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Abstract

D-Aspartate (D-Asp) can substitute for L-Glutamate (L-Glu) at excitatory Glu receptors, and
occurs as free D-Asp in the mammalian brain. D-Asp electrophysiological responses were studied
as a potential correlate of aging in the California sea hare, Aplysia californica. Whole cell voltage-
and current clamp measurements were made from primary neuron cultures of the pleural ganglion
(PVC) and buccal ganglion S cluster (BSC) in 3 egg cohorts at sexual maturity and senescence. D-
Asp activated an inward current at the hyperpolarized voltage of =70 mV, where molluscan
NMDA receptors open free of constitutive block by Mg2*. Half of the cells responded to both D-
Asp and L-Glu while the remainder responded only to D-Asp or L-Glu, suggesting that D-Asp
activated non-Glu channels in a subpopulation of these cells. The frequency of D-Asp-induced
currents and their density were significantly decreased in senescent PVC cells but not in senescent
BSC cells. These changes in sensory neurons of the tail predict functional deficits that may
contribute to an overall decline in reflexive movement in aged Aplysia.
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1. Introduction

L- amino acids, ubiquitous in proteins where homochirality is important for proper folding,
are often assumed to be the isomers with receptor binding roles in neurotransmission.
Glutamate, L-Glu, is the main excitatory neurotransmitter of the central nervous system
(CNS) of vertebrates and invertebrates (Antzoulatos and Byrne, 2004; Collingridge and
Lester, 1989) and is the best studied free amino acid with a neurotransmitter role. Free D-
amino acids such as D-aspartate (D-Asp) and D-serine (D-Ser), however, are also are found
in the brains of both vertebrates and invertebrates, including some species of Aplysia

(D’ Aniello et al., 1993; Furuchi and Homma, 2005; Spinelli et al., 2006; Williams et al.,
2006), where their role is less clear. D-Ser and D-Asp are source material for manufacture of
their left hand enantiomers L-Ser and L-Asp, respectively (Fujii and Saito, 2004). Recently
D-Ser and D-Asp have been proposed as candidate neurotransmitters (reviewed in Schell,
2004; D’Aniello, 2007) based on fulfillment of a number of criteria necessary for such a
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role, including the machinery for synthesis and degradation near the proposed site of action,
and the release from nerve terminals (Kuffler et al., 1984). Both D-Ser and D-Asp are
agonists at specific Glu receptors, which include the subtypes termed N-methyl-D-Aspartate
(NMDA), alpha-amino-3-hydroxyl-5-methyl-4-isoxazole-propionic acid (AMPA) and
kainate receptors. All of these Glu receptors have associated ion channels that open when
agonist is bound. D-Ser substitutes for glycine as a co-agonist at NMDA receptors (Fuchs et
al., 2005). D-Asp, structurally similar to Glu, is hypothesized to substitute for L-Glu at
excitatory Glu receptors of unidentified subtype (Miao et al., 2006). Direct
electrophysiological evidence for the actions of D-Asp at Glu channels, however, is very
scarce, and the identity of the site of action is not known. We are pursuing studies in the
California sea hare, Aplysia californica, subsequently termed Aplysia, that support a
neurotransmitter role for D-Asp.

L-Glu, D-Asp and D-Ser levels are all altered in human brains affected by Alzheimer’s
Disease (Chen and Lipton, 2006; D’Aniello et al., 1998; Fisher et al., 1994). This study
focused on D-Asp-induced electrophysiological responses as a further correlate of changes
observed in neurotransmitter levels and their actions in the aging brain. We hypothesized
that D-Asp- or L-Glu-induced ion currents, with the latter known to undergo changes in
vertebrate animals associated with AD and other diseases of aging, will show differences in
mature vs. senescent Aplysia. Aplysia is a convenient model for such studies due to its short
lifespan and its well-studied and greatly simplified nervous system. This species of Aplysia
is an annual animal with a predictable period of senescence characterized by declining
responsiveness, reproduction, appetite and weight (Gerdes and Fieber, 2006), followed by
death at an age of one year. These features, combined with a wide understanding of its
nervous system anatomy and physiology, should make Aplysia an excellent model for
determining how changes in function and gene expression in select groups of neurons are
altered by the aging process.

D-Asp-activated channels are present in specific cells of the Aplysia CNS, namely in the
ventral caudal neurons of the pleural ganglion (PVVC) and buccal ganglion S cluster (BSC)
neurons. These neuron clusters are populations of mechanoafferent sensory neurons serving
principally the tail and buccal mass, respectively, and each cluster appears to exhibit
homogeneous physiological responses (Walters et al., 2004). Both have been used in studies
of long-term synaptic plasticity (Chin et al., 1999). In situ hybridization studies show that
these cells possess NMDA receptor subunits (Ha et al., 2006), making them good candidates
for investigation of possible Glu receptor-channel activation by D-Asp, a reasonable starting
point for understanding the effects of D-Asp. To address this, we designed a multi-cohort,
prospective study to compare electrophysiological responses in animals from peak sexual
maturity and senescence.

Aplysia development to sexual maturation is marked by steady growth in length and weight,
followed by copulation and egg laying (Fieber, 1998; Fieber et al., 2005), as illustrated in
Fig. 1. Animals achieved maximal body mass during sexual maturity, despite the investment
in spawn in this hermaphroditic species (Fig. 1A). Although spawn weights produced were
irregular, the period of maximal spawning began 3-9 wks after first spawning (Fig. 1B).
Once the peak of body mass and spawn mass were attained, the morphological and
anatomical indices of senescence were observed. These were significantly decreased body
mass from peak values (Fig. 1A; 2 of 3 egg masses p<0.05 Wilcoxon signed rank test),
significantly decreased egg production (Fig. 1B; all 3 egg masses p<0.05 Mann-Whitney U
test), decreased appetite, and loss of muscle tone. Some cell morphological differences also
were observed in neurons cultured from mature and senescent animals, as illustrated in Fig.
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2. Cultured PVC neurons from animals at the peak of sexual maturity often elaborated axons
and other processes in culture (Fig. 2A), while those cultured from senescent animals oft en
lacked cell processes (Fig. 2B). In a subset of PVC cells in which both photographic data,
for evidence of processes, and capacitance data, for cell size, were collected, 50% of mature
(n=12), but only 19% of senescent cells (h=16) had processes. The cell body of senescent
PVC cells often appeared larger in diameter than mature PVVC cell bodies. For all cells in
which capacitance was studied (n=112), however, capacitance measurements of mature and
senescent PVC neurons were not significantly different (Table 1). BSC neurons, in contrast,
elaborated processes when cultured from animals at both maturity and senescence (data not
shown). In addition, senescent BSC neurons had a significantly larger capacitance (Table 1).

D-Asp-evoked action potentials, shown in Fig. 3A (ASW), were observed in response to
either bath- or picospritzer pulse-application of 1 mM D-Asp in ASW, but not to ASW alone
(not shown). No visible excitatory postsynaptic potential (epsp) preceded the impulse. When
D-Asp-induced depolarizations were elicited in the presence of tetrodotoxin (TTX; 100 nM)
a depolarization attributable directly to application of the agonist was observed (Fig. 3A,
TTX). In many cells, this type of subthreshold depolarization was observed in response to
application of D-Asp alone. This verifies that D-Asp can act as an excitatory agonist in
Aplysia neurons of the pleural and buccal ganglia. A full description of this current,
including its ion selectivity and pharmacological identity is in progress (Carlson and Fieber,
unpublished data).

D-Asp activated ion currents under voltage clamp appeared distinct from L-Glu receptor
currents in many cells. D-Asp induced an inward current in voltage-clamped cells at the
hyperpolarized potential of —70 mV that inactivated during agonist application, as shown in
Fig. 3B. A majority of BSC and PVC cells from sexually mature animals responded to D-
Asp with an excitatory current (Table 1). Although L-Glu also elicited an inward current at
—70 mV in many of these same neurons, and L-Glu currents superficially resembled D-Asp-
induced currents, as shown in Fig. 3C, not all cells respond to both agonists. For example, in
PVC cells exposed alternately to D-Asp and L-Glu, approximately 50% of cells responded
to both L-Glu and D-Asp (21 cells from 5 animals) while the remainder responded only to
D-Asp (22 cells from 4 animals) or L-Glu (3 cells from 1 animal).

The frequency of D-Asp-induced currents was significantly different in mature and
senescent PVC cells, with fewer currents in senescent cells (Table 1; p<0.001, pooled G test;
comparison of egg masses using a heterogeneity G calculation indicated no significant
differences between batches, allowing results to be pooled for all masses). Current density
also was significantly lower in senescent PVVC cells. The average resting potential was
higher in senescent than in mature PVVC cells. Capacitance, a measure of cell size, was
significantly higher in senescent BSC neurons than in mature BSC neurons.

In contrast to variations in some D-Asp currents, there were no obvious differences in either
PVC or BSC neurons with age in density of Na* and Ca2* channels or in the biophysical
characteristics of these voltage-gated channels such as activation voltage, sensitivity to
holding potential or time to inactivation. For example, fifteen mature and 15 senescent PVC
neurons from animals of all 3 egg masses were compared. Mean Na* current densities were
not significantly different at 0.068+0.056 (n=15) and 0.10+0.080 (n=15) nA/pF (mean+SD),
respectively, with activation at approximately —40 mV from V}, of =70 mV, and Vy, of
approximately —30 mV in both mature and senescent neurons. Mean Ca?* current densities
were not significantly different at 0.013+0.011 (n=10) and 0.015+0.012 (n=15) nA/pF (mean
+SD) in mature and senescent PVC cells from all 3 masses, respectively, with activation at
approximately —25 mV from V}, of =70 mV, and V1, of approximately —25 mV in both
mature and senescent neurons.
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Furthermore there were no apparent differences observed in L-Glu currents, which were less
common in these neurons than D-Asp currents, as noted above.

3. Discussion

Free bulk D-Asp is abundant in the CNS of both vertebrates and invertebrates. D-Asp has
been proposed to have a role in neural development, based on its abundance in neonatal rat
brain that declines dramatically after birth (Sakai et al., 1998), yet persists in the adult
(Schell et al., 1997). In adults, D-Asp appears to have an endocrine role, stimulating the
release of hormones from the hypothalamus, pituitary, and testes (D’ Aniello, 2007).
Although D-Asp has not been tracked in larval or early juvenile Aplysia, free D-Asp is
present in the CNS of adult Aplysia species (Zhao and Liu, 2001; Miao et al., 2005; Spinelli
etal., 2006).

We have demonstrated a subpopulation of neurons in Aplysia characterized by D-Asp-
activated channels that are insensitive to L-Glu. D-Asp-induced whole cell currents have
been documented in Aplysia (Miao et al., 2005) and in other species (Brown et al., 2007;
Gong et al., 2005); responses to L-Asp in Aplysia californica and A. dactylomela also have
been documented (Carpenter et al., 1977). D-Asp has been hypothesized to act as a partial or
full agonist at L-Glu receptors of the NMDA, kainate, or AMPA receptor subtypes,
depending on the preparation. In support of the ability of D-Asp to act at specific Glu
receptors, the relative potency of D-Asp at NMDA-like receptors has been documented
(Verdoom and Dingledine, 1988). D-Asp had additional actions opposite that of an
excitatory agonist, acting as an antagonist at AMPA receptors (Gong et al., 2005), and
activating a CI~ conductance as a by-product of uptake by the Glu transporter (Carpenter et
al., 1995; Huang et al., 2004). The idea of a receptor-channel activated by D-Asp but not L-
Glu is untested thus far.

D-Asp is known to activate NMDA-like receptors (Verdoom and Dingledine, 1988), and the
electrophysiological characteristics of NMDA-like receptors have been described in
molluscan species (Moroz et al., 1993). Certain characteristics of the D-Asp current
documented here share similarities with molluscan NMDA-like receptor currents. The D-
Asp-activated current was inward at =70 mV in cultured Aplysia BSC and PVC neurons.
This voltage is hyperpolarized compared to the resting potential of —40 to —55 mV observed
in PVC and BSC cells in reduced preparations in which the synapse was intact (Walters et
al., 1983a; Walters et al., 2004). At this voltage, current through NMDA receptors of
vertebrates would be negligible due to Mg2* block of the channel (Mayer and Westbrook,
1987). In contrast, molluscan NMDA-like receptors in both marine and freshwater species
are free of constitutive block by Mg2* (Moroz et al., 1993), and open at hyperpolarized
potentials. While this may be crucial to NMDA receptor function in marine mollusks, in
which the Mg?* concentration of hemolymph is high (> 10 mM), in freshwater species the
requirement for Mg2* independent function is not as clear, since in these species
hemolymph Mg?* is lower (< 1 mM; Gustafson et al., 2005; Shakhmatova et al., 2006). An
apparent independence from constitutive block of the channel by Mg?2* ions at the resting
potential allies the channel studied here with NMDA channels in other molluscs such as
Lymnaea, but sets it apart from mammalian NMDA receptors (Dingledine et al., 1999). The
observation that half of Aplysia neurons from pleural ganglia had D-Asp induced currents
unresponsive to L-Glu suggests that the D-Asp channel observed in many PVC cells may be
unique, but closely related to molluscan NMDA channels.

Both NMDA-like and AMPA-like receptors, termed ApNR1 and ApGIuR1 and ApGIuR2,
respectively, have been cloned from Aplysia (Ha et al., 2006; Li et al., 2009), and named for
homology with vertebrate receptors in the pore forming regions (Sprengel et al., 2001).

Brain Res. Author manuscript; available in PMC 2011 July 9.



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

1duasnuey Joyiny vd-HIN

Fieber et al.

Page 5

These receptors share with mammalian homologues 95% identity of the pore regions
important for ion conduction and 80% identity of the ligand binding domains, suggesting
they will show biophysical similarities to vertebrate receptors in these properties. In situ
hybridization localized ApNR1 to neurons within most Aplysia ganglia, including PVC and
BSC neurons (Ha et al., 2006). Thus it is possible that the D-Asp receptor-channel studied
here is ApNR1. Because successful expression and physiological characterization of the
cloned receptors has not yet occurred, due possibly to heteromultimeric composition of the
native receptors (Hutton et al., 1991), characterization of native receptors in intact neurons
may be the best way to identify them physiologically. A detailed characterization of D-Asp
induced currents in BSC cells is in progress (Carlson and Fieber in preparation).

The tail withdrawal reflex of Aplysia consists of monosynaptic sensory-motoneuron pairs in
which the sensory neuron mechanoefferent located in the PVC is believed to be directly
excited by tail touch or shock (Walters et al., 1983a). This tail stimulus is transmitted to
effector motoneurons in the nearby pedal ganglion that directly contract the tail. L-Glu
released at the synapse causes excitation of the motoneuron. L-Glu is the only hormone
known to be involved in the unmodified circuit (Antzoulatos and Byrne, 2004), because the
sensory neuron is activated by electrical stimulation at the tail, and synaptic connections to
either other sensory neurons in the PVVC or interneurons are unlikely (Walters et al., 1983b);
in this regard, PVC cells are regarded as a homogeneous population. The sensory-
motoneuron synapse is, however, capable of being modulated by hormones whose actions
result in facilitation (serotonin, Walters et al., 1983b) or synaptic depression of the reflex
(NMDA, Walters et al., 1983b; L-Glu, FMRFamide, Xu et al., 1994; Aplysia Mytilus
inhibitory peptide-related peptide, McDearmid et al., 2002), and it is possible that D-Asp-
induced excitatory currents in PVC cells such as those documented here also play a
modulatory role.

Without additional functional information about the synapses involving PVC cells, the
higher resting potential of senescent PVC cells suggests only that these cells were healthy at
the time of experiments.

Although much less is known about the function and role of BSC neurons, they are also
mechanosensory cells whose axons travel to the periphery through the buccal nerves, and
appear to innervate the buccal mass and perioral area (Fiore and Geppeti, 1981; Walters et
al., 2004). BSC cells respond to strong physical stimulation with long-duration impulses
characterized by large afterhyperpolarizations, and, sometimes, afterdischarges (Walters et
al., 2004). The requirement for chemical neurotransmission of the peripheral mechanical
stimulus to the BSC terminals, as well as the identity of any neurotransmitter or modulating
hormone acting on sensory BSC cells is unknown. The role of the D-Asp response in BSC
cells remains to be elucidated, but it may serve to modulate BSC cell function. Dopamine is
the excitatory neurotransmitter of the consummatory neural feeding circuit of Aplysia
(Baxter and Byrne 2006), to which BSC cells contribute based on these prior studies.
Modulation of this circuit includes synaptic facilitation and depression, leaving open the
possibility that neurotransmitters such as those described for modulation of tail withdrawal,
and possibly, D-Asp, contribute.

Certain significant changes observed in senescent PVC and BSC neurons suggest they may
be associated with a functional deficit with age, such as the decrease in D-Asp-induced
current density and decreased current frequency of PVC cells derived from senescent
animals. A decrease in an excitatory current like the D-Asp current could imply a decline in
excitatory modulation of PVC cells with age, or a relief from inhibitory modulation for
which D-Asp currents provide negative feedback. Either scenario may contribute to a
change in reflexive movement in aged Aplysia. Aged Aplysia have impaired righting and
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tail withdrawal reflexes (Kempsell and Fieber, unpublished data), suggesting that aging-
related behavioral changes may reflect changes in nervous system function and not merely
muscle wasting.

The absence of changes in D-Asp-induced currents in BSC neurons with aging suggest
either that no such changes occur in BSC cells, or that these cells are aging at a different rate
than PVC cells (Moroz and Kohn, in press). Other changes likely had no significance for the
aging phenomenon. Thus senescent BSC cells were significantly larger probably because
molluscan neurons grow as the animal grows (Croll and Chiasson, 1989), but may not shrink
with aging as the body does. Mature animals’ cells were measured before the growth peak,
while the senescent animals’ cells were measured after the peak. No such difference in
capacitance with aging was observed in PVC cells. Despite an apparently larger cell body in
senescent cells, the dearth of cell processes in aged PVC cells, which ordinarily contribute to
the capacitance measurement, may explain the lack of significant difference in size.

Studies have shown that brain glutamatergic receptors or their agonist affinities declined
during aging in humans and rodents, and were correlated with motor deficits (Segovia et al.,
2001). Although the role of D-Asp in ionotropic Glu receptor physiology and pathology is
unknown, D-Asp-induced ion currents declined with aging in the Aplysia model system.
Given the ease of the manipulation of the aging process in Aplysia and the large background
on its nervous system function, Aplysia should be a useful model for studies on aging-
related changes in brain neurotransmitter-activated ion currents.

4. Experimental Procedures

4.1. Animals

Animals were selected from three unrelated cohorts (egg masses) reared at the National
Resource for Aplysia in Miami, Florida. Animals within each cohort were half- or full
siblings from matings of wild—collected parents housed in pairs. Cohort ages at the
beginning of the experiment were 4.75, 4.75 and 4.25 mos for egg masses 1, 2 and 3,
respectively. Thirty offspring per egg mass were housed 5 per cage and fed ad lib on a
mixed diet of the red algae Aghardiella sp. and Gracilaria ferox. The lifespan of animals
from all 3 cohorts under these rearing conditions was approximately one year, as expected
from Capo et al. (2002). The animals were weighed once per week, and upon reaching
sexual maturity the egg masses in each cage were weighed daily to plot the animals’ passage
through adulthood into senescence. Egg laying began at ages 6.25-6.5 months during
October, within the reproductive period of wild Aplysia (Audesirk, 1979). Animals from
each cohort were sampled at the peak of sexual maturity (=3 weeks after the beginning of
egg laying, Capo et al., 2003) and during senescence defined according to Gerdes and Fieber
(2006). Whole cell recordings were made from 2—7 animals per cohort of BSC and PVC
neurons at sexual maturity and senescence.

4.2 Electrophysiological recording

Primary cultures of PVC and BSC neurons were prepared according to the methods in
Fieber (2000). Animals were anesthetized for 1 hr in a 1:1 aerated solution of isotonic
MgCl, and seawater. Cells were dissociated onto 35 x 10 mm polystyrene culture plates
(Falcon) coated with poly-D-lysine, and stored at 17°C in a humidified atmosphere until
used in experiments 24-72 hours later. Whole cell voltage clamp and current clamp
measurements were made using glass patch electrodes containing intracellular solution
consisting of (mM) 458 KCI, 2.9 CaCl, (2 H,0), 2.5 MgCl, (6 H,0), 5 NapATP, 1 EGTA,
and 40 HEPES-KOH, pH 7.4. Voltage and current data were collected and whole-cell
capacitance and series resistance compensations were made using Axopatch 200B or 200A
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clamp amplifiers, with capacitance compensation ranges of 1-100 pF and 101-1000 pF,
respectively, each connected to a PC and Digidata 1200 A/D converter using pClamp
software to record data and issue voltage and current commands. Control artificial seawater
(ASW) contained (mM) 417 NaCl, 10 KCl, 10 CaCl, (2 H,0), 55 MgCl, (6 H,0), 15
HEPES-NaOH, pH 7.6, and also was the extracellular solution used to study voltage gated
Na* currents and D-Asp-induced currents. Ba-Cs- tetraethylammonimum solution consisting
of (mM): 11 BaCl,, 10.45 CsCl, 460 tetraethylammonimum, 10 HEPES-CsOH, 55 MgCl,
(6 H,0), pH 7.6 was used to study Ba2* through voltage gated Ca?* channels. These
solutions were flowed onto cells during recording via a gravity-fed sewer pipe system that
dispensed solution from a 1 pl micropipette near the cell. Solutions containing agonist (e.g.
D-Asp in ASW) were briefly applied at 2 min intervals via sewer pipe or via micropipette
attached to a picospritzer powered by a stream of N, adjustable for force and duration. All
reagents were from Sigma-Aldrich.

4.3 Statistical analysis

Significant differences were at p<0.05 using Mann-Whitney U test, Wilcoxon signed rank
test, G-test, T-test or ANOVA with Sheffe post hoc test.
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Abbreviations

AMPA alpha-amino-3-hydroxyl-5-methyl-4-isoxazole-propionic acid
BSC buccal ganglion S cluster

CNS central nervous system

D-Asp D-Aspartate

D-Ser D-Serine

L-Glu L-Glutamate

NMDA N-methyl-D-Aspartate

PVC pleural ventral caudal

TTX tetrodotoxin
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Fig. 1. Animal husbandry of Aplysia californica used in the study

A. Average live weight of animals in each egg mass over the course of the study +SE.
Horizontal arrows denote first egg mass from newly sexually mature adults. Upward arrows
denote time of first sacrifices at peak of maturity, while downward arrows denote first
sacrifices at senescence.

B. Total weekly spawn weight in 6 cages of animals, summarizing spawn of the 30 animals
in egg mass 3. Larger symbols designate when animals in that cage were sacrificed for
electrophysiological experiments at maturity and senescence. Insert: total weekly spawn
weight for this egg mass.
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Fig. 2. Cultured PVC sensory neurons from Aplysia
A. Cells from animal at peak of sexual maturity.
B. Cells from a senescent animal.
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Fig. 3. Excitatory responses to bath application of D-Asp or L-Glu

A. Current clamp responses in a PVC neuron to D-Asp in ASW (1 mM; bar) and in TTX +
ASW (100 uM; bold). Resting potential —33 mV. B. Whole cell voltage clamp D-Asp-
induced current in PVC neuron at =70 mV.

C. Whole cell currents in a BSC neuron at —70 mV activated consecutively by bath-applied
D-Asp (1 mM) and L-Glu (1 mM).
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