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Functional Mapping and Ca®" Regulation of Nicotinic
Acetylcholine Receptor Channels in Rat Hippocampal
CAl Neurons

Leonard Khiroug, Rashid Giniatullin, Rebecca C. Klein, Dmitriy Fayuk, and Jerrel L. Yakel

Laboratory of Signal Transduction, National Institute of Environmental Health Sciences, Research Triangle Park, North Carolina 27709

Diverse subtypes of nicotinic acetylcholine receptors (nAChRs), including fast-desensitizing «7-containing receptors thought to be
Ca’"-permeable, are expressed in the CNS, where they appear to regulate cognitive processing and synaptic plasticity. To understand the
physiological role of nAChRs in regulating neuronal excitability, it is important to know the distribution of functional receptors along the
surface of neurons, whether they can increase [Ca’*];, and/or are regulated by Ca®*. We mapped the distribution of receptors on
the membrane of rat hippocampal CA1 stratum radiatum interneurons and pyramidal cells in acute slices by recording nAChR-mediated
currents elicited bylocal UV laser-based photolysis of caged carbachol in patch-clamped neurons. The local application (~7 wm patches)
allowed mapping of functional nAChRs along the soma and dendritic tree, whereas the fast uncaging minimized the effects of desensiti-
zation of a7-containing nAChRs and allowed us to measure the kinetics of responses. The a7-containing nAChRs were the predominant
subtype on interneurons, and were located primarily at perisomatic sites (<70 wm from the soma; in contrast to the more uniform
distribution of glutamate receptors); no currents were detectable on pyramidal neurons. The activation of nAChRs increased [Ca®™],,
indicating that these native receptors in acute slices are significantly Ca>*-permeable, consistent with previous observations made with
recombinant receptors. In addition, they exhibited strong desensitization, the rate of recovery from which was controlled by [Ca** ;. Our
results demonstrate the strategic location and Ca*" regulation of a7-containing nAChRs, which may contribute to understanding their

involvement in hippocampal plasticity.
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Introduction

Neuronal nicotinic acetylcholine receptors (nAChRs) are widely
expressed in the CNS and PNS where they are involved in a vari-
ety of physiological processes, including cognition and develop-
ment (for review, see Jones et al., 1999). Because these receptors
are known to participate in various forms of synaptic plasticity
(Hunter et al., 1994; Fujii and Sumikawa, 2001; Ji et al., 2001;
McGehee, 2002), it is also important to know how they are regu-
lated by various signal transduction cascades (e.g., Ca’*-
dependent processes).

In the rat hippocampus, GABAergic interneurons receive
cholinergic input from the medial septum-diagonal band com-
plex (MSDB) of the basal forebrain (Frotscher and Léranth, 1985;
Woolf, 1991) and express diverse subtypes of somatodendritic
nAChRs, including fast desensitizing a7-containing receptors, as
well as a variety of non-a7 types (for review, see Jones et al.,
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1999). The «7-containing nAChRs, both heterologously ex-
pressed and native to cultured neurons, have been shown to be
highly Ca**-permeable (Bertrand et al., 1993; Séguéla et al.,
1993; Castro and Albuquerque, 1995; Berg and Conroy, 2002).
Because Ca*™ regulates a variety of signal transduction cascades
and plays a key role in the short- and long-term regulation of
nAChRs (Berg and Conroy, 2002; Quick and Lester, 2002), this is
likely one mechanism to underlie the role of nAChRs in regulat-
ing synaptic plasticity in the hippocampus (Ji et al., 2001; McGe-
hee, 2002). However to date, whether activation of nAChRs in
acute rat hippocampal slices can directly regulate cytoplasmic
Ca*™ levels ([Ca**];) was unknown.

To understand the physiological role of nAChRs in regulating
neuronal excitability, it is important to know the distribution of
functional receptors along the surface of the neurons. This re-
quires the application of a nAChR agonist, which is both spatially
restricted and fast, since a7-containing nAChRs are known to
desensitize rapidly (McGehee and Role, 1995; Khiroug et al.,
2002; Quick and Lester, 2002). Thus, we elicited nAChR-
mediated currents through local (~7 wm membrane patches)
UV laser-based photolysis of caged carbachol, while simulta-
neously recording membrane currents using patch-clamp tech-
niques. The extremely rapid kinetics of local photolysis of caged
carbachol (~100 usec) (Niu and Hess, 1993) allowed us to dra-
matically reduce or completely eliminate the effects of desensiti-
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Figure 1.

zation on peak current amplitude. We found that o7-containing
receptors were the predominant subtype of nAChRs on interneu-
rons and were located mostly at perisomatic sites, whereas no
nAChR-mediated currents were detected on pyramidal neurons. In
addition, we show that the activation of these nAChRs directly in-
creased [Ca*™]; and was followed by strong desensitization; the re-
covery from desensitization (23 sec under control conditions) was
much faster (i.e., 6 sec) when we dialyzed cells with the Ca** chelator
BAPTA. This information should help to elucidate the physiological
role of these receptors in hippocampal excitability and plasticity.

Materials and Methods

Slice preparation. Standard techniques were used to prepare 350-um-
thick acute hippocampal slices from 14- to 21-d-old rats (Pettit et al.,
2001). Briefly, rats were anesthetized with halothane (Sigma, St. Louis,
MO) and decapitated. Brains were quickly removed and placed into an
ice-cold oxygenated artificial CSF (ACSF) containing (in mm): 119 NaCl,
2.5 KCl, 1.3 MgCl,, 2.5 CaCl,, 1 NaH,PO,, 26.2 NaHCO,, and 11 glu-
cose. After dissection, brain chunks were glued to the stage of a vibratome
(VT1000S; Leica, Nussloch, Germany) for slicing while immersed in the
cooled oxygenated ACSF. Slices were then used for recordings within ~6
hr, after at least 1 hr of recovery period.

Electrophysiology. Whole-cell patch-clamp recordings were performed
from CA1 stratum radiatum interneurons and pyramidal neurons. Patch
pipettes (Garner 7052 glass, with resistances of 3—4 M{}) were filled with

10 pm

Membrane currents activated by local uncaging of carbachol. A, Schematic diagram illustrating the experimental
setup used for local photolysis of caged carbachol, confocal microscopy, and electrophysiological recordings. 8, A confocal image
(3D-reconstructed) of a fluo-4-filled CA1 hippocampal interneuron in the acute slice. Circles indicate the positions of the uncaging
spot. C, Currents recorded via the somatic patch pipette in response to carbachol uncaging at individual positions shown in B.
Horizontal bar indicates duration of the UV flash. D, Plot of peak current amplitude versus distance between the center of the
uncaging spot and the dendrite. A Gaussian fit of the data (obtained from five cells) yielded a half-width of ~7 wm. £, Depen-
dence of peak current amplitude on UV laser power falls along the rising phase of a Boltzmann sigmoidal function (solid and
dashed lines). Data were obtained from seven cells. The extrapolated UV power causing a half-maximal response is 1.35 mW.
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asolution that contained (in mm): 120-130 po-
tassium or cesium gluconate, 2 NaCl, 4
Na,ATP, 0.4 Na,GTP, 4-5 MgCl,, 0.2 fluo-4,
and 20 HEPES, pH 7.2-7.3. BAPTA (20 mm)
was added as indicated. Slices were superfused
at room temperature (18-22°C) with ACSF.
CNB-caged carbachol or glutamate (Molecular
Probes, Eugene, OR) was added (2 mm final
concentration) to the ACSF and delivered to the
vicinity of the patch-clamped cell using an Ul-
traMicroPump 1II syringe pump (WPI, Sara-
sota, FL) at the flow rate of 10 pl/min. Quartz
syringe tips (250 wm internal diameter) of the
syringe were placed just above the slice surface
to ensure homogenous coverage of the mapped
portion of the interneuronal dendritic arbor.
The use of the syringe pump allowed reliable
application of maximal concentrations of caged
carbachol or glutamate during continuous su-
perfusion of the slice with fresh oxygenated
ACSF, thus avoiding recycling of small vol-
umes, which may cause slice damage. Synaptic
activity was blocked with TTX (1 um) added to
the ACSF. In some experiments, 1 or 10 um
atropine was also added to block putative mus-
carinic AChR-mediated responses; in those ex-
periments in which it was used, atropine never
affected the uncaging-induced currents. Cells
were clamped using an Axopatch 200B ampli-
fier (Axon Instruments, Foster City, CA) at a
holding potential of —70 mV unless otherwise
indicated, and holding potential values were
corrected for a junction potential of 10 mV.
Currents were recorded and analyzed using
pClamp software (Axon Instruments). Statisti-
cal analyses were performed using Origin soft-
ware (Microcal, Northampton, MA). Averaged
data were presented as mean * SEM. Statistical
significance was tested using a Student’s ¢ test.
Recordings were analyzed only if the holding
current was <100 pA when cells were voltage
clamped at —70 mV. For studying the proper-
ties of the action potentials, neurons were re-
corded from under current-clamp conditions,
and current was injected to either depolarize neurons to induce spiking.
Neurons were defined as regular-spiking if the rate of action potential
firing evoked by minimal depolarization was <40 Hz. In some experi-
ments (as indicated), responses were induced by pressure application of
either ACh or carbachol (100-200 msec duration pulses at 10-20 psi
pressure was delivered via a glass pipette placed 20-30 wm from the cell
body using a Picospritzer II; General Valve Company, Fairfield, NJ).

Local photolysis. Interneurons were visualized using a fast-scanning
confocal microscope (Radiance 2100; Bio-Rad). Fluo-4 (0.2 mwm; Molec-
ular Probes) was dialyzed into the cell via the patch pipette, and its
fluorescence was excited with 488 nm light and recorded usinga 515 = 15
nm bandpass filter. For local photolysis of caged carbachol or glutamate,
the 351-364 nm output of a continuous emission 8 W argon—ion laser
(Spectraphysics Model 165) was delivered, via a multimode optical fiber
(OZ Optics, Ontario, Canada) and a precision UV spot positioning de-
vice (Prairie Technologies, Middleton, WI), through an Olympus (To-
kyo, Japan) 40X water-immersion objective (Fig. 1A). Focusing the UV
beam on the interneuronal membrane yielded an uncaging spot of ~7
pm in diameter (see the Results for details). Moving the uncaging spot
through the recording field and visualization of its position before the
UV flash was achieved by means of a red photodiode attached to the
cartridge moving the optical fiber output. An electronic shutter (Uni-
blitz) was used to control the duration of the light pulse.

Imaging of [Ca®" ], Changes in intracellular Ca*" levels ([Ca?"],) in
response to pressure application of either ACh or carbachol were assessed
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with conventional fura-2 fluorescent imaging techniques using an
Eclipse E600FN upright microscope (Nikon, Tokyo, Japan) with a 40X
fluorescent water-immersion objective, a Lambda DG-4 light source
(Sutter Instruments, Novato, CA) equipped with a stabilized xenon arc
lamp (175 W) and four-channel filter interchange system, and a Cascade-
cooled (—40°C) 16-bit digital camera (Roper Scientific). The AQM Ad-
vance imaging software (Kinetic Imaging) was used to acquire and store
images for off-line analysis and to synchronize with membrane current
recordings. Fura-2 pentapotassium salt (200—-400 um; Molecular
Probes) was dialyzed into the cell via the patch pipette, its fluorescence
was alternately excited with 340 and 380 nm light, and pairs of images
were recorded using a 510 nm emission filter at 5 Hz with 50 msec
exposure time for each wavelength used. Different ranges of image bin-
ning (from 1 X 1 to 8 X 8) were used depending on fluorescence strength
from each particular cell. A region of interest was selected, and the 340/
380 ratio of fluorescence intensities was calculated using the imaging
software. The ratio values were then converted to [Ca”]i levels accord-
ing to the calibration curve obtained using the Ca*" calibration kit (Mo-
lecular Probes).

Results

Currents activated by local uncaging of carbachol

In acute slices of rat hippocampus, the soma and dendrites of
CALl stratum radiatum interneurons and pyramidal cells were
visualized by dialysis with fluo-4 (0.2 mm) via the patch pipette.
After allowing 5-10 min for the dye to diffuse to distal parts of the
dendritic tree, the uncaging spot was positioned at the region of
interest, as indicated in Figure 1B. Caged carbachol (2 mMm in
ASCF) was applied extracellularly (atleast 5 min before uncaging,
along with the Na ™ channel blocker TTX, at 1 uMm) to the vicinity
of the interneuron through the 250 pwm tip of a syringe. When the
UV laser beam path was positioned at the cell body or dendrites of
the voltage-clamped interneuron, brief UV pulses (15-25 msec;
up to ~1.3 mW laser power at the objective) induced membrane
currents, because of the rapid photolysis (~100 usec) (Niu and
Hess, 1993) of caged carbachol, with rapid onset and decay (Fig.
1C, trace 3). For 15 msec pulses, which was the duration used for
most of the mapping studies, the rise time (10-90%) was 8.2 =
0.2 msec (n = 31 cells). After reaching peak amplitude during the
flash, the response amplitude would decay only slightly (most
likely because of some receptor desensitization) to reach a value
of 96 = 1% (n = 31 cells) at the end of the 15 msec uncaging
pulse. For 25 msec duration pulses, the amplitudes decayed to a
value of 89 = 3% (n = 7 cells). This suggests that desensitization
was not likely to affect the peak amplitude of responses (see be-
low). The average amplitude of responses at the soma was 300 =
70 pA (n = 8 cells). Despite the local nature and relatively brief
duration of the carbachol uncaging pulses, the amplitude of the
carbachol-induced currents occasionally reached 1 nA. However,
when the beam position was 10 wm or more away from the cell,
little or no current was detected (Fig. 1C, trace 1). The resulting
current amplitude was plotted versus distance from the cell (to a
region free of the dendrites of the cell). Fitting a Gaussian function to
the data obtained in five similar experiments yielded a half-width
value of 7.4 = 1 um (n = 5 cells) (Fig. 1 D), suggesting that the
effective photolysis of caged carbachol occurred only within a small
volume around the focal point of the UV laser beam.

To construct a dose-response curve, we plotted the amplitude of
uncaging responses at different UV laser power levels (between 0.1
and 1.3 mW) at a constant flash duration (either 15 or 25 msec) (Fig.
1E). Peak current amplitudes for each cell (n = 7 cells) were normal-
ized to that obtained at 0.7 mW and averaged. The data could be
fitted with a Boltzmann sigmoidal function, and the extrapolated
UV power producing half-maximal responses was estimated to be
1.35 mW from this relation. This suggests that the responses studied
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Figure 2.  Brief uncaging pulses of carbachol activate a7-containing nAChRs. Currents elic-
ited by brief (25 msec) UV pulses of carbachol are completely blocked by the o7 subunit-specific
antagonist MLA (10 nm) (A), but are unaffected by the competitive antagonist of non-a7
nAChRs, DHBE (10 rm) (B).

here were well below the saturation level, and therefore is another
indication that peak responses were not significantly affected by re-
ceptor desensitization.

Pharmacological properties of uncaging-induced currents
Because rat hippocampal interneurons are known to express sev-
eral subtypes of functional nAChRs, including a7-containing
and a variety of non-a7 types, we used specific nAChR antago-
nists to identify the subunit composition of receptors activated
under our experimental conditions. The nAChR-mediated cur-
rents induced by uncaging pulses of carbachol to the soma or
dendrites of interneurons were completely blocked (99 = 1%, 8
cells) by extracellular application of methyllycaconitine (MLA;
10-20 nM), a potent and selective antagonist of a7-containing
nAChRs (Fig. 2A). However, these responses were not affected
(the amplitude was reduced by 2 * 2%; three cells) by dihydro-
B-erythroidine (DHPBE; 10 uMm) (Fig. 2B), a competitive antago-
nist of the non-a7 nAChRs. Therefore, under our recording con-
ditions, uncaging pulses of carbachol preferentially activated a7-
containing nAChRs in rat CA1 stratum radiatum hippocampal
interneurons. Sometimes we observed more slowly activating re-
sponses that were not completely blocked by MLA and were sen-
sitive to DHPBE (data not shown), which were likely mediated by
the non-a7 nAChRs. However, because of the infrequent occur-
rence and small amplitude of these slow currents, they were ex-
tremely difficult to quantify. Thus, for the present study, we fo-
cused solely on the a7-containing nAChRs.

Distribution of functional a7-containing nAChRs

on interneurons

The spatial resolution (~7 wm) of our technique allowed us to
map the distribution of functional a7-containing receptors on
interneurons and pyramidal cells. To do this, we moved the un-
caging laser spot along different regions of the soma and den-
drites. Figure 3A shows a three-dimensional (3D) reconstructed
confocal image of a regular-spiking interneuron (see Materials
and Methods and below) and the positions at which these recep-
tors were studied. Although itis clear that the largest response was
generated at the cell body, responses were also observed on each
of the three dendritic processes tested, with an amplitude that
appears to decrease with distance from the soma (see below). To
determine the functional profile of the interneurons studied, we
have investigated the action potential firing properties of some of
the neurons from which we recorded. All of the interneurons
analyzed for firing properties (n = 9 cells) had a regular-spiking
action potential firing profile (the average firing rate was 20 = 3
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Figure 3.  Distribution of functional nAChRs on hippocampal interneurons and lack of re-
sponse on pyramidal neurons. Carbachol uncaging responses evoked by 25 msec UV pulses on
the somaand dendrites of a CA1 stratum radiatum interneuron (A) and a CA1 pyramidal neuron
(B). The current traces are shown next to their respective uncaging positions, indicated by the
circles. The insets illustrate the spike firing properties of the respective neurons. The duration of
the depolarizing step is 1 sec.

Hz) (Fig. 34, inset); none of the cells showed typical fast-spiking
properties previously observed for other CA1 interneurons (Sud-
weeks et al., 2002).

The decay of currents induced by carbachol uncaging pulses
was best fit with a two-exponential function, whether responses
were obtained from the soma or the dendrites. For the somain 19
cells, the fast time constant of decay averaged 23 = 4 msec and
comprised 77 = 19% of the fit, whereas the slow time constant of
decay averaged 200 = 20 msec. For dendritic responses, there was
no significant differences ( p > 0.05) in the kinetics of decay; the
fast time constant of decay averaged 30 = 6 msec and comprised
77 % 17% of the fit, whereas the slow time constant of decay
averaged 240 * 25 msec.

In contrast to the results from interneurons, we were never
able to induce responses by the photolysis of caged carbachol
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onto CA1 pyramidal neurons (Fig. 3B), either at the soma or at
various points along the dendritic tree (n = 6 cells); current-
clamp tests revealed normal spike firing properties expected of
pyramidal neurons (Fig. 3B, inset). These data are consistent with
our previous observations in which we could not induce any
nAChR-mediated responses from these cells in response to the
exogenous application of ACh (Jones and Yakel, 1997; Sudweeks
and Yakel, 2000).

As mentioned above, it appears that the density of functional
a7-containing receptors was highest at the soma. To examine this
issue in more detail, we quantified the dependence of current
amplitude on distance from the soma and compared it to the
distribution of responses produced by local photolysis of gluta-
mate. In Figure 4 A, carbachol and glutamate uncaging-induced
currents were elicited by uncaging at four different positions (one
somatic and three dendritic) on the same interneuron. Whereas
the amplitude for carbachol was much larger at the soma (trace 3)
as compared with dendritic locations (in particular, trace 1), the
difference in amplitude for glutamate responses was much less
pronounced. The relative amplitude of responses obtained from
this cell is plotted versus distance from soma in Figure 4 B. We
normalized the amplitudes at dendritic locations to the ampli-
tude at the soma and plotted these values versus distance from the
soma for a number of cells tested with carbachol (Fig. 4C) (19
cells) and/or glutamate (Fig. 4 D) (13 cells). The resulting depen-
dence for carbachol-induced currents was well fit with a single-
exponential function with a length constant of 29 um. The dis-
tance dependence of the amplitudes of glutamate-induced
currents required fitting with a two-exponential function, which
yielded length constants of 6 and 1000 wm. Therefore on average,
there were virtually no (<10%) nAChR-mediated responses at
dendritic locations >70 um from the soma, whereas for gluta-
mate, the responses elicited at the same distance from soma were
on average 40% of the somatic ones (Fig. 4). These data suggest
that in these interneurons, the highest density of functional a7-
containing receptors is found at the soma and perisomatic re-
gions, and that the density significantly decreases with distance
from the soma.

Kinetics of desensitization and recovery of

a7-containing nAChRs

It is well known that a7-containing nAChRs rapidly desensitize,
with a time course of desensitization onset ranging from ~8 msec
up to ~1 sec, depending on the agonist, concentration, and prep-
aration (Bertrand et al., 1993; Séguéla et al., 1993; Khiroug et al.,
2002; Quick and Lester, 2002). For cultured hippocampal neu-
rons, a7-containing nAChR-mediated responses (activated by
ACh with fast application techniques) peaked in ~10 msec and
desensitized with a time course for the fast decay phase ranging
from ~8-30 msec (Zorumski et al., 1992; Alkondon and Albu-
querque, 1993; Liu et al., 2001a,b).

To quantify the rate of onset of desensitization by means of
carbachol uncaging would have required us to use much longer
uncaging pulses (i.e., > 200 msec). This was not feasible under
the present experimental conditions because large amounts of
carbachol uncaged by long UV pulses would gradually diffuse to
more distant segments of the membrane and activate remote
nAChRs. Therefore, we used pressure application to assess the
rate of onset of desensitization. When maximal doses of either
ACh (2 mMm) or carbachol (4 mm) were pressure applied, the
currents reached peak amplitudes averaging (n = 4 cells) 401 *
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68 pA for ACh and 365 = 66 pA for carba-
chol, and desensitized with a biphasic time
course. For ACh, the fast time constant of
decay averaged 117 = 21 msec and com-
prised 68 * 13% of the fit, and the slow
time constant of decay averaged 1.29 *
0.13 sec. For carbachol, these values were,
respectively, 117 £ 10 msec (comprising
63 * 16% of the fit) and 1.27 = 0.08 sec.
Therefore, these results suggest that the
rate of desensitization of these a7-
containing nAChRs in acute slices is
slower than that for dissociated neurons in
culture.

To study the process of receptor recov-
ery from desensitization, we used brief [
(15-25 msec) photolysis of caged carba- 4
chol and applied a second carbachol un- 2R
caging pulse (of the same duration and UV
power) soon after (i.e., between 3-30 sec)
the first one (Fig. 5A). We found that the
amplitude of the second response was dra-
matically reduced because of receptor de- C
sensitization. Plotting the relative ampli-
tude of the second response (normalized
to the amplitude of the first response) ver-
sus the time interval between these two
pulses yielded the rate of recovery from
desensitization of 23 * 4 sec (n = 10 cells).

Because it was previously shown that
the addition of intracellular Ca*" chela-
tors through the patch pipette increased
the rate of recovery from desensitization
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for nAChRs in rat chromaffin cells (Khir-
oug et al., 1997), we tested whether the
nAChR recovery from desensitization in
hippocampal interneurons might be simi-
larly regulated. When we buffered the cyto-
plasmic calcium concentration ([Ca**];) to
very low levels by adding a high dose (20
mM) of the calcium chelator BAPTA to the
patch pipette solution, the recovery from de-
sensitization was significantly faster (p <
0.01), now with a time constant of 6.2 = 2 sec
(n = 7) (Fig. 5B). Importantly, the average amplitude of the first
current was not significantly different ( p > 0.05) between control
and BAPTA-containing cells (n = 10), indicating that the difference
in recovery from desensitization was not related to different num-
bers of functional receptors activated under these two conditions.
Therefore, it appears that a calcium-dependent mechanism regu-
lates the rate of nAChR recovery from desensitization in CA1 hip-
pocampal interneurons.

Figure 4.

Activation of a7-containing nAChRs increases [Ca®™" ]

Using the carbachol uncaging and confocal imaging system to
measure cytoplasmic Ca®" levels ([Ca®"];), we could only ob-
serve very small Ca" signals that were difficult to quantify (data
not shown). We hypothesized that the relatively small average
amplitude (~300 pA) and brief duration of carbachol uncaging
currents might explain why the accompanying Ca** influx
through the nAChRs was below the detection level. Induction of
larger amplitude responses required the pressure application of
nAChR agonists to the whole cell. However, this causes some
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Comparison of distribution of functional nAChRs and glutamate receptors on hippocampal interneurons. A, Repre-
sentative traces of responses elicited by photolysis (15 msec) of caged carbachol (Carb) or glutamate (Glu) on the soma and various
positions along the dendrites (indicated by the circles) of the same interneuron. B, Plot of current amplitude (normalized to the
amplitude at the soma) along the dendrites versus distance from the soma for both carbachol (filled circles) and glutamate (open
circles) for the interneuron shown in A. Distribution of carbachol ( () and glutamate ( D) responses along the dendrites (relative to
the soma) from many cells: 19 interneurons for carbachol and 13 interneurons for glutamate. See Results for fitting procedures.

movement of the cell soma, which compromises the non-
ratiometric fluo-4-based Ca>" measurements when confocal mi-
croscopy is used. Therefore, changes in [Ca**]; levels were as-
sessed with the conventional fura-2 fluorescent imaging
technique and a digital camera (see Materials and Methods).

In the 25 interneurons examined, the activation of nAChRs by
the pressure application of either ACh or carbachol induced cur-
rents that resulted in significant increases in [Ca*"]; (Fig. 6), up
to a maximum increase of 20 nM (average increase was 7 = 1 nm)
above the baseline [Ca*"]; of 59 + 5 nm; there was no significant
difference in the peak amplitude of either current responses or
Ca** signals to ACh or carbachol (seven cells). For the represen-
tative cell shown in Figure 6 A, most of the current was carried by
the a7-containing nAChRs because it was sensitive to MLA. The
amplitude of the Ca*™ signals caused by the activation of nAChRs
was linearly related with the amplitude of current response
(which averaged 551 = 62 pA) (Fig. 6 B). These data indicate that
the native a7-containing nAChRs in acute slices are significantly
Ca**-permeable.
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Figure 5.  Time course for the recovery of nAChR desensitization is Ca®"-dependent. 4,
Representative traces of carbachol responses (25 msec UV pulses) at various intervals (3—180
sec) between the control response (time 0) and the test pulse. B, Plot of the relative current
amplitude (normalized to the amplitude of the control response) versus time interval in the
absence (i.e., control conditions; open circles) and presence of BAPTA (20 mw; filled circles). The
asterisks denote a significant difference ( p << 0.05) compared with control.

Discussion

The main goal of the present study was to study the distribution
and Ca** regulation of functional nAChRs on rat hippocampal
CALl stratum radiatum interneurons and pyramidal cells, which
represent the two major classes of neurons in the hippocampal
network. Using the local photolysis of caged carbachol to activate
nAChRs, we show that functional receptors are preferentially ex-
pressed on interneurons, but not on pyramidal cells, consistent
with previous results from our lab and others (see below). The
a7-containing nAChRs were the predominant subtype of
nAChRs expressed on these interneurons and were located pri-
marily at the soma and proximal dendrites (i.e., <70 um from
the soma). In addition, these a7-containing receptors were sig-
nificantly Ca*"-permeable because their activation increased
[Ca?"],, and the rate at which these channels recovered from
desensitization was much faster in cells dialyzed with the calcium
chelator BAPTA.

In the rat hippocampus, interneurons receive cholinergic in-
put from the MSDB of the basal forebrain (Frotscher and Lér-
anth, 1985; Woolf, 1991), as well as from intrinsic cholinergic
interneurons (Matthews et al., 1987; Cobb et al., 1999). Diverse
subtypes of nAChRs are expressed in the hippocampus, including
fast-desensitizing a7-containing and slow-desensitizing non-a7
receptors (Alkondon and Albuquerque, 1993; Alkondon et al.,
1997; Jones and Yakel, 1997; Frazier et al., 1998a; McQuiston and
Madison, 1999; Ji and Dani, 2000). Many groups have found that
interneurons in rat hippocampal slices preferentially express
functional nAChRs (Jones and Yakel, 1997; Alkondon et al.,
1998; Frazier et al., 1998a; McQuiston and Madison, 1999; Ji and
Dani, 2000), however others have reported expression on pyra-
midal neurons as well (Hefft et al., 1999; Jietal., 2001). Although
nAChRs are preferentially expressed in interneurons, our previ-
ous single-cell RT-PCR studies have shown that pyramidal cells
possess low, but detectable, levels of mRNA encoding various
nAChHR subunits, including the a7 subunit (Sudweeks and Yakel,
2000). The reason for this discrepancy is currently unknown,
however a potential explanation may lie in the rapid kinetics of
desensitization of a7-containing nAChRs. By using the fast ki-
netics of local photolysis of caged carbachol (~100 usec; Niu and
Hess, 1993), any attenuation caused by rapid desensitization can
be significantly reduced or eliminated. We induced uncaging re-
sponses with amplitudes of up to 1 nA from small patches (7 um)
of membrane. Assuming a single channel conductance value of
38 pS for these a7-containing nAChRs (Shao and Yakel, 2000),
this indicates that ~500 channels were activated in this particular
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patch. Our lack of detection of responses from pyramidal neu-
rons suggests a much lower density of functional nAChRs.

Immunohistochemical staining, EM analysis, and the use of
fluorescently labeled a-bungarotoxin, has revealed the presence
of a7-containing nAChRs in most regions of the hippocampus
and/or cultured hippocampal neurons, both on soma and den-
drites, and at most synapses, including both GABAergic and glu-
tamatergic ones (Dominguez del Toro et al., 1994; Barrantes et
al., 1995; Zarei et al., 1999; Fabian-Fine et al., 2001; Kawai et al.,
2002). The reason why immunostaining for nAChRs was ob-
served for both interneurons and pyramidal neurons, whereas
our functional assay revealed functional nAChRs on interneu-
rons only, remains to be determined. In addition, our method did
not allow us to determine whether the functional receptors that
we have studied were located within postsynaptic densities or at
extrasynaptic sites. Previous reports have shown that «7-
containing nAChRs are located at postsynaptic sites on hip-
pocampal interneurons and mediate fast cholinergic excitatory
synaptic transmission (Frazier et al., 1998b; Alkondon et al,,
1998). However, these receptors might also be located and func-
tion extrasynaptically. For example, there is evidence in the hip-
pocampus that most of the cholinergic action may be mediated
by nonsynaptic, diffuse, so-called “volume transmission” (Um-
briaco et al., 1995). In addition, in chick parasympathetic ciliary
ganglion neurons, a7-containing nAChRs are excluded from the
synapse and localize perisynaptically (Shoop et al., 2001; Brum-
well et al., 2002). Nevertheless, the strategic localization of func-
tional a7-containing nAChRs to the perisomatic region of rat
hippocampal CA1 stratum radiatum interneurons may result in
their ability to better control the excitatory drive to these
interneurons.

The distribution of nAChRs was significantly different from
that of ionotropic glutamate receptors. While the amplitude of
currents induced by carbachol uncaging decayed with distance
along the dendrites (becoming nearly undetectable beyond ~70
pm) (Fig. 4C), the gradient of amplitudes of glutamate-induced
currents was much smaller (Fig. 4 D). The latter pattern is likely to
reflect an increase in glutamate receptor density with distance
from soma (when taking into account the decrease in dendritic
diameter), which has previously been reported for hippocampal
CALl interneurons (Pettit and Augustine, 2000) and pyramidal
cells (Pettit and Augustine, 2000; Andrasfalvy and Magee, 2001;
Smith et al., 2003). This increase in glutamate receptor density
with distance from the soma has been suggested to compensate
for the attenuation of dendritic signals caused by cable properties
(Magee and Cook, 2000).

The function of nAChRs has been linked to specific cognitive
processes in humans and animal models (Levin, 2002), and dys-
functions in these receptors may be involved in various neurode-
generative diseases (Jones et al., 1999), such as Alzheimer’s dis-
ease (Pettitetal., 2001; Liu et al., 2001b). Although clear evidence
indicates that nAChRs can directly regulate synaptic plasticity in
the hippocampus (Hunter et al., 1994; Fujii and Sumikawa, 2001;
Jietal., 2001; McGehee, 2002), the cellular mechanisms involved
are not fully understood, but likely involve the important second
messenger, Ca”". Ca®" can activate and regulate a variety of
signal transduction cascades and plays a key role in the short-
term and long-term regulation of nAChRs (Quick and Lester,
2002). In heterologous expression systems, homomeric o7
nAChRs have a high permeability to Ca** (Bertrand et al., 1993;
Séguéla et al., 1993), as do native a7-containing nAChRs in cul-
tured hippocampal neurons (Castro and Albuquerque, 1995).
We have now shown, for the first time, that the activation of these
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a432 nAChRs expressed in Xenopus oo-
cytes, the elevation of [Ca®"]; and subse-
quent activation of PKC promotes the recov-
ery from desensitization (Fenster etal., 1997;
1999; Quick and Lester, 2002).

o In chick ciliary ganglion neurons, the ac-
tivation of a7-containing nAChRs induces
Ca’”" transients confined to the spines
(Shoop et al., 2001), which activates the
CaMK and MAPK pathways, leading to acti-
vation of the transcription factor CREB and
gene expression (Chang and Berg, 2001).
Furthermore, the function of these receptors

current amplitude (pA)

500 pA
control

Figure6. Activation of a7-containing nAChRs increases [Ca > * .4, In avoltage-clamped interneuron, activation of nAChRs by
pressure application of ACh (2 m) or carbachol (4 mu) significantly increased [Ca* ],. The corresponding current trace is shown
inB.Both the Ca™ signal and current response were blocked by MLA (10 nw), suggesting the involvement of the a7-containing
nAChRs. C, Plot of amplitude of Ca™" signal for responses produced by ACh (open circles) and carbachol (filled circles) versus that
of the current response for each of 25 interneurons examined. The data are well it with a linear function.

receptors in hippocampal interneurons in the slice significantly
increases [Ca*" ;. On presynaptic terminals in the hippocampus,
Gray et al. (1996) have found that activation of a7-containing
nAChRs increased intraterminal Ca®" levels and facilitated
transmitter release, however others have failed to observe this
effect (Vogt and Regehr, 2001). Native neuronal nAChRs have
also been shown to be Ca*"-permeable in isolated rat medial
habenular nucleus neurons (Mulle et al., 1992), in mouse sub-
stantia nigra pars compacta neurons in the slice (Tsuneki et al.,
2000), and in chick ciliary ganglion neurons (Shoop et al., 2001).

The a7-containing nAChRs undergo rapid desensitization,
although the physiological relevance of this phenomenon re-
mains unclear (Quick and Lester, 2002). The slight decay of re-
sponses during 25 msec carbachol uncaging pulses and rate of
desensitization to pressure-applied ACh and carbachol (>100
msec) indicates that the onset of desensitization of a7-containing
nAChRs for interneurons in acute hippocampal slices is slower
than for responses from cultured hippocampal neurons (i.e.,
8-30 msec; Zorumski et al., 1992; Alkondon and Albuquerque,
1993; Liu et al., 2001a,b), and that there is little to no desensiti-
zation at the peak of uncaging pulses that would significantly
attenuate response amplitudes. Within a few seconds after the
uncaging pulse, nAChRs were strongly desensitized when a sec-
ond pulse was applied (Fig. 5). Under control conditions, the rate
of recovery from desensitization occurred with a time constant of
23 sec. However, when [Ca®"]; was strongly buffered with
BAPTA, the rate of recovery was much faster (6 sec). This is consis-
tent with our previous studies in rat chromaffin cells showing that
the recovery of nAChRs from desensitization was slower when
[Ca?*]; elevation lasted longer (Khiroug et al., 1997, 1998). The
nAChRs in these cells comprise heterologous assemblies of a3, a5,
and 4 subunits (Criado et al., 1992; Campos-Caro et al., 1997), as
well as a distinct homomeric 7 subtype (Garcia-Guzman et al.,
1994). The Ca®" dependence of recovery from desensitization of
nAChRs in chromaffin cells likely did not involve the a7 subtype
because a-bungarotoxin was ineffective at either blocking inward
current or [Ca**]; responses (Khiroug et al., 1997). In contrast, for

runs down with time in a Ca**-dependent
manner, and this rundown is enhanced by
inhibition of the Ca*"-dependent phospha-
tase calcineurin and prevented by block of
the Ca**-dependent kinase CaMKII (Liu
and Berg, 1999). Therefore, despite the ex-
trasynaptic distribution of these a7-contain-
ing nAChRs, they have important Ca**-
dependent signaling functions at the
synapse. Thus, Ca** is a strong modulator
of the function of both a7- and non-a7-
containing nAChRs and can act through a
variety of signal transduction cascades.
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