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Cellular/Molecular

Facilitation of L-Type Ca®" Channels in Dendritic Spines by
Activation of 3, Adrenergic Receptors

Tycho M. Hoogland and Peter Saggau

Department of Neuroscience, Baylor College of Medicine, Houston, Texas 77030

We studied the contribution of L-type Ca>* channels to action potential-evoked Ca®" influx in dendritic spines of CA1 pyramidal
neurons and the modulation of these channels by the 3, adrenergic receptor. Backpropagating action potentials (bAPs) (three at 50 Hz)
were evoked by brief somatic current injections, and Ca’" transients were recorded in proximal basal dendrites and associated spines.
The R- and T-type Ca*>* channel blocker NiCl, (100 pm) significantly reduced Ca®™ transients in both spines and their parent dendrites
(~50%), suggesting that these channels are the major source of bAP-evoked Ca®" influx in these structures. The L-type Ca*>" channel
blockers nimodipine and nifedipine (both 10 um) reduced spine Ca** transients by ~10%, whereas the L-type Ca>* channel activators
FPL 64176 (2,5-dimethyl-4-[2-(phenylmethyl)benzoyl]-1H-pyrrole-3-carboxylic acid methylester) and Bay K 8644 ((=*)-1,4-dihydro-2,6-
dimethyl-5-nitro-4-[2-(trifluoromethyl)-phenyl]-3-pyridine carboxylic acid methyl ester) (both 10 M) significantly enhanced the spine
Ca’" transients by 40 -50%. Activation of 3, adrenergic receptors with salbutamol (40 um) or formoterol (5 um) resulted in significant
enhancements of the spine (40 -50%) but not dendritic Ca>* transients. This increase was prevented when L-type Ca>* channels were
blocked with nimodipine (10 wm) or when cAMP-dependent protein kinase A (PKA) was inhibited with KT5720 (3 um), Rp-cAMPS
(Rp-adenosine cyclic 3,5’ -phosphorothioate) (100 ), or PKI (100 wm). The above data suggest that L-type Ca>* channels are func-
tionally present in dendritic spines of CA1 pyramidal neurons, contribute to spine Ca>™ influx, and can be modulated by the 3, adren-
ergic receptor through PKA in a highly compartmentalized manner.
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Introduction

Spines are protrusions that emanate from the dendrites of the
majority of excitatory neurons and receive most of the synapses
in the CNS. Since Ramon y Cajal (1891, 1894) first described
dendritic spines, electron microscopy (Harris and Stevens, 1989;
Harris et al., 1992; Sorra and Harris, 2000) as well as confocal and
two-photon microscopy (Yuste and Denk, 1995; Denk et al.,
1996; Kovalchuk et al., 2000; Sabatini and Svoboda, 2000; Saba-
tini et al., 2002) have contributed greatly to our understanding of
these neuronal structures. The source and kinetics of spine Ca*™"
signals have important consequences for the exact nature of syn-
aptic plasticity (Cormier et al., 2001;Wang et al., 2000;Holthoff et
al., 2002;Nishiyama et al., 2000). It is crucial, therefore, to map
the distribution of the various Ca®" sources in neurons, includ-
ing the localization and functional presence of voltage-
dependent Ca®* channels (VDCCs) in spines and their parent
dendrites. The functional presence of several types of VDCCs in
spines has been mapped (Yuste et al., 1999; Kovalchuk et al.,
2000; Sabatini and Svoboda, 2000). However, less is known about
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the functional presence of L-type VDCCs. Although L-type
VDCCs localize to both dendrites and spines (Hell et al., 1993;
Davare et al., 2001; Obermair et al., 2004 ), there is no evidence for
a direct contribution of these channels to spine Ca*™ influx (Ya-
suda et al., 2003). The importance of L-type Ca?" channels is
underscored by the fact that they contribute to resting Ca>" levels
in dendrites (Magee et al., 1996), are involved in excitability
(Moyer et al., 1992) and synaptic plasticity (Christie et al., 1997;
Cavus and Teyler, 1998; Evers et al., 2002), and also couple
postsynaptic Ca** influx to gene transcription (Murphy et al.,
1991; Graef et al., 1999).

We used confocal imaging to examine the contribution of L-type
Ca®" VDCCs to spine Ca*" transients evoked by brief bursts of
backpropagating action potentials (bAPs). We show that the L-type
Ca®" channel blockers nimodipine and nifedipine reduce, and
accordingly, the L-type Ca®" channel activators Bay K 8644 ((*)-
1,4-dihydro-2,6-dimethyl-5-nitro-4-[2-(trifluoromethyl)-phe-
nyl]-3-pyridine carboxylic acid methyl ester) and FPL 64176 (2,5-
dimethyl-4-[2-(phenylmethyl)benzoyl]-1H-pyrrole-3-carboxylic
acid methylester) enhance bAP-evoked spine Ca*" transients. To
further validate the presence of L-type VDCCs in spines, we used the
coupling of 3, adrenergic receptors (3,-ARs) to a specific isoform of
L-type Ca>" channel, Cay 1.2 or class C, which localizes to dendritic
spines (Hell et al., 1993; Davare et al., 2001). We demonstrate that
activation of 3, adrenergic receptors leads to a preferential enhance-
ment of bAP-evoked Ca*" transients in spines, but not their parent
dendrites, and that this enhancement is prevented when L-type
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Ca”" channels are blocked. We also show that blocking cAMP-
dependent protein (PKA) occludes the enhancement of bAP-evoked
spine Ca*" transients during 3,-AR activation. Our data thus sug-
gest that L-type VDCCs are functionally present in dendritic spines
and can be modulated in a highly compartmentalized manner, add-
ing to a growing body of evidence demonstrating spine-restricted
neuromodulation of VDCCs.

Materials and Methods

Slice preparation. Rat hippocampal slices were obtained from the brains
of 4- to 6-week-old Sprague Dawley rats and prepared in accordance with
the guidelines of the National Institutes of Health, as approved by the
animal care and use committee of Baylor College of Medicine. Animals
were anesthetized with a combination anesthetic containing ketamine,
xylazine, and acepromazine (100, 20, and 10 mg/ml, respectively). Before
removing the brain, an ice-cold solution (2—4°C; containing in mm: 2.5
KCl, 1.25 Na,H,PO,, 25 NaHCO;, 0.5 CaCl,, 7 MgCl,, 7 dextrose, 110
choline chloride, 1.3 ascorbate, and 3 pyruvate) was perfused transcardi-
ally (through the left ventricle) to clear out blood cells and quickly cool
down the brain. Hippocampal slices (350 wm) were cut with a Vibratome
1000+ (Ted Pella, St. Louis, MO) in the same perfusion solution. Slices
were kept at 35°C for 0.5 hr in artificial CSF (ACSF) (containing in mm:
125 NaCl, 2.5 KCl, 1.25 Na,H,PO,, 25 NaHCO,, 2 CaCl,, 2 MgCl,, and
10 dextrose) and then allowed to adjust to room temperature before use.
All solutions were continuously bubbled with 95% O,-5% CO,, and
slices were superfused with ACSF during all experiments. Recordings
were performed at 33—-35°C.

Electrophysiology and optical recording. Whole-cell patch-clamp re-
cordings were made from CA1 pyramidal neurons 30—40 wm below the
surface of the brain slice, using an Axopatch 200A patch-clamp amplifier
(Axon Instruments, Union City, CA). Pipette resistance was 2—6 M(),
and series resistance was 1020 M(). Series resistance was not compen-
sated. The average resting potential of the neurons was —61.2 = 0.2 mV.
Direct current was injected into the cells to hold the membrane potential
at —65 mV. Patch pipettes were filled with an internal solution (in mwm:
135 KMeSO,, 10 HEPES, 8 NaCl, 2 Mg,GTP, and 0.3 NaGTP) that
included 75 um of the medium-affinity Ca** indicator Fluo-5F (K of
2.3 uMm; Molecular Probes, Eugene, OR) to record Ca?" transients and 75
M of the fluorescent label Alexa Fluor 555 (Molecular Probes) to image
fine neuronal structures (Fig. 1 A). The use of Alexa Fluor 555 to visualize
dendritic spines was necessary because of the low fluorescence intensity
of Fluo-5F at resting Ca>" levels. After establishing whole-cell mode,
both dyes were allowed to diffuse into the dendrites for ~20 min before
recordings were started. Neurons were visualized with an E600FN up-
right microscope (Nikon, Melville, NY) equipped with a 60X, 1.0 nu-
merical aperture water immersion objective (Nikon), differential inter-
ference contrast infrared optics (Nikon), and an infrared-sensitive
camera (IR-1000; Dage-MTI, Michigan City, IN). Readily identifiable
spines on proximal basal dendrites were imaged (Fig. 1B) using a
PCM2000 confocal scan head (Nikon). Functional and structural imag-
ing was performed using single-photon excitation using both an argon
(laser line, 488 nm) and a helium—neon laser (laser line, 543 nm) to excite
Fluo-5F and Alexa Fluor 555, respectively. Collected epifluorescence was
separated using a polychroic mirror (488/543/633; Chroma, Rocking-
ham, VT). A 515/30 bandpass filter was used for green emission, and a
565 long-pass filter was used for red emission (Chroma), which was
detected by two fiber-coupled photomultiplier tubes (R928;
Hamamatsu, Hamamatsu City, Japan). Ca 2" transients were acquired in
line-scan mode using a large pinhole (50 wm) with a temporal resolution
of 2.5 msec per line (Fig. 1C). Structural data were acquired with a small
pinhole (20 wm), and image stacks were deconvolved using Huygens
Essential (SVI, Hilversum, The Netherlands) using an iterative maxi-
mum likelihood estimation blind deconvolution algorithm. Image data
that was reconstructed three-dimensionally using Amira (TGS, San Di-
ego, CA) revealed that the spines that we recorded from lay in a plane
approximately parallel to that of the dendrite and that no spines were
protruding perpendicular to this plane where the line scan intersected the
parent dendrite.
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Figure 1. Imaging of Ca®" transients in individual dendritic spines. A, Maximum image
projection of a CA1 pyramidal neuron. Cells were loaded with both Alexa Fluor 555 and Fluo 5F
(both 75 wm) through the patch pipette and imaged with a confocal microscope. B, Close-up of
the boxed region in A. Spines from proximal dendrites (visualized with Alexa-Fluor 555, ~50
um from soma) were selected for all measurements. The dashed scan line indicates the points
from which fluorescence was sampled over time. C, Fluorescence changes (measured with Fluo
5F) from structures intersected by the scan line in response to three 50 Hz bAPs initiated at the
soma. D, Ca2™ transients of spine (top) and parent dendrite (bottom), calculated from the
boxed regions in C and expressed as AF/F X 100%. The shaded areas under the transients
depictthe Ca2"* transientintegrals. These were calculated from the start of thefirst bAP until 75
msec after the end of the last bAP and used to compare control and drug conditions. £, Action
potentials evoked by brief current injections (3 msec, ~1nA) and measured at the soma.

In some experiments, the following drugs were added to the ACSF (in
uM): 10 nimodipine (Bayer, Wuppertal, Germany), 10 nifedipine (Tocris
Cookson, Ballwin, MO), 10 Bay K 8644 (Alamone Labs, Jerusalem, Is-
rael), 10 FPL 641776 (Sigma, St. Louis, MO), 100 NiCl, (Sigma), 40
salbutamol (Sigma), 5 formoterol (Tocris Cookson), 3 KT5720 (Calbio-
chem, La Jolla, CA), 100 Rp-cAMPS (Rp-adenosine cyclic 3',5'-
phosphorothioate) (Biomol, Plymouth Meeting, PA), and 100 PKI (Bi-
omol). Most drugs were bath perfused for ~6 min. PKI and Rp-cAMPS
were included in the patch pipette. Care was taken to keep light-sensitive
drugs in the dark. Ca®" transients are shown as fractional changes of
fluorescence, AF/F, calculated as ((F — Fpeqimutus)/Fp ) X 100%.
Three to five trials were averaged, and a running average of 2 points was
applied to the data to obtain the traces shown (Fig. 1 D). The maximal
Ca*™ transient amplitude was defined as the peak amplitude of the Ca*™
transient during the last bAP in the burst stimulus. The integrals of the
AF/F transients from the start of the first stimulus until 75 msec after the
end of the last (third) stimulus were calculated to compare control and
drug conditions (Fig. 1D, hatched lines). Ca®" transient integrals en-
abled us to measure small reductions or enhancements of the Ca** sig-
nals in spines and their parent dendrites and proved a method less sen-
sitive to the noise inherent in measuring from very small neuronal
structures. When applying multiple drugs, we calculated the percentage
change of the Ca*™ transient integral by dividing the integral 6 min after
start of wash in of the second drug to 6 min after wash in of the first drug.
bAPs (three at 50 Hz) were elicited using brief current injections (~1 nA,
3 msec) at the soma (Fig. 1 E). Ca?™ transients measured at the soma did
not show any saturation of the indicator because the fractional change in
fluorescence was unchanged with each action potential. Laser power was
adjusted to give minimal photo-damage for the duration of the measure-
ments. Estimated power delivered to the preparation was ~ 500 wW.

Statistics. Paired t tests for comparison of two means (a = 0.05) were
used to test for differences between control and drug conditions and to
compare spines and their parent dendrites. For comparison between
groups with different sample sizes, we used a two-sample  test assuming
unequal variances. Notation of p values is as follows: *p < 0.05; **p <

restimulus.
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0.01;***p < 0.001. Differences were considered
significant for p < 0.05. Data are displayed as
mean = SEM.

Results

Amplitudes and kinetics of bAP-evoked
Ca’* transients in spines and dendrites
of CAl pyramidal neurons

Recordings were made from large-diameter B
spines (~0.5 wm) of proximal basal den-
drites (46 = 3 um from soma). Larger-
diameter spines are associated with devel-
oped postsynaptic densities (Harris et al.,
1992; Spacek and Harris, 1997) and are also
believed to be the most stable and mature
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dendritic spines in vivo (Trachtenberg et al.,
2002). For the bAP-evoked Ca** signals re-
corded from these proximal spines (Fig. 2 A),
no correlation was found between ampli- D
tude and distance from the soma (Fig. 2 B). A
linear fit through the data points gave R* val-
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chances of opening all present VDCCs.

With the Ca®" indicator used, we ob-
served large-amplitude changes of fluores-
cence (Fig. 2C). Spines and their parent
dendrites had similar Ca®" transient am-
plitudes during the first bAP (spines,
436 * 24% AF/F, n = 61; dendrites, 403 =
20% AF/F, n = 57) and the last bAP
(spines, 688 = 40% AF/F, n = 61; den-
drites, 655 = 35% AF/F, n = 57). Ca*"
transient amplitudes were significantly
different during the first bAP (*p < 0.05)
but not the last bAP (NS, p = 0.16) when
amplitudes of spines were compared with those of parent den-
drites. We also observed fast decay kinetics of the bAP-evoked
Ca** transients (Fig. 2 D). Two different types of decay kinetics
have been described previously associated with bAP-evoked
spine Ca”" transients, depending on the diameter of the parent
dendrite (Holthoff et al., 2002). Thin dendrites displayed single-
exponential decays, whereas thick dendrites displayed double-
exponential decays. All Ca®" transients were recorded from
spines of small-diameter dendrites (basal, < 1 wm) and could be
well fit with single-exponential decays, in agreement with previ-
ous findings from spines of similarly thin dendrites (Sabatini et
al., 2002). Ca" transient decay times were significantly faster in
spines than their parent dendrites (Fig. 2 E), using both a single
bAP (spines, 33 = 3 msec, #n = 41; dendrites, 40 * 6 msec, n = 38;
*p < 0.05) or a brief burst of bAPs (spines, 39 = 2 msec, n = 61;
dendrites, 44 = 2 msec, n = 57; ***p < 0.001). Although Ca**
transient decay times in spines remained significantly faster than
dendrites during a burst, the spine decay times were increased
with respect to those during a single bAP (*p < 0.05).

In summary, we found basal spines to have bAP-evoked Ca*"
transients with similar amplitudes and significantly faster decay
kinetics compared with their parent dendrites during both a sin-
gle bAP and a brief burst of bAPs.

1 bAP

3 bAPs

Figure2. Amplitudes and kinetics of bAP-evoked spine Ca>™ transients. A, Left, Maximum image projection of CA1 pyramidal
neuron basal dendrites and close-up of dendritic spines. Right, Ca™ transients displayed as AF/F X 100%, recorded from a
single spine (gray trace) and its parent dendrite (black trace) shown on the left. 8, Normalized maximal Ca** transient amplitudes
of spines and parent dendrites (Dend.) did not change with distance from the soma (spines, R? = 0.004; dendrites, R? = 0.001).
(,Ca" transient amplitudes of basal spines were significantly different from parent dendrites during the first, but not the last,
bAP of a burst stimulus (first bAP, n = 61 pairs, *p << 0.05; last bAP, NS, p = 0.16). D, Ca™ transients evoked by either one or
three bAPs (overlaid) with the corresponding somatic action potentials. £, Ca®™ transient decay times of bAP-evoked Ca®™
transients in spines and their parent dendrites. Spines had significantly faster decay times than parent dendrites with either a
single bAP or a burst of three bAPs (single bAP, n = 41 pairs, *p << 0.05; three bAPs, n = 61 pairs, ***p << 0.001).

Contribution of R- and T-type VDCCs to bAP-evoked Ca**
transients in spines and parent dendrites
Spine and dendritic Ca®" transients evoked by brief bursts of
bAPs were studied in the presence of NiCl, (100 um), which
selectively blocks both R- and T-type VDCCs at low concentra-
tions (Christie et al., 1995, 1997). Representative traces under
control conditions and during bath application of NiCl, are
shown in Figure 3A. Ca*” transient amplitudes (Fig. 3B) were
significantly reduced in both spines and their parent dendrites
during the first bAP (spines, 64 = 5%, n = 6, ***p < 0.001;
dendrites, 65 £ 9%, n = 6, ***p < 0.001) and last (third) bAP
(spines, 60 * 8%, n = 6, ***p < 0.001; dendrites, 59 * 8%, n =
6,*p < 0.001). Ca®" transient integrals, calculated as described
in Materials and Methods, before and during application of 100
M NiCl, were also compared (Fig. 3C). Ca*" transient integrals
were significantly reduced in spines and their parent dendrites
(spines, 49 * 5%, n = 6, ***p < 0.001; dendrites, 51 = 7%, n = 6,
*6xp < 0.001). Ca™ transient decay times were increased after the
block with NiCl, (Fig. 3D). Decay times increased nonsignificantly
in spines and significantly in their parent dendrites (spines, 122 =
16%, n = 6, NS, p = 0.2; dendrites, 122 * 8%, n = 6, *p < 0.05).
Together, these data suggest that R- and possibly T-type
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Figure 3. Blockade of R- and T-type Ca®* channels with NiCl, significantly reduces bAP-
evoked spine Ca2™ transients. A, Representative Ca " transients of a basal spine and its parent
dendrite under control conditions and during bath application of the R- and T-type Ca** chan-
nel blocker NiCl, (100 jm). B, Ca* transient amplitudes were significantly reduced in spines
and their parent dendrites during the first bAP (spines, n = 6, ***p << 0.001; dendrites,n = 6,
**¥p < 0.001) and last bAP of the train stimulus (spines, ***p < 0.001; dendrites, ***p <
0.001). ¢, Ca** transient integrals (see Materials and Methods) were significantly reduced in
spines and their parent dendrites in the presence of NiCl, (spines, n = 6, ***p < 0.001;
dendrites, n = 6, ***p < 0.001). D, Ca®™ transient decay times shown as percentage of
control. In the presence of 100 wm NiCl,, decay times of spines increased nonsignificantly,
whereas those of dendrites increased significantly (spines, n = 6, NS, p = 0.2; dendrites, n =
6,*p < 0.05).

VDCCs contribute a major fraction to bAP-evoked Ca*" tran-
sients but are not necessarily the sole source of bAP-evoked Ca**
influx in spines and dendrites of CA1 pyramidal neurons.

Contribution of L-type VDCCs to bAP-evoked Ca**
transients in spines and parent dendrites

We were particularly interested in measuring the contribution of
L-type VDCCs to bAP-evoked spine Ca** transients. Although
their anatomical presence in spines has been confirmed (Davare
etal., 2001, Obermair et al., 2004), so far no data support a direct
contribution of L-type VDCCs to spine Ca** influx (Yasuda et
al., 2003). We studied burst-evoked Ca** transients in more ma-
ture rats (4—6 weeks) than those of similar studies (1-2 weeks), in
view of reported changes in the number and distribution of
VDCCs during early development (Tanaka et al., 1995; Shankar
et al., 1998; Isomura and Kato, 1999). L-type Ca®" channel
blockers and activators were used to probe for the presence of
L-type VDCCs in spines and their parent dendrites.

Two dihydropyridine (DHP) L-type VDCC blockers, nimo-
dipine and nifedipine (both 10 uMm), were used to selectively block
L-type Ca®" channels. The effect of these drugs on spine and
dendritic Ca*" transients was examined (Fig. 4A). In the pres-
ence of nifedipine, a significant reduction was observed of the
spine and dendritic Ca** transient amplitudes (Fig. 4 B) during
the first bAP (spines, 87 = 5%, n = 5, *p < 0.05; parent dendrites,
80 = 6%, n = 5,*p < 0.05) but not the last bAP (spines, 89 =+ 6%,
n =5, NS, p = 0.10; dendrites, 91 = 6%, n = 5, NS, p = 0.15).
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With nimodipine, Ca®" transient amplitudes were reduced sig-
nificantly in spines and parent dendrites during the first bAP
(spines, 93 £ 4%, n = 10, *p < 0.05; dendrites, 84 = 7%, n = 10,
*p < 0.05) and the last bAP of a burst (spines, 85 * 3%, n = 10,
**p < 0.01; dendrites, 91 = 6%, n = 10, *p < 0.05). For quanti-
tative comparisons, we referred to the less noise-sensitive Ca*™"
transient integral (Fig. 4C). In the presence of nifedipine, Ca®"
transient integrals were significantly reduced in both spines and
their parent dendrites (spines, 87 % 5%, n = 5, *p < 0.05; den-
drites, 87 = 6%, n = 5, *p < 0.05). With nimodipine, Ca**
transient integrals were significantly reduced in spines and their
parent dendrites (spines, 87 * 3%, n = 10, *p < 0.05; dendrites,
83 £ 6%, n = 10, *p < 0.05). Given that R- and L-type VDCCs
could be blocked independently, we tested the effect of blocking
these channels simultaneously. Coapplication of NiCl, (100 um)
and nimodipine (10 uMm) resulted in a somewhat stronger reduc-
tion of the Ca** transient integrals in both spines and their par-
ent dendrites (spines, 33 = 12%, n = 4, **p < 0.01; dendrites,
37 = 13%, n = 4, *p < 0.01). However, spine and dendritic
Ca’" transient integrals did not differ significantly from those in
the presence of NiCl, alone (spines, NS, p = 0.15; dendrites, NS,
p = 0.20). Ca*" transient decay times were not significantly af-
fected when L-type VDCCs were blocked (Fig. 4 D). In the pres-
ence of nifedipine, Ca*" transient decay times nonsignificantly
increased in spines and their parent dendrites (spines, 109 = 7%,
n =5,NS, p = 0.15; dendrites, 110 = 15%, n = 5, NS, p = 0.27).
Likewise, with nimodipine, spine decay times were nonsignifi-
cantly increased (spines, 109 * 6%, NS, p = 0.09; dendrites,
102 = 6%, NS, p = 0.36).

To further validate the contribution of L-type Ca** VDCCs to
the bAP-evoked Ca’" transients in spines, we tested whether
spine Ca*" transients could be enhanced by L-type Ca®" channel
activators. Figure 5A shows the spine and dendritic Ca*" tran-
sients before and during application of the DHP L-type VDCC
activator Bay K 8644 and the benzoylpyrrole FPL 64176, Ca*™
transient amplitudes (Fig. 5B) of spines increased significantly
from first to last bAP of the burst stimulus with both Bay K 8644
(*p < 0.05) and FPL 64176 (**p < 0.01). Seven of eight spine—
dendrite pairs showed an increase with Bay K 8644. Of these
seven pairs, peak amplitudes of bAP-evoked Ca®" transients in
spines and their parent dendrites were nonsignificantly increased
with Bay K 8644 during the first bAP (spines, 102 % 10%, n = 7,
NS, p = 0.41; dendrites, 117 = 11%, n = 7, NS, p = 0.19) and
significantly increased in spines but not parent dendrites during
thelast bAP (spines, 127 == 9%, n = 7, *p < 0.05; dendrites, 104 *
4%, n =7,NS, p = 0.06). In the presence of FPL 64176, five of six
spines showed an increase of the spine Ca®" transients. Of these
five pairs, Ca®" amplitudes were nonsignificantly increased in
spines and their parent dendrites during the first bAP (spines,
123 = 14%, n = 5, NS, p = 0.09; dendrites, 100 * 8%, n = 5, NS,
p = 0.35) and significantly increased in spines and parent den-
drites during the last bAP (spines, 145 = 9%, n = 5, *p < 0.05;
dendrites, 115 * 4%, n = 5,*p < 0.05). With both FPL 64176 and
Bay K 8644 (both 10 M), we observed a significant increase of the
spine Ca”" transient integrals (Fig. 5C). Spine Ca*" transient
integrals were significantly different from parent dendrites with
Bay K 8644 (**p < 0.01). Furthermore, with Bay K 8644, Ca**
transient integrals increased significantly in both spines (146 =
12%, n = 7, **p < 0.01) and their parent dendrites (124 * 9%,
n=7,*p <0.05). Bath application of FPL 64176 resulted in Ca*"
transient integrals of spines that were also significantly increased
from those of their parent dendrites (**p < 0.01). In the presence
of FPL 64176, Ca*" transient integrals were increased signifi-
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cantly in spines but not their parent den-
drites (spines, 146 = 11%, n = 5, **p <
0.01; dendrites, 114 *= 6%, n = 5,NS, p =
0.06). Comparison of dendritic Ca** tran-
sient integrals in the presence of either Bay
K or FPL 64176, on the other hand,
showed no significant differences (NS, p =
0.18). The discrepancy between spines and
parent dendrites suggests that there was
little difference in the propagation of the
APs in the basal dendrites in the presence
of these drugs. Ca** transient decay times
were increased with both L-type Ca**
channel activators (Fig. 5D). With Bay K
8644, spine decay times increased nonsig-
nificantly in spines and significantly in
their parent dendrites (spines, 145 = 25%,
n=7,NS, p = 0.06; dendrites, 129 * 13%,
n = 7; *p < 0.05). Using FPL 64176 to
activate L-type VDCCs, both spine and
dendritic decay times increased signifi-
cantly with respect to control (spines,
133 * 10%, n = 5, *p < 0.05; dendrites,
131 *+ 12%, n = 5, *p < 0.05).

Together, these data suggest that L-type
Ca** channels are functionally present in
basal spines and could contribute to Ca**
increases in these structures during brief
bursts of bAPs.

Facilitation of L-type VDCCs in spines
by activation of the 3,

adrenergic receptor

A macro-molecular complex localized to
dendritic spines of CAl pyramidal neu-
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Figure 4.  Blockade of L-type Ca®™ channels with nimodipine or nifedipine significantly reduces bAP-evoked spine Ca™
transients. A, Typical Ca® ™ transients with and without nimodipine (Nim.; 10 wm) or nifedipine (Nif.; 10 m). 8, Ca® ™ transient
peak amplitudes were significantly reduced with nifedipine and nimodipine during the first bAP (nifedipine spines, n = 5,*p <
0.05; nifedipine dendrites, n = 5, *p << 0.05; nimodipine spines, n = 10, *p << 0.05; nimodipine dendrites, n = 10, *p < 0.05)
and with nimodipine, but not nifedipine, during the last bAP (nifedipine spines, NS, p = 0.10; nifedipine dendrites, NS, p = 0.15;
nimodipine spines, **p << 0.01; nimodipine dendrites, *p < 0.05).C,Ca™ transient integrals shown as percentage of control in
the presence of nimodipine, nifedipine, and both nimodipine and NiCl, (100 ). With nifedipine or nimodipine, the Ca®™*
transient integrals were reduced significantly in both spines (nifedipine, n = 5, *p << 0.05; nimodipine, n = 10, *p << 0.05) and
their parent dendrites (nifedipine, n = 5, *p << 0.05; nimodipine, n = 10, *p < 0.05). Coapplication of NiCl, with nimodipine
resulted in a significant reduction of the spine and dendritic integrals (spines, n = 4,**p << 0.01; dendrites, n = 4,**p < 0.01),
which was nonsignificantly different from bath application of NiCl, by itself. ¢, Ca®* transient decay times, shown as percentage
of control. With either nimodipine or nifedipine, Ca®™ transient decay times were nonsignificantly changed in spines (nimodip-
ine, n =10, NS, p = 0.09, nifedipine, n = 5, NS, p = 0.15) or their parent dendrites (nimodipine, n = 10, NS, p = 0.36;
nifedipine,n = 5,NS, p = 0.27).

rons was described recently, which pro-

vides a direct functional coupling between the 3,-ARs and class C
(Cay1.2) L-type Ca*" channels (Davare et al., 2001; Laporte et
al., 2001). This suggests that noradrenergic afferents could selec-
tively modulate VDCC-dependent Ca*™ increases in spines. We
hypothesized, therefore, that stimulation of B,-ARs should lead
to Ca”" increases restricted to dendritic spines and that such
increases would most likely be mediated by L-type Ca*" chan-
nels. To test this hypothesis, and to further validate the functional
presence of L-type VDCCs in dendritic spines, we activated 3,-
ARs with the specific agonists salbutamol and formoterol and
compared bAP-evoked Ca*™ transients in spines and their parent
dendrites. Spine and dendritic Ca®" transients under control
conditions and with either salbutamol (40 um) or formoterol (5
uM) are shown in Figure 6 A. In the presence of either salbutamol
or formoterol, peak amplitudes of spine Ca** transients were
significantly different from dendritic peak amplitudes (Fig. 6 B)
during the last peak of the burst-evoked transients (salbutamol,
*p < 0.05; formoterol, *p < 0.05). Activation of 3,-ARs with
salbutamol resulted in an increase of the spine Ca®" transients in
11 of 12 spine—dendrite pairs. Data are presented for these 11
pairs below. With salbutamol, Ca** transient amplitudes were
nonsignificantly changed in spines and their parent dendrites
during the first bAP (spines, 116 * 12%, n = 11, NS, p = 0.06;
dendrites, 89 = 6%, n = 11, NS, p = 0.09). During the last bAP,
Ca’” transient amplitudes increased significantly in spines but
not their parent dendrites (spines, 134 = 7%, n = 11, *p < 0.05;
dendrites, 112 = 10%, n = 11, NS, p = 0.33). With formoterol,

Ca’™ transient amplitudes increased nonsignificantly during the
first bAP in both spines and their parent dendrites (spines,
123.8 = 11%, n = 4, NS, p = 0.054; dendrites, 102 * 14%, n = 4,
NS, p = 0.35). During the last bAP, peak amplitudes were non-
significantly increased in both spines and parent dendrites
(spines, 131 = 16%, n = 4, NS, p = 0.07; dendrites, 92 = 6%, n =
4, NS, p = 0.13). However, in the presence of formoterol, Ca?"
transient amplitudes during the last bAP were significantly dif-
ferent in spines when compared with their parent dendrites (n =
4,%p < 0.05). We observed an increasingly pronounced enhance-
ment of the spine but not dendritic Ca** transient integrals dur-
ing sequential wash in of salbutamol (Fig. 6C). Spine Ca*" tran-
sient integrals were significantly enhanced after wash in of either
salbutamol or formoterol (Fig. 6 D). When salbutamol was bath
applied, spine, but not dendritic, Ca>" transient integrals were
significantly increased relative to control (spines, 147 * 8%, n =
11,**p < 0.01; dendrites, 112 % 6%, n = 11, NS, p = 0.20). When
B,-ARs were activated with formoterol (5 um), all spines showed
an increase of the Ca®™" transient integral, whereas the dendritic
Ca’*" transient integral increased nonsignificantly (spines, 147 =
12%, n = 4, *p < 0.05; dendrites, 104 * 12%, n = 4, NS, p =
0.38). Spine and dendritic Ca** transient integrals were signifi-
cantly different from each other after activation of 3,-ARs with
both drugs (salbutamol, **p < 0.01; formoterol, *p < 0.05). Fur-
thermore, with either salbutamol or formoterol, spine Ca 2* tran-
sient decay times were significantly enhanced relative to Ca**
transient decay times in parent dendrites (Fig. 6 E) (salbutmol,
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Figure 5.  Activation of L-type Ca®™ channels with Bay K 8644 or FPL 64176 significantly enhances bAP-evoked Ca®™ tran- nels. To rule out that the reduction of Ca

sients in spines. A, Ca™ transients under control conditions and during bath application of the L-type channel activators Bay K
8644 (BayK; 10 um) or FPL64176 (FPL; 10 um). B, Ca 2* transient peak amplitudes showed a significant increase in spines relative
to their parent dendrites during the last bAP of a burst with both Bay K 8644 (n = 7 pairs, *p << 0.05) and FPL64176 (n = 5 pairs,
*p < 0.05). Peak amplitudes were increased nonsignificantly with Bay K 8644 and FPL 64176 during the first bAP (Bay K 8644
spines, n = 7,NS, p = 0.41; Bay K 8644 dendrites, n = 7, NS, p = 0.19; FPL 64176 spines, n = 5, NS, p = 0.09; FPL 64176
dendrites, n = 5,NS, p = 0.35) and significantly in spines with Bay K 8644 and FPL 64176 during the last bAP of a burst (Bay K
8644 spines, *p << 0.05; Bay K 8644 dendrites, NS, p = 0.06; FPL 64176 spines, *p << 0.05; FPL 64176 dendrites, *p << 0.05). C,
(a”" transient integrals shown as percentage of control in the presence of Bay K 8644 and FPL 64176. Ca®* transient integrals
increased significantly with Bay K 8644 in spines (n = 7, **p << 0.01) and parent dendrites (n = 7, *p << 0.05), whereas it
increased only in spines (n = 5, **p << 0.01) but not parent dendrites (n = 5, NS, p = 0.06) with FPL64176. With both activators,
(a”" transient integrals in spines were significantly more enhanced than in their parent dendrites (both **p << 0.01). D, Ca**
transient decay times as percentage of control for Bay K 8644 and FPL 64176. Ca*" transients decay times were enhanced in
spines (Bay K 8644, NS, p = 0.06; FPL 64176, *p < 0.05) and their parent dendrites (Bay K 8644, *p << 0.05; FPL 64176, *p <

0.05).

*p < 0.05; formeterol, *p < 0.05). With salbutamol, spine decay
times were increased significantly, whereas dendritic decay times
were increased nonsignificantly (spines, 144 * 13%,n = 11,*p <
0.05; dendrites, 109 = 10%, n = 11, NS, p = 0.22). Similarly, with
formoterol, spine decay times were increased significantly,
whereas dendritic decay times were nonsignificantly increased
(spines, 139 = 13%, n = 4, *p < 0.05; dendrites, 109 * 6%, n =
4,NS, p = 0.11).

These data suggest that spine Ca" transients are selectively
enhanced after activation of the 3, adrenergic receptor.

To study whether the spine-specific increase was mediated by
L-type Ca*" channels, we activated 8,-ARs in the presence of
nimodipine (Fig. 7A). Spine and dendritic Ca** transient ampli-
tudes in the presence of both salbutamol (40 wm) and nimodipine
(10 uM) were nonsignificantly changed relative to amplitudes
with nimodipine alone (Fig. 7B). Ca*" transient amplitudes
changed nonsignificantly in spines and their parent dendrites
during the first bAP of a burst (spines, 116 £ 11%, n = 4,NS, p =
0.08; dendrites, 100 = 15%, n = 4, NS, p = 0.34). Equally, during
the last bAP, Ca®" transient amplitudes were nonsignificantly
changed (spines, 100 = 10%, NS, p = 0.38; dendrites, 95 = 19%,
NS, p = 0.17). Sequential wash in of nimodipine, followed by
salbutamol, caused an expected small reduction of the spine and

transients in spines and their parent den-
drites during nimodipine wash in was attrib-
utable to Ca®" channel rundown, we also
monitored Ca" transient integrals in spines
and their parent dendrites during more pro-
longed recordings in the absence of any
drugs (Fig. 7F). Ca®" transient integrals
were not significantly different from control
15 min after recordings begun (spines,
109 * 2%, NS, p = 0.06; dendrites, 101 *+
13%, NS, p = 0.48), suggesting that, during
this period, channel rundown did not
strongly affect our measurements.

Role of PKA in mediating spine Ca**

transient increases during 3,-AR activation

The coupling of 8, adrenergic receptors to L-type Ca®" channels
has been well characterized in cardiac myocytes (Xiao et al., 1995;
Zhou et al., 1997; Zhang et al., 2001; Xiao, 2001). This functional
coupling involves PKA-dependent activation of the L-type Ca**
channel (Naguro et al. 2001; Scott et al., 2000; Hulme et al., 2003),
although evidence also exists for PKA-independent mechanisms
(Jo et al., 2002). We wanted to test whether the spine Ca** tran-
sient enhancements observed after 3,-AR stimulation were me-
diated by PKA. This would corroborate previous findings, which
showed that Cay 1.2 coimmunoprecipitates with this kinase (Da-
vare et al., 1999). Figure 8 A shows the spine and dendritic Ca**
transients that were obtained in the presence of any of the PKA
inhibitors alone (3 um KT5720, 100 uM Rp-cAMPS, or 100 um
PKI) or in the presence of both salbutamol (40 um) and one of the
PKA inhibitors. Ca** transient amplitudes were not significantly
different in the presence of salbutamol and each of the PKA in-
hibitors used in this study when compared with amplitudes in the
presence of any of the PKA inhibitors alone (Fig. 8 B). In the
presence of KT5720 (3 uMm), both spine and dendritic Ca** tran-
sient amplitudes were nonsignificantly increased during the first
(spines, 105 = 14%, n = 4, NS, p = 0.39; dendrites, 82 = 12%,
n =4, NS, p = 0.19) and last bAP (spines, 100 = 7%, NS, p =
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0.36; dendrites, 103 = 5%, NS, p = 0.44).
In addition, when Rp-cAMPS was in-
cluded in the patch pipette and 3,-ARs
were activated with salbutamol, both spine
and dendritic Ca®" transient amplitudes
did not change significantly during either
the first bAP (spines, 79 = 4%, n = 3, NS,
p = 0.09; dendrites, 92 = 19%, n = 3, NS,
p = 0.49) or the last bAP (spines, 113 =
8%, NS, p = 0.15; dendrites, 109 = 17%,
NS, p = 0.27). Inclusion of PKI (100 um)
in the patch pipette confirmed results with
the other PKA inhibitors. Ca®" transient
amplitudes were nonsignificantly changed
in spines and their parent dendrites during
the first (spines, 87 * 15%, n = 4, NS, p =
0.18; dendrites, 106 * 24%,n = 4,NS, p =
0.38) and last (spines, 106 * 14%, NS,
p = 0.24; dendrites, 112 = 17%, NS, p =
0.18) bAP. Sequential bath application of
KT5720 and salbutamol did not result in
any significant changes of the spine and
dendritic Ca** transient integrals (Fig.
8C). Ca** transient integrals also did not
change significantly when PKA was
blocked with any of the other PKA inhibi-
tors but 3,-ARs were activated (Fig. 8 D).
In the presence of KT5720, Ca** transient
integrals revealed nonsignificant decreases
in spines and their parent dendrites
(spines, 95 = 9%, n = 4, NS, p = 0.4;
dendrites, 97 = 5%, n = 4, NS, p = 0.4).
With Rp-cAMPS, Ca** transient integrals
were nonsignificantly changed in spines
and their parent dendrites (spines, 90 *
10%, n = 3, p = 0.2; dendrites, 102 = 14%,
n = 3, p = 0.5). Furthermore, when PKA
was blocked with PKI during [3,-AR acti-
vation, we also found no significant
changes of integrals in spines or their par-
ent dendrites (spines, 89 * 5%, n =4, p =
0.1; dendrites, 99 = 6%, n = 4, p = 0.4).
We observed a slight increase of the Ca**
transient decay times in the presence of
PKA inhibitors, but no significant differ-
ences were observed between spines and
their parent dendrites (Fig. 8E). In the
presence of KT5720 and salbutamol, spine
and dendritic decay times did not increase
significantly relative to Ca*" transient de-
cays with KT5720 alone (spines, 118 *
14%, n = 4, NS, p = 0.18; dendrites, 111 *
7%, n = 4,NS, p = 0.11). When PKA was
blocked with Rp-cAMPS and 3,-ARs were
activated, neither spine nor dendritic de-
cay times were significantly enhanced rel-
ative to decay times in the presence of Rp-

cAMPS by itself (spines, 108 == 5%, n = 3, NS, p = 0.2; dendrites,
106 = 6%, n = 3, NS, p = 0.3). Finally, when we blocked PKA
with PKI and activated 3,-ARs with salbutamol, spine decay times
did not increase significantly in spines or parent dendrites relative to
Ca”" transient decays in the presence PKI alone (spines, 117 * 7%,
n =4,NS, p = 0.10; dendrites, 113 = 14%, n = 4, NS, p = 0.16).
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Figure 6.  Activation of 3,-ARs results in a preferential enhancement of spine Ca®™ transients. 4, Ca>* transients under
control conditions and during wash in of the 3,-AR activators salbutamol (salbutamol; 40 rum) or formoterol (Form.; 5 um). Insets,
Spine and parent dendrites from which Ca 2™ transients were obtained (dashed line indicates position of the line scan). 8, Ca®*
transient amplitudes in spines and their parent dendrites during the first and last bAP of the burst-evoked transients. During the
last bAP, Ca2™ transients in spines were significantly different from those in their parent dendrites in the presence of either
salbutamol or formoterol (salbutamol, n = 11 pairs, *p << 0.05; formoterol, n = 4 pairs, *p << 0.05). With salbutamol, peak
amplitudes changed nonsignificantly during the first bAP (spines, n = 11,NS, p = 0.06; dendrites, n = 11, NS, p = 0.09) and
significantly in spines, but not parent dendrites, during the last bAP (spines, n = 11, NS, p << 0.05; dendrites, n = 11,NS, p =
0.33). With formoterol, peak amplitudes changed nonsignificantly during the first bAP (spines, n = 4, NS, p = 0.05; dendrites,
n = 4,NS,p = 0.35) and the last bAP (spines, n = 4,NS, p = 0.07; dendrites, n = 4,NS, p = 0.13). , Time course of the Ca>™*
transient integrals in spines and parent dendrites during bath application of salbutamol. D, Percentage change of the (a®*
transientintegralsin spines and their parent dendrites during 3,-AR activation with salbutamol and formoterol. With salbutamol
orformoterol, spine Ca ™" transient integrals were significantly enhanced in spines (salbutamol, n = 11, **p << 0.01; formoterol,
n = 4,%p < 0.05) but not parent dendrites (salbutamol, n = 11,NS, p = 0.2; formoterol, n = 4,NS, p = 0.38). Ca®" transient
integrals in spines were significantly different from their parent dendrites with either salbutamol or formoterol (salbutamol, n =
11 pairs, **p < 0.01; formoterol, n = 4 pairs, *p << 0.05). £, Ratio of spine and dendritic Ca® ™ transient decay times before and
after drug application. Decay times were significantly enhanced in spines (salbutamol, n = 11, *p << 0.05; formoterol, n = 4,
*p << 0.05) but not their parent dendrites (salbutamol, n = 11, NS, p = 0.22; formoterol, n = 4,NS, p = 0.11).

The above findings suggest that a highly compartmentalized
signaling occurs from B,-ARs to spine-localized L-type Ca’™"
channels and that this signaling requires PKA. Such coupling
corroborates previous studies, which attribute increased Ca?t
channel activity to phosphorylation by PKA (Tsien et al., 1986;
Johnson et al., 1994).
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Figure 7.  Blockade of L-type Ca** channels abolishes the spine-localized Ca* transient
enhancement during 3,-AR activation. A, Shown are bAP-evoked Ca* transients recorded
from a spine and parent dendrite in the presence of nimodipine (Nim; 10 um) and during bath
application of salbutamol (Salb.; 40 wm). B, With L-type VDCCs blocked with nimodipine and
B,-ARs activated with salbutamol, Ca™ transient peak amplitudes were not significantly
changed in spines and their parent dendrites during the first bAP (spines, n = 4,NS, p = 0.08;
dendrites, n = 4, NS, p = 0.34) or last (spines, NS, p = 0.38; dendrites, NS, p = 0.17) bAP of
aburst. C, Time course displaying the percentage change of the Ca ™" transient integral during
application of the L-type Ca* channel blocker nimodipine and the 3,-AR agonist salbutamol.
D, Percentage change of the Ca™ transient integrals in the presence of salbutamol and nimo-
dipine with respect to the integrals in the presence of nimodipine alone. With L-type VD(Cs
blocked and 3,-ARs activated, Ca" transient integrals did not differ significantly in spines or
parent dendrites when [3,-ARs were activated (spines, n = 4, NS, p = 0.38; dendrites, n = 4,
NS,p = 0.13).F,Ca " transient decay times were nonsignificantly changed during activation
of [3,-ARs with salbutamol in the presence of nimodipine relative to nimodipine by itself, in
both spines and their parent dendrites (spines, n = 4, NS, p = 0.14; dendrites,n = 4,NS,p =
0.34). F, Left, Ca** transients (single trials) in a basal spine and its parent dendrite (see inset)
in the absence of any drugs at the start of recordings and 15 min later. Right, Time course
displaying the Ca* transient integrals of spines and parent dendrites (7 = 4) under no drug
conditions. There were no reductions of the Ca 2" transient integrals during our recording time,
showing that negligible rundown of Ca* channels occurred in spines and parent dendrites.

Discussion

Amplitudes and kinetics of bAP-evoked spine Ca’* transients
We showed that bAP-evoked Ca>" transient amplitudes in basal
spines are similar to their parent dendrites. Previous studies in
CA1 pyramidal neurons indicated that both basal and apical
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spine Ca’™ transients are significantly larger than those of their
parent dendrites (Yuste et al., 1999; Majewska et al., 2000). The
smaller diameter of basal dendrites (Megias et al., 2001) could
account for a sharper rise of Ca*>* in these dendrites and thus
cause similar increases as in the basal spines.

Decay times of the Ca** transients that we measured were
well fit by single-exponential functions, conforming to neurons
containing both slow- and fast-binding endogenous buffers (Lee
etal., 2000). Spine Ca*" transient decays were significantly faster
than those of their parent dendrites. Interestingly, there were no
significant differences in spine Ca** transient decays after single
bAPs or a burst. Thus, even after a train of bAPs (three bAPs at
50Hz), spine Ca?™ transient decays remained fast, maintaining
compartmentalization of Ca®" during bursting activity. There
may be a functional significance to this because postsynaptic
bursting activity is important for synaptic potentiation (Pike et
al., 1999; Paulsen and Sejnowski, 2000). Therefore, it will be of
interest to study AP firing frequencies at which active Ca*" ex-
trusion mechanisms (smooth endoplasmic reticulum Ca**-
ATPase pumps and plasma membrane Ca**-ATPase pumps) in
spines become saturated.

Contribution of L-type VDCCs to bAP-evoked spine

Ca’* transients

In agreement with other studies (Sabatini and Svoboda, 2000;
Yasuda et al., 2003), we found that R- and T-type VDCCs con-
tribute primarily to bAP-evoked spine Ca*" transients. The ma-
jority of spine Ca** influx is most likely mediated by R-type
VDCCs because of their activation properties (Yasuda et al.,
2003). However, T-type channel contribution cannot be ruled
out completely and may contribute more strongly in spines of
distal dendrites, in which bAPs are broadened (Randall and
Tsien, 1997).

We hypothesized that bursts of bAPs prime L-type VDCCs as
aresult of their sensitivity to pre-depolarizations (Bourinet et al.,
1994; Altier etal., 2001; Dzhura etal., 2000; Schj6tt and Plummer,
2000) and thus allow detection of their functional presence. In-
deed, we found that, during brief bursts of bAPs, L-type VDCC
blockers and activators accordingly modulate the resulting spine
Ca’* transients. The finding that L-type VDCCs are preferen-
tially activated by EPSPs at room temperature (Mermelstein et
al., 2000) has been challenged by others, who showed bAPs are
equally effective in opening these channels at physiological tem-
peratures (Liu et al., 2003). L-type VDCCs display three gating
modes: mode 0, with channels not opening with depolarization;
mode 1, characterized by multiple short openings; and mode 2,
associated with long channel openings and high open probability
(Hess et al., 1984). Gating mode 2 can be induced by L-type
VDCC activators, stimulation of B-ARs (Yue et al., 1990), and
through association of L-type channels with CaMKII (calcium/
calmodulin-dependent protein kinase II) (Dzhura et al., 2000).
Whereas L-type VDCC activators cause more Ca*" influx as a
result of a shift to mode 2 (Hess et al., 1984; Lauven et al., 1999),
L-type channel blockers typically cause a stabilization of mode 0
(Hess et al., 1984).

In basal spines and their parent dendrites, Ca*" transients
were similarly reduced by L-type VDCC blockers. This was not
the result of Ca*>* channel washout, because long-term record-
ings in the absence of these drugs did not cause a significant
reduction of Ca’* transient integrals. Interestingly, in basal
spines, activators of L-type VDCCs caused a significantly larger
enhancement of the Ca*" transients than in their parent den-
drites. One explanation for this preferential enhancement could
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be a higher density of L-type channels in
the spines of basal dendrites. Other factors
that affect channel kinetics and thereby the
observed L-type channel contributions
could include alternative splicing of chan-
nel subunits (« or B). Splice variants con-
fer differences in DHP sensitivity (Solda-
tov et al, 1995; Welling et al.,, 1997).
Furthermore, palmitoylation (Qin et al.,
1998), phosphorylation state (Sculpto-
reanu et al., 1995), or truncation of the C
terminus of the L-type channel a-subunit
(Gao et al., 2001) could also differentially
affect Ca*" signaling through these chan-
nels in spines relative to dendrites. In ad-
dition, differences in voltage dependence
have been described for class C, Cay1.2
and class D, Cay1.3 L-type channels (Xu
and Lipscombe, 2001), which may be dif-
ferentially targeted, although recent evi-
dence suggests that Cay1.2 is found in
both spines and dendrites (Obermair et al.,
2004). Given the results, it is possible that
L-type channels in basal dendrites are per-
missive for gating modes 0 and 1 but not
mode 2. Although it cannot be ruled out
completely, diffusion of Ca>* from spines
to parent dendrites did not appear to
strongly affect the measured integrals, be-
cause we found that, during 3,-AR activa-
tion, strong integral increases in spines did
not result in significant enhancements of
dendritic integrals or decay times.

Our data suggest that L-type VDCCs
attribute a small amount to bAP-evoked
basal spine Ca*" increases. Modulation of
L-type VDCCs, as seen with cardiac myo-
cytes by B adrenergic receptors (Yue et al.,
1990), could enhance the contribution of
these channels similar to L-type Ca**
channel activators and may control gene
transcription. This effect on transcription
can be relayed from synapses via translo-
cation of calmodulin to the nucleus (Mer-
melstein et al., 2002). Calmodulin translo-
cation requires Ca’* influx through
L-type Ca** channels and NMDA recep-
tors (Deisseroth et al., 1998). Most inter-
estingly, a recent study suggests that the
activity of the central noradrenergic sys-
tem during wakefulness could modulate
neuronal gene transcription, thereby fa-
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Figure 8.  Blockade of protein kinase A abolishes 3,-AR mediated enhancements of bAP-evoked spine Ca®™ transients. 4,
Ca®™" transients in spines and their parent dendrites in the presence of the PKA inhibitors KT5720 (KT; 3 um), Rp-cAMPS and PKI
(pipette concentrations ofboth 100 rum), and during additional activation of 3,-ARs with salbutamol (40 wum). B, Percentage ratio
ofthe Ca2™ transient amplitudes with salbutamol in the presence of a PKA inhibitor relative to Ca* transient amplitudes with
PKA inhibitors alone. Ca* transient peak amplitudes did not change significantly during the first bAP (KT5720 spines, n = 4, NS,
p = 0.39; KT5720 dendrites, n = 4, NS, p = 0.19; Rp-cAMPS spines, n = 3, NS, p = 0.09; Rp-cAMPS dendrites,n = 3,NS,p =
0.49; PKI spines, n = 4,NS, p = 0.18; PKl dendrites, n = 4, NS, p = 0.38) or the last bAP (KT5720 spines, NS, p = 0.36; KT5720
dendrites, NS, p = 0.44; Rp-cAMPS spines, NS, p = 0.15; Rp-cAMPS dendrites, NS, p = 0.27; PKl spines, NS, p = 0.24; PKI
dendrites, NS, p = 0.18). 8, Time course displaying the percentage change of the Ca** transient integrals with respect to control
(no drug) in the presence of KT5720 (3 wm) and during additional activation of 3,-ARs with salbutamol (40 wm). G, Percentage
ratio of the Ca2™* transient integrals in the presence of KT5720, Rp-cAMPS, PKI, and salbutamol with respect to the integral in the
presence of PKA inhibitors alone. During 3,-AR activation and with PKA blocked, Ca* transient integrals were not significantly
different from integrals with PKA inhibitors alone, in both spines (KT5720,n = 4,NS, p = 0.4; Rp-cAMPS, n = 3,NS, p = 0.2; PKI,
n=4,NS,p = 0.1) and parent dendrites (KT5720,n = 4,NS, p = 0.4; Rp-cAMPS, n = 3,NS, p = 0.5; PKI,n = 4,NS, p = 0.4).
E, Ratio of the decay times in the presence of salbutamol and PKA inhibitors versus decay times in the presence of PKA inhibitors
alone. Both spine (a 2+ transient decay times (KT5720,n = 4,NS, p = 0.18; Rp-cAMPS,n = 3,NS,p = 0.2;PKl,n = 4,NS,p =
0.10) and dendritic decay times (KT5720,n = 4,NS, p = 0.11; Rp-cAMPS, n = 3,NS, p = 0.3; PKI, n = 4,NS, p = 0.16) did not
differ significantly from control (only PKA inhibitors).

(GPCRs) modulating presynaptic VDCCs include GABAy, adeno-

voring synaptic potentiation (Cirelli and Tononi, 2004). Further-
more, L-type VDCCs appear to regulate transcription of the SNK
(serum-inducible kinase) gene, the gene product of which selec-
tively affects postsynaptic density and spine remodeling (Pak and
Sheng, 2003), providing a homeostatic feedback to neurons ex-
periencing intense synaptic activity and postsynaptic bursting.

Modulation of spine L-type VDCCs by the 3,

adrenergic receptor

Modulation of VDCCs has been well documented in presynaptic
terminals of the hippocampus. G-protein coupled receptors

sine, neuropeptide Y, and muscarinic receptors (Wu and Saggau,
1994, 1995; Qian and Saggau, 1997; Qian et al., 1997). They each
appear to preferentially target subsets of VDCCs. It is likely, there-
fore, that such membrane-delimited signaling complexes are present
as well in dendritic spines and allow the precise fine-tuning of the
Ca®" sources that determine the polarity of synaptic plasticity. For
example, it was shown that the neuromodulator GABA selectively
affects spine VDCCs (Sabatini et al., 2000) through the GABA; re-
ceptor. Others have found that postsynaptic N-type Ca** channels
can be selectively inhibited with low concentrations of the serotonin
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receptor agonist OH-DPAT [hydroxy-2(di-n-propylamino)tetralin]
(Normann et al., 2000). We found a preferential enhancement of
spine Ca”" transients after activation of the 3,-AR, also a GPCR.
This enhancement was mediated most likely by an increased
Ca** influx through spine-localized L-type VDCCs, because it
was prevented by the L-type VDCC blocker nimodipine. Inhibi-
tion of PKA also prevented the 3,-AR-induced enhancement of
spine Ca®" transients. Both stratum radiatum and stratum oriens
of the hippocampal CA1 area receive noradrenergic inputs from
the locus ceruleus (Loy et al., 1980). Noradrenergic terminals can
synapse directly onto dendritic spines of cortical pyramidal neu-
rons (Schroeter et al., 2000) and could thus modulate individual
synapses.

Coimmunoprecipitation studies have revealed a macro-
molecular complex that allows local modulation of L-type
VDCCs. This complex consists of PKA, phosphatase 2A, protein
kinase A anchoring proteins (AKAPs), and 3,-ARs (Davare et al.,
1999, 2000, 2001). Surprisingly, PKA alone appears to be insuffi-
cient to phosphorylate L-type VDCCs; rather, AKAPs are re-
quired (Gray et al., 1998, Johnson et al., 1994). AKAP79/150
coimmunoprecipitates with 8,-AR, suggesting a compartmen-
talized signaling complex (Davare et al., 2001), and is found in
high density in dendritic spines (Sik et al., 2000). AKAPs also
regulate surface expression of L-type VDCCs (Altier et al., 2002).
It is plausible, therefore, that preassembled signaling complexes
consisting of both L-type VDCCs and 3,-ARs are targeted to
dendritic spines.

The role of the B,-ARs in synaptic plasticity remains unclear.
Knock-outs of both receptor subtypes in mice demonstrated that
B,-ARs, but not 3,-ARs, could affect synaptic plasticity (Winder
et al,, 1999). However, the specific enhancement of spine L-type
VDCCs after stimulation of 3,-ARs might have an indirect effect
on plasticity, because L-type VDCCs have been implicated in
affecting both long-term depression and long-term potentiation
in CAl pyramidal neurons (Cavus and Teyler, 1996, 1998;
Christie et al., 1997; Normann et al., 2000; Zakharenko et al.,
2001; Evers et al., 2002). Interestingly, one study suggests that
L-type spine VDCCs play an indirect role in tuning the suscepti-
bility for long-term potentiation at apical synapses (Yasuda et al.,
2003).

Our data suggest that only a small portion of bAP-evoked
Ca** increases can be attributed to L-type VDCCs in basal den-
dritic spines of CA1 pyramidal neurons. We have shown, how-
ever, that Ca?" influx through spine, but not dendritic, L-type
VDCCs can be strongly modulated by activation of 3, adrenergic
receptors and requires PKA. Our study thus adds to a growing
body of evidence suggesting that VDCCs in spines can be locally
modulated in much the same way as in presynaptic terminals that
synapse onto CAl pyramidal neurons.
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