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We recently cloned an extracellular calcium (Ca2/
0 )-sensing receptor (CaR) from bovine parathyroid. The

CaR is also expressed in various regions of brain, suggesting that it could potentially mediate some of the
well-known but poorly understood effects of Ca2/

0 on neuronal function. We have now examined the effects
of polycationic CaR agonists on the activity of nonselective cation channels (NCC) in cultured rat hippocam-
pal neurons, using the cell-attached configuration of the patch clamp technique and applying CaR active
agents to the external bath solution. The polycationic CaR agonist, neomycin (100 mM), as well as an
elevated concentration of Ca2/

0 (3 mM), which is known to activate the cloned CaR, significantly increased
the probability of channel opening (Po). The polyamine, spermine (300 mM), which also mimics the actions
of Ca2/

0 on the cloned CaR, produced similar changes in Po in rat hippocampal neurons. Elevation of
Ca2/

0 also increased Po for a similar NCC in HEK293 cells transfected with the cloned human CaR but
not in nontransfected HEK cells. Thus the CaR can regulate the activity of Ca2/-permeable NCC in
hippocampal neurons and could potentially modulate key functions of these cells, including neurotransmis-
sion and neuronal excitability. q 1996 Academic Press, Inc.

A variety of neuronal processes are regulated by calcium ions (1-8). These effects of calcium
are generally thought to be mediated through Ca2/ serving as a key intracellular second
messenger (2,5-12). Small changes in the extracellular Ca2/ concentration (Ca2/

0 ), however,
also modify essential neuronal processes (13-19), but the mechanisms underlying these actions
of Ca2/

0 are not well understood. A Ca2/
0 -sensing receptor (CaR) has recently been cloned from

bovine parathyroid (20) and rat kidney (RaKCaR) (21), which is a central regulatory element
in extracellular calcium homeostasis. This G protein-coupled receptor is linked to activation
of phospholipase C and confers upon parathyroid and kidney cells the capacity to sense even
minute (Ç2-3%) changes in Ca2/

0 .
By northern blot analysis, the CaR is also expressed in regions of brain not known to be

involved in systemic mineral ion homeostasis, including hippocampus. Sequence analysis of
the CaR reveals domains homologous to those within the metabotropic glutamate receptors
(mGluRs) (22,23), another G protein-coupled receptor that plays important roles in hippocam-
pal function. recently, a brain form of CaR has been cloned from a rat striatal cDNA library
(24) that is identical to RaKCaR. Immunohistochemical studies showed that it is predominantly
localized in nerve terminals, including those within the hippocampus.

The functional implications of the brain CaR are not yet known, but substantial neuronal
activity-dependent changes in the concentrations of extracellular ions, including Ca2/

0 , have
been documented in hippocampus and elsewhere in brain (14-18), which could regulate the
activity of the CaR in nearby neurons. A potential role for the CaR in controlling neuronal
excitability could be mediated through modulation of specific ion channels. For example, some
NCC can be regulated not only by intracellular calcium but also by Ca2/

0 (25,26). Indeed,
recent studies have shown that mGluRs, which are not only structurally homologous to the
CaR but also couple to similar signal transduction systems, modulate neuronal excitability by
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changing the activities of certain ion channels (27-29), particularly nonselective cation channels
(NCC) (29,30). We and others have previously employed a variety of polycationic CaR agonists
(e.g., neomycin, high Ca2/

0 , Gd3/
0 , spermine and other polyamines) to characterize the pharma-

cological properties of cloned CaRs (20,21,31). In the present study, we show that some of
these same CaR agonists also modulate the activity of NCC both in rat hippocampal neurons
as well as in human embryonic kidney (HEK293) cells stably transfected with the cloned CaR,
strongly suggesting they are regulated by the same receptor.

MATERIALS AND METHODS

Cell preparation. Hippocampi were dissected from 1-12 day old rat brains, cut into 2-3 mm pieces, and four to six
pieces were placed in 3.5 cm, uncoated Falcon petri dishes, filled with 2 ml of medium containing the following:
Dulbecco’s modified Eagle’s Medium (DMEM), 5% fetal calf serum, 10 mg/ml penicillin and 20 mg/ml streptomycin.
We avoided the use of polycationic agents (e.g., polylysine) as substrates for neuronal growth to avoid possible
interactions of these with the neuronal CaR. Furthermore, no proteolytic enzymes were used in order to minimize
damage to ion channels and receptors, including the CaR. Hippocampal cells were maintained in culture for up to
several weeks under 5% CO2 at 377C. Tissue fragments adhere to the dishes within 2-4 days, and later neurons extend
outward from the explants. These cultured cells remain viable for 1-4 weeks but are generally studied within 5-10
days after isolation. Cells having the typical shape of pyramidal neurons were mainly used in the present studies. The
following solution superfuses the cells (in mM): NaCl, 140; KCl, 4; CaCl2 , 1 or 0.75 were indicated; MgCl2 , 0.5;
glucose, 5; and HEPES, 5, pH 7.4. Test solutions containing CaR agonists or other agents were applied by superfusion.

General electrophysiological measurements. Patch-clamp methodology has been employed for single channel mea-
surements using cell-attached and excised membrane patches. Patch pipettes were prepared from 7052 Corning (Garner
Glass Co.) glass capillaries. They were pulled and fire-polished to a tip diameter õ 1 mm and were usually coated
with Sylgard. The pipette solution contained in mM (unless otherwise specified): NaCl, 87; KCl, 55; CaCl2 , 0.5;
MgCl2 , 0.5, glucose, 10; Hepes 5.0 (pH 7.4). When filled with this external solution, the pipette tip resistances were
5-10 MV. Seals with resistances of ú10GV were used in single channel experiments, and currents were measured
with an integrating patch-clamp amplifier. Single channel currents were filtered at 3 kHz through a 8-pole Bessel
filter. In cell-attached patches, the resting potential corresponds to holding the patches at 0 mV.

Data acquisition and analysis. Voltage stimuli were applied and single channel currents were digitized (50-200 ms
per point) and analyzed suing an IBM computer, a Labmaster board, and programs based on pClamp (Axon Instr,,
Sunnyvale, CA),

RESULTS

We identified NCC in hippocampal neurons by their typical electrophysiological properties
(i.e., permeability to Na/, K/, and Ca2/). When studied using the cell-attached mode, the
amplitude of their single channel currents at defined voltages does not change substantially
with alterations in the ratio between different cations in the pipette solution (Figure 1A). The
nonselective properties of these channels can also be shown by the absence of change in their
current-voltage relationships and the minimal shift in reversal potential with alterations in the
cation content of the pipette solution (Figure 1B). When Ca2/ in the pipette solution was
varied, only small changes in current amplitudes (Figure 2A) and current-voltage relations
(Figure 2B) were observed, showing that these channels have a permeability for Ca2/ similar
to that for Na/ and K/. The conductance was 45-60 pS.

The CaR agonist, neomycin (100 mM), dramatically activates the channel (Figure 3A and
B), with only a small change in its current-voltage relationship (Figure 3C). Figure 3D illustrates
that neomycin elicits a statistically significant increase in the probability of channel opening
(Po) (Figure 3E). Elevating Ca2/

0 from 0.75 to 3 mM in the bath solution, while recording
channel activities in the cell-attached mode, produces a similar change in channel activity
(Figure 4A and B) with a significant increase in Po (Figure 4C).

We also tested the effects of another polycationic agent on channel activity, the polyamine
spermine, which was recently characterized as a CaR agonist (S. Quinn and P.M. Vassilev,
manuscript in preparation). It also potentiates the activation of the CaR by low levels of
Ca2/

0 in bovine parathyroid cells and stably transfected HEK293 cells. Spermine (300 mM)
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FIG. 6. Single nonselective cation channel activities in nontransfected HEK 293 cells and HEK cells stably
transfected with the CaR before (A) and after (B) elevating external Ca2/ in the bath solution from 0.75 mM to
3.0 mM.

substantially activates these channels in rat hippocampal neurons (Figure 5A and B). This
experiment has been performed in the presence of 1 mM Ca2/

0 , which in the absence of
spermine is not able to maintain high channel activity.

To document further the role of the CaR in regulating NCC, we compared the effects of
CaR agonists on the activity of these channels in HEK293 cells stably transfected with the
human CaR as well as in control, nontransfected HEK293 cells. We have recently identified
such channels in this cell line and found that their conductance and other properties are very
similar to those in hippocampal pyramidal neurons (C. Ye and P. Vassilev, unpublished
observations). Figure 6 shows that elevating Ca2/

0 from 0.75 to 3 mM substantially increased
channel activity in the CaR-transfected but not in the nontransfected HEK293 cells (Figure
6). Similar effects were observed in three other experiments and other CaR agonists elicited
similar activation of NCC only in CaR-transfected but not in the nontransfected HEK293 cells
(C. Ye and P. Vassilev, unpublished observations).

DISCUSSION

This study shows that the CaR can activate a nonselective cation channel in cultured hippo-
campal pyramidal neurons as well as in HEK cells stably transfected with the CaR in the
absence of neurotransmitter receptor agonists in the pipette solution. Channels with similar
conductance and other properties are also known to be regulated by some neurotransmitters.
For example, both NMDA and non-NMDA ionotropic glutamate receptor channels are actually
nonselective channels with varying permeabilities for calcium ions. Under physiological condi-
tions, Na/ and Ca2/, driven by their concentration gradients, enter hippocampal neurons
through these nonselective channels, while K/ passes through the same channels in the opposite
direction due to its concentration gradient. The dominant currents are generally inward, due
to the influx of Na/ and Ca2/, and tend to depolarize the membrane. The apical dendrites of
pyramidal neurons are densely packed with mGluRs and glutamate receptor channels and
could also contain a substantial density of the CaR (24). Activation of nonselective channels
by spermine and other CaR agonists in the apical dendrite would cause neuronal depolarization,
leading to stimulation of glutamate receptor channels, particularly those of the NMDA-type.
At the resting membrane potential, these channels are closed due to a voltage-dependent block
by external Mg2/, which is relieved at depolarizing voltages. Therefore, activation of NCC by
spermine and other polycationic CaR agonists would be expected to stimulate neurotransmis-
sion and could potentially impact positively on key functions carried out by hippocampal
pyramidal neurons, such as the induction of long term potentiation (LTP) which can be
modulated by polyamines.
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CaR agonists added to the bath solution activate NCC in pyramidal neurons and HEK cells
transfected with the CaR (but not in nontransfected HEK cells) when studied using the patch
clamp technique in the cell-attached mode. Therefore, activation of the channels occurs through
an indirect cytosolic transduction pathway, because the tight seal of the patch clamp pipette
does not permit access of the agonists to Ca2/

0 -sensing receptors within the membrane patch.
Indeed, the activities of nonselective glutamate receptor channels are strongly dependent on
several intracellular second messenger systems. For instance, forskolin, which stimulates ade-
nylate cyclase and protein kinase A (PKA), substantially increases the amplitude and decay
time of a non-NMDA-type channel in hippocampal neurons (33). Moreover, activation of
adenylate cyclase increases spontaneous and evoked neurotransmitter release in excitatory
synapses of field CA1 neurons in hippocampal slices (34). Protein kinase C (PKC) also
modulates the activity of AMPA/kainate channels in hippocampal slices (34). The effects of
PKC, PKA, and calmodulin-dependent protein kinase on these channels appear to play an
important role in the induction of long term potentiation (LTP) and long term depression
(LTD) in the hippocampus (34-36). The involvement of various intracellular messenger systems
as transduction pathways for the action of spermine, Ca2/

0 and other CaR agonists in regulating
ion channel activities, excitability and other key functions of hippocampal and other neurons
must be elucidated in further studies.
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