ca2*];, consistent with a role for cell membrane Ca2*
channels including N-Methyl-D-aspartate receptors (NMDARSs) and voltage-gated Ca2*
channels (VGCCs). Aging is associated with decreased expression of NMDARs (Shi et al.,
2007; Wenk and Barnes, 2000 but see Nicolle et al., 1996), diminished NMDAR function
(Barnes et al., 1997; Potier et al., 2000; Bodhinathan et al., 2010) and increased VGCC
currents and channel density (Campbell et al., 1996; Thibault and Landfield, 1996) in CAl
that may alter the balance of Ca2* homeostasis and signaling within aged neurons. When
considered together, the data indicate a selective deficit in mAChR modulation of [Ca%*];,
although a diversity of Ca2* entry, sequestration and release processes are at work and
changing with age in the CAl area.

Post-synaptic elevation of [Ca2*]; is necessary to induce synaptic plasticity, including long-
term potentiation (LTP) and long-term depression (LTD). Electrophysiological and
pharmacological studies have shown that aging modulates the magnitude and mechanisms of
synaptic plasticity triggered by M1 mAChR or Group | mGluR-stimulation. Relative to
young rats and aged rats with impaired spatial learning, aged Long-Evans rats with
preserved spatial learning exhibit increased expression of a form of synaptically evoked,
non-NMDAR LTD dependent on the activation of PLC via Gag11-coupled GPCRs (Lee et
al., 2005). This phenotype was highly specific as NMDA-dependent LTD was depressed in
aged animals with no relation to spatial learning and CCh-LTD was not enhanced in aged-
unimpaired rats, rather it was lower in aged-impaired rats. In this same study population,
NMDA-dependent LTP induced by theta-burst stimulation is depressed in all aged rats,
regardless of cognitive status, but unimpaired aged rats exhibit greater VGCC-dependent
LTP relative to either young or age-matched rats with impaired spatial learning (Boric et al.,
2008). Collectively, these data argue a switch from NMDA-dependent to NMDA-
independent mechanisms of plasticity is neuroprotective and beneficial to cognitive aging.
This is consistent with biochemical evidence demonstrating that excessive Ca%* influx via
NMDARs is neurotoxic (Attucci et al., 2002), and memantine, a NMDAR antagonist
prescribed to AD patients (Reisberg et al., 2003), protects cultured hippocampal neurons
against excitotoxic insult (Volbracht et al., 2006). However, evidence for an adaptive switch
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in plasticity is not universal. In contrast to those findings obtained in aged Long-Evans rats,
increased susceptibility to NMDAR-LTD in the CA1 of aged F344 rats is associated with
worse spatial retention in the water maze (Foster and Kumar, 2007), possibly due to an
enhanced contribution from ICS (Kumar and Foster, 2005). In this same study population
CCh-LTD and DHPG-LTD are enhanced owing to an age-dependent shift towards greater
contributions from NMDARs and VGCCs (Kumar and Foster, 2007; Kumar, 2010). These
latter studies implicate the age-associated shift in the induction thresholds for LTP versus
LTD are largely dependent on alterations to [Ca%*]; and, when activated, will recruit
somewhat different mechanisms between young and aged rats. Thus it remains to be
resolved whether or not GPCRs provide an alternate mechanism to support synaptic
plasticity in aging and under what circumstances GPCRs will facilitate LTP rather than LTD
in the aged CA1 area.

When attempting to reconcile divergent conclusions such as beneficial versus maladaptive
changes to GPCR modulation of plasticity, an increased Ca2*/Mg?* ratio in recording
solutions used in some studies (e.g. Lee et al., 2005) relative to others (e.g. Foster and
Kumar, 2007) will facilitate the induction of LTD over LTP (reviewed in Burke and Barnes,
2010), thus underscoring an important need to evaluate receptor-mediated changes to [Ca?*];
to better inform studies of synaptic plasticity. Emphasizing specific evaluation of [Ca2*];
following application of selective GPCR agonists, the data show aged cells significantly
depend on ICS to elevate [Ca2*]; following mAChR-stimulation whereas young cells do not,
consistent with an age-dependent shift towards ICS that facilitates LTD. Furthermore, peak
mAChR-stimulated [CaZ*]; was lower in aged CA1, possibly consistent with the modest rise
in Ca2* needed to induce LTD relative to LTP, explaining enhanced LTD following mAChR
activation. However, the relationship between this parameter and learning is unclear because
peak [Ca?*]; was not different between ages when conducting a subject-based analysis,
although a trend towards lower [Ca?*]; was observed. Peak Group | mGIluR-stimulated
[Ca2*]; was not different between young and aged groups. However, aged cells tended to
demonstrate a greater, CPA-sensitive integrated [Ca2*]; response relative to young leading
to speculation that this exaggerated response is a factor in age-dependent changes to mGIuR-
mediated plasticity. DHPG application elicits both rapid ICS release via mGluR1 and
delayed potentiation of NMDARs via mGIuR5 (Mannaioni et al., 2001). Therefore,
preserved peak followed by sustained elevation of [Ca2*]; in aged cells is consistent with
increased contributions from mGIuR1 and NMDARs (via mGIuRb5), respectively, that
enhance DHPG-LTD in the aged CA1 (Kumar and Foster, 2007). However, such a
mechanistic shift is likely maladaptive. NMDAR-stimulated release of ICS via ryanodine
receptors (RyRs) is implicated in the progression of pathology in transgenic AD mice
(Goussakov et al., 2010; Oules et al., 2012) and levetiracetam, an anticonvulsant that blocks
IP3R and RyR-mediated ICS release (Nagarkatti et al., 2008), reverses cognitive
impairments in aged rats (Koh et al., 2010) and older humans with mild cognitive
impairment (Bakker et al., 2012).

Robust stimulation will trigger significant increases in somal [Ca%*]; in young and aged
CAL neurons, either via electrical stimulation, as reported previously (Gant et al., 2006;
Thibault et al., 2001), or using pharmacological stimulation, as in the present study.
Although resting [Ca2*]; is not significantly changed with advancing age (Gant et al., 2006;
Thibault et al., 2001), repetitive synaptic stimulation, elicits a larger peak and integrated
[CaZ*]; response in middle-aged (12—-14 months) and aged (23 months) relative to younger
adult rats (4-10 months) and this age effect is reversed by blocking RyRs, preventing the
release ICS in response to Ca2* entering via membrane bound sources (Gant et al., 2006).
What’s more, this larger CaZ* response is inversely related to frequency facilitation, a form
of short-term synaptic plasticity (Thibault et al., 2001). Dysregulation of [Ca?*]; is
implicated in another aging biomarker, enhancement of the slow after hyperpolarziation
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potential (SAHP). Following hippocampal-dependent eye-blink conditioning in rabbits, this
Ca%*-dependent, K*-mediated potential, which normally holds the cell in a hyperpolarized
state following a burst of action potentials, is relaxed to allow enhanced neural activity; but
this potential remains greater in CA1 neurons of aged rabbits (i.e. older than 24 months)
following conditioning and limits cell excitability relative to younger animals (Disterhoft et
al., 1996). More relevant to the rodent model used in the current study, elevated SAHP
amplitude is associated with worse spatial learning in the Morris water maze in aged F344
rats (Tombaugh et al., 2005). Appropriately, inhibition of ICS release by RyR blockade,
depletion of ICS by CPA, or chelation of intracellular Ca2* with thapsigargin, leads to the
selective induction of LTP following peri-threshold stimulation in slices from aged, but not
young, F344 rats by lowering the AHP and enhancing synaptic transmission via NMDARs
(Kumar and Foster, 2004). Lastly, systemic administration of BAPTA-AM, a cell permeant
Ca?* chelator, will improve spatial learning in aged F344 rats performing a distributed
training version of the Morris water maze whereas BAPTA-AM has no effect on the
performance of young rats (Tonkikh et al., 2006). Collectively, these studies demonstrate
that dysregulation of evoked intracellular Ca2* is a reliable marker of aging in CA1 neurons
that is detrimental to neural modifications necessary for learning and memory.

The use of selective compounds that signal via receptors linked to PI-hydrolysis is critical
when evaluating the significance the Ca?* imaging results reported in this study. Prior
studies that examined the application of IP3 to rat hippocampal microsomes (Burnett et al.,
1990) or mouse cortical slices (Stutzmann et al., 2006) did not reveal differences in Ca2*
release between samples prepared from young adult and older subjects. However, the
current data support a hypothesis that changes to upstream signaling, such as altered
receptor:G-protein coupling, will limit the ability of PLCP1 to form IP3 in response to
GPCR activation. Thus, while synaptic stimulation induces a larger Ca%* response in aged
rats (Gant et al., 2006), the current study shows decreased peak oxotremorine-M stimulated
Ca?* and similar peak Ca?* after DHPG application, although the integrated response in the
latter experiment tended to be greater in aged cells, suggesting differential recruitment of
Ca?* sources in a pattern distinct from that elicited by repetitive synaptic stimulation. Even
though M1 and Group I mGluRs couple to the Ga11 subclass of G-proteins, application of
oxotremorine-M and DHPG produced different results within the present study,
underscoring the importance of post-synaptic scaffolds and other protein:protein interactions
that confer unique, receptor-specific signaling pathways that support synaptic plasticity
(Dickinson et al., 2009; Jo et al., 2010; Ménard and Quirion, 2012; Volk et al., 2007).
However, the design of the current study did not pharmacologically isolate the GPCR-
Gag11-PLCBL-IP3R pathway; synaptic release and post-synaptic membrane depolarization
certainly activated membrane-bound Ca2* channels and RyRs. Future studies will need to
employ additional manipulations to block basal synaptic transmission, membrane-bound
Ca?* sources and RyRs to achieve better isolation of this pathway while delivering
compounds that more precisely localize impaired signaling steps. In addition, techniques to
examine changes in dendrites would be appropriate as IP3R density is greatest in this
cellular compartment (Fitzpatrick et al., 2009) and responses may differ between dendrites
and soma.

Although implicated in this study, it is unclear whether or how the increased basal activity
of Gagyy1 observed in the aged hippocampus may account for any of the other changes seen
in this and similar studies of brain aging (i.e. changes to downstream effectors and Ca2*
dyshomeostasis). Notably, virally induced expression of a constitutively active Gaq mutant
protein, Gaq(Q209L), in LBT2 pituitary cells leads to a specific decrease in PLCB1
expression but increased stimulated calcium influx through VGCCs without altering
endogenous receptor or G-protein expression (Liu et al., 2005). As mentioned previously,
aging also decreases hippocampal PLCB1 expression without similar changes to GPCR or
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G-protein levels (Chouinard et al., 1995; Nicolle et al., 1999; Zhang et al., 2007) while
potentiating responses from VGCCs (Campbell et al., 1996; Thibault and Landfield, 1996;
Thibault et al., 2001). Importantly, Ga4(Q209L)-enhanced calcium influx via VGCCs was
associated with decreased downstream cellular responses due to impaired activation via the
mitogen-activated protein kinase pathway (Liu et al., 2005), a phenotype also observed in
the aged hippocampus that is tightly linked with normal learning and memory (Blum et al.,
1999; Ménard and Quirion, 2012). While highly speculative, it is provocative to hypothesize
that elevated basal activity of this specific Ga-protein is a central parameter that links
maladaptive changes to neural biochemistry and physiology and ultimately impaired
cognition.

5. Conclusion

The current data demonstrate that aging selectively modulates the functions of a particular
subtype of Ga-protein with implications for downstream signaling. Normal aging is
associated with increased basal activity of Gag11, the G-protein subtype that links the
activation of GPCRs, including M1 mAChRs and Group | mGIuRs, to Pl-turnover and Ca2*
release but even within this subclass of receptors, compensatory signaling may arise in a
system-specific fashion. However, aging is also broadly associated with a shift in the
relative contributions of Ca2* sources following pharmacologic stimulation. Thus, additional
experimentation is necessary to outline a role for constitutive activity of Gagy; in the
modulation of neural signaling as well as to determine how an upstream gain-in-function
will elicit paradoxical decreases in downstream responses following receptor stimulation. As
much interest already focuses on the therapeutic potential of this class of receptors, such
information will be vital to develop novel therapies that can beneficially modulate specific
GPCR-initiated signaling pathways to favor the induction of LTP over LTD while correcting
Ca?* dyshomeostasis in aged neurons.
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Fig 1. Performance of young and aged ratsin the Morriswater maze

Young (6 months; n=21) and aged (24 months; 7=47) rats were trained on a hidden-
platform/place-learning version of the Morris water maze organized into 4 blocks that each

included 5 training trials (A) and a single probe trial (B) administered at the end of each
training block. After the end of place training, rats received a single block of six visible-

platform/cue-training trials (C). Probe trial measures were summed to compute “proximity

scores” to characterize the range of individual performance differences within this study

population (D; horizontal line denotes mean of each group). Proximity scores of each cohort
used for GTPyS-binding (=10 young, 7=22 aged; E), oxotremorine-M-stimulated [Ca2*];
(n=6 young, n=15 aged; F) or DHPG-stimulated [Ca?*]; (7=5 young, 7=10 aged; G).
**<0.01 and ***p<0.001 vs. young according to Bonferroni post hoctest (A&B). ***

p<0.001 vs. young by independent samples #test (D-G).

Neuropharmacology. Author manuscript; available in PMC 2014 July 01.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

McQuail et al.

Page 18

B C
3500+ T T
[ Young HE Aged ®
) * ® o@ °
28 .0 o8
5 % 30001 - 195" ot
c e
¥ T o e® s).
Y ¢
& *
& = 2500 T 7 ©
(D [
£ ; o
2000 Aged:I r=0.1% p>0.f5 .
.DG CA3 CA1 Young Aged 50 100 150 200 250
Hippocampal Subregion Proximity Score
E F
1254 A I 1o O
— 3 Young HE Aged 5
w
) 1 ] 1
()
O + <
+ o e ¥
-.E S 100- il 1L T-Q__o® o
© D
32 O T e
25 @W~~_
@3 © ®y ©®¢
& 754 1 1 o
o E L o [ J
£
= 50 Aged: r=-0.20, p>0.3
T 1 T 1
DG CA3 CA1 Young Aged 50 100 150 200 250
Hippocampal Subregion Proximity Score

Fig 2. GTPyS-binding to Gag/11 in the hippocampus of young and aged rats
[3°S]GTPyS-binding assay was combined with an antibody-capture scintillation proximity
counting approach to measure Gagy11-specific GTPyS-binding in the 3 major hippocampal
subregions (n7=10 young, 7=22 aged; A and D). Basal (agonist-free) GTP-yS-binding to
Gag11 (A) was averaged for all 3 subregions (B; *p<0.05 vs. young by independent
samples ttest) and subsequently tested for association with proximity scores (C; solid line
denotes significant trend line; INSET: rand p-values for aged group). GTPyS-binding to
Gagq1 stimulated by 100 M oxotremorine-M (D) was similarly averaged across all 3
subregions (E) and tested for association with proximity scores (F; dashed line denotes non-
significant trend line; INSET: rand p-values for aged group).
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Fig. 3. Basal and oxotremorine-M stimulated GTPyS-binding to Gag/11 areinversely correlated
in the hippocampus of young and aged rats
Basal and oxotremorine-M [3°S]GTPyS-binding were measured for correlation in the
average of 3 hippocampal subregions (A), DG (B), CA3 (C) and CAL (D). Solid lines
denote significant trend lines and dashed lines denote non-significant trend line; INSET: r
and p-values for young (/7=10) and aged (n7=22) group tested together.
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Fig. 4. GTPyS-binding to Gag in the hippocampus of young and aged rats
[3°S]GTPyS-binding assay was combined with an antibody-capture scintillation proximity
counting approach to measure basal activity (A) as well as GTP-yS-binding to Gaq
stimulated by 100 .M oxotremorine-M (B) and 300 LM baclofen (C) in the 3 major
hippocampal subregions of young and aged rats (#=10 young, n=22 aged; A-C).
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Fig. 5. Oxotremorine-M-stimulated changesto intracellular Ca2* concentration in CA1 of young
and aged rats

Representative results of Ca* imaging in hippocampal slices showing time-course of
changes to intracellular Ca* concentration stimulated by 50 LM oxotremorine-M (Oxo-M)
in young (A) and aged CAL cells (B); INSET: number of cells and mean peak and area
under curve (AUC), range of values is given in parentheses. Peak change in intracellular
Ca?* concentration of young and aged cells (C; 7=72 cells from young, 7=136 cells from
aged), averaged by rat (D; n=6 young, n7=15 aged) and tested for association with proximity
scores (E; dashed line denotes non-significant trend line; INSET: rand p-values for aged
group). Area under curve of intracellular Ca2* response of young and aged cells (F) and
averaged by rat (G). Black bar in A and B denotes time period of agonist application.
*p<0.05 vs. young according to independent-samples £test; ###p<0.001 vs. oxotremorine-
M control according to paired-samples #test.
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Fig 6. DHPG-stimulated changesto intracellular Ca?* concentration in CA1 of young and aged
rats

Representative results of Ca2* imaging showing time-course of changes to intracellular Ca2*
concentration in hippocampal slices stimulated by 50 .M DHPG in young (A) and aged
CAL cells (B); INSET: number of cells and mean peak and area under curve (AUC), range
of values is given in parentheses. Peak change in intracellular Ca2* concentration of young
and aged cells (C; n=35 cells from aged, n=67 cells from young) and averaged by rat (D;
n=5 young, 7=10 aged). Area under curve of intracellular Ca2* response of young and aged
cells (E) and averaged by rat (F). Black bar in A and B denotes time period of agonist
application. *p<0.05 vs. young according to independent-samples #test; #p<0.05,
###p<0.001 vs. DHPG control according to paired-samples £test.
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