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Location and Function of the Slow Afterhyperpolarization
Channels in the Basolateral Amygdala

John M. Power, Christina Bocklisch, Peter Curby, and Pankaj Sah

The Queensland Brain Institute, The University of Queensland, Brisbane, Queensland, 4072, Australia

The basolateral amygdala (BLA) assigns emotional significance to sensory stimuli. This association results in a change in the output
(action potentials) of BLA projection neurons in response to the stimulus. Neuronal output is controlled by the intrinsic excitability of the
neuron. A major determinant of intrinsic excitability in these neurons is the slow afterhyperpolarization (sAHP) that follows action
potential (AP) trains and produces spike-frequency adaptation. The sAHP is mediated by a slow calcium-activated potassium current
(sIyyp), butlittle is known about the channels that underlie this current. Here, using whole-cell patch-clamp recordings and high-speed
calcium imaging from rat BLA projection neurons, we examined the location and function of these channels. We determined the location
of the sI,;p by applying a hyperpolarizing voltage step during the sI, ;;, and measuring the time needed for the current to adapt to the new
command potential, a function of its electrotonic distance from the somatic recording electrode. Channel location was also probed by
focally uncaging calcium using a UV laser. Both methodologies indicated that, in BLA neurons, the sl,yp is primarily located in the
dendritic tree. EPSPs recorded at the soma were smaller, decayed faster, and showed less summation during the SAHP. Adrenergic
stimulation and buffering calcium reduced the sSAHP and the attenuation of the EPSP during the sSAHP. The sAHP also modulated the AP
in the dendrite, reducing the calcium response evoked by a single AP. Thus, in addition to mediating spike-frequency adaptation, the
sl,;p modulates communication between the soma and the dendrite.

Introduction

Neurons in the basolateral amygdala (BLA) are believed to be
involved in assigning affective value to sensory stimuli. This as-
sociation results in a change in the output [action potentials
(APs)] of BLA projection neurons in response to the sensory
stimulus. The output of neurons, in both the BLA and elsewhere,
is determined by the synaptic inputs they receive, as well as their
intrinsic excitability. Projection neurons will often fire bursts of
APs both spontaneously (Paré and Gaudreau, 1996) and in re-
sponse to complex sensory stimuli that have emotional signifi-
cance (O’Keefe and Bouma, 1969; Nishijo et al., 1988). After a
burst of APs, most BLA projection neurons show a prolonged
afterhyperpolarization, lasting several seconds (Womble and
Moises, 1993). This slow afterhyperpolarization (sSAHP) causes
spike-frequency adaptation and is a major determinant of intrin-
sic excitability (Madison and Nicoll, 1982). In BLA projection
neurons, the sAHP is primarily mediated by the calcium-
activated potassium current sl (Womble and Moises, 1993;
Power and Sah, 2008). The sl,p is modulated by a number of
neuromodulators, including acetylcholine, noradrenaline (NA),
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and glutamate, that act via G-protein-coupled receptors to sup-
press the sl i and block spike-frequency adaptation (Nicoll,
1988; Womble and Moises, 1993, 1994; Huang et al., 1996; Power
and Sah, 2008).

Although the sI,;p has an established role in determining the
intrinsic excitability of BLA projection neurons, little is known
about the underlying channels. Studies in hippocampal pyrami-
dal neurons have indicated that both SK (Lima and Marrion,
2007) and KCNQ (Tzingounis and Nicoll, 2008; Tzingounis et
al., 2010) potassium channels, which mediate I,;;p and I, re-
spectively (Hille, 2001), also contribute to the SAHP/sI,;p. How-
ever, specific blockers of SK and KCNQ channels have only a
minor impact on the SAHP in BLA projection neurons (Womble
and Moises, 1993; Power and Sah, 2008), and their molecular
identity remains a mystery. Additionally, the subcellular distri-
bution of the channels underlying the sSAHP/sI,;p has not been
examined in these neurons. In hippocampal pyramidal neurons,
in which they have been studied extensively, their location re-
mains controversial. Some studies have placed these channels on
the soma (Lima and Marrion, 2007), whereas other reports sug-
gest that they are localized on the dendritic tree (Andreasen and
Lambert, 1995; Sah and Bekkers, 1996; Bekkers, 2000). A den-
dritic location suggests that the role of the sI,;p is not restricted
to spike-frequency adaptation but that it may also be involved in
shaping synaptic potentials. Indeed, in hippocampal pyramidal
neurons, EPSP kinetics and their temporal summation are al-
tered during the sSAHP (Sah and Bekkers, 1996; Lancaster et al.,
2001; Fernandez de Sevilla et al., 2007). Here we show that, in
BLA projection neurons, the channels underlying the sl are
primarily located in the dendritic tree. Activation of these chan-
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nels not only shapes the EPSP and synaptic summation but also
modulates the AP-evoked calcium response in the dendrite.

Materials and Methods

Slice preparation. Coronal brain slices (300—350 wm) were prepared us-
ing standard techniques (Power and Sah, 2002). Twenty-one- to 28-d-
old Wistar rats were anesthetized with halothane and decapitated. Slices
were prepared using a vibrating microslicer (DTK-1000; Dosaka EM).
These procedures were conducted in accordance with the guidelines of
the University of Queensland Animal Ethics Committee. Slices were in-
cubated at 33°C for 30 min and then maintained at room temperature in
artificial CSF (ACSF) solution containing the following (in mm): 119
NaCl, 2.5 KCl, 1.3 MgCl,, 2.5 CaCl,, 1.0 Na,H,PO,, 26.2 NaHCOj3, and
11 glucose (equilibrated with 95% O,, 5% CO,).

Electrophysiology. Slices were perfused with ACSF heated to 33°C, and
whole-cell patch-clamp recordings were made from the soma of BLA
neurons using infrared differential interference contrast video mi-
croscopy. Patch pipettes (2-5 M{)) were filled with an internal solu-
tion containing the following (in mwm): 135 KMeSO,, 8 NaCl, 10
HEPES, 2 Mg,-ATP, 0.3 Na;-GTP, 0.1 spermine, and 0.3 EGTA, pH
7.3 with KOH (osmolarity, 280-290 mOsm). In some experiments,
fluorescent dyes (Alexa Fluor 488 or Alexa Fluor 594) were added to
the internal solution to visualize the dendritic tree. EGTA was omit-
ted during calcium-imaging experiments.

Electrophysiological signals were amplified with either an Axopatch
1D or a Multiclamp 700A amplifier (Molecular Devices), filtered at 2-5
kHz, digitized at 5-20 kHz with an ITC-16 board (InstruTECH), and
controlled using Axograph (AxoGraph Scientific). Whole-cell record-
ings were obtained from projection neurons in the basal nucleus of the
BLA. Only cells that had resting potentials more negative than —55 mV,
AP amplitudes >100 mV, and input resistances >60 M) were included
in the dataset. Projection neurons were distinguished from local circuit
GABAergic based on their action potential waveform. Projection neu-
rons have broader APs (>0.7 ms) and smaller fast AHPs (<15 mV) than
GABAergic neurons. Additionally projection neurons show frequency-
dependent spike broadening, which is absent in GABAergic neurons.

Voltage shift experiments. To enhance distal GABA, currents, we used
ahigh Cl ™ internal solution containing the following (in mm): 68 KCI, 68
KMeSO,, 8 NaCl, 10 HEPES, 2 Mg,-ATP, 0.3 Na;-GTP, and 0.1 sperm-
ine. This resulted in a chloride reversal potential of —14 mV. GABA (50
uM in ACSF) was applied by focal pressure application through a patch
pipette using a picospritzer (10-30 psi, 50—500 ms; Parker Hannifin). To
isolate GABA , currents, experiments were performed in the presence of
the glutamate receptor antagonist kynurenic acid (2 mm) and the GABA
receptor antagonist CGP 55845 [(25)-3-[(15)-1-(3,4-dichlorophenyl)
ethyl]amino-2-hydroxypropyl) (phenylmethyl) phosphinic acid] (10 um).
The sI,;yp voltage-shift time course was similar for high Cl ™~ and standard
internals, and the data from each internal were pooled.

Fluorescence imaging. The dendritic tree was visualized using either
whole-field or two-photon fluorescence imaging. Whole-field fluores-
cence images were obtained using an Olympus BX50 microscope
equipped with a 40X water-immersion objective (numerical aperture
0.8; Olympus), a monochromator-based imaging system (Polychrome
V; T.ILL.L. Photonics), and a cooled CCD camera [either Imago QE
(PCO Imaging) or Photon Max (Princeton Instruments)]. For calcium-
imaging experiments, the green fluorescent calcium indicator Oregon
Green BAPTA-1 (50 uMm; Invitrogen) was added to the internal solution.
Oregon Green BAPTA-1 was excited at 488 nm. Calcium signals were
calculated as change in fluorescence normalized to the baseline fluores-
cence [AF(t)/F0].

Two-photon fluorescence images were obtained using a Carl Zeiss
Axioskop 2FS with a 510 laser scanning head equipped with a Chameleon
laser (Coherent) for two-photon excitation. For two-photon calcium-
imaging experiments, the green fluorescent calcium indicator Fluo 5F
(300 wm; Invitrogen) was added to the internal solution together with the
red fluorescent calcium-insensitive Alexa Fluor 594 (30 um; Invitrogen).
Fluo 5F and Alexa Fluor 594 were excited at 810 nm. The emitted light
was split with a dichroic (DT560), bandpass filtered (green channel,
500-560 nm; red channel, 575-640 nm), and detected with separate
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non-descanned detectors. Fluorescence images were acquired in line-
scan mode (260 Hz) at a resolution of 10-20 pixels/wm. Small segments
were selected over each subcellular region, and the fluorescence over
this area was averaged. For two-photon sequences, calcium signals
were calculated as the green fluorescence (Fluo 5F; K, of ~2 um)
normalized to the red fluorescence (Alexa Fluor 594), G/R(t). We
estimated the calcium concentration using the following formula (Ya-
suda et al., 2004): [Ca*"] = K}, (G/R = (G/R) imy/ ((G/R) oy — (G/
R)). Calcium signals were analyzed offline with custom software
written using LabVIEW (National Instruments).

Focal calcium release. Calcium-release experiments were performed
with a UV spot positioning device (Prairie Technologies) that delivered
light from a continuous-wave argon ion UV laser (Innova 300C; Coher-
ent) via a single-mode fiber optic cable to the BX50 microscope at precise
positions. The UV light was gated by an acousto-optical tunable filter and
a Uniblitz VCM-D1 shutter (Vincent Associates). Neurons were loaded
with the caged calcium reagent 1-(4,5-dimethoxy-2-nitrophenyl)-EDTA
(DM-Nitrophen, 2 mm) and CaCl, (1.5 mm) via the patch-clamp pipette
together with the calcium indicator Oregon Green BAPTA-1 (50 um). In
the internal solution, Mg,-ATP was replaced with equimolar Na-ATP.
Apamin (100 nm) was added to the perfusate to block the SK channel-
mediated I yp.

AHP shunt of EPSPs. EPSPs were evoked using either a monopolar
stimulating electrode fabricated out of a patch pipette filled with ACSF or
a bipolar stimulating electrode fabricated out of a double-barreled boro-
silicate pipette glass (TGC150-7.5; Harvard Apparatus) pulled to a ~1
wm tip. Stimulating electrodes were positioned 10-30 wm from a den-
dritic segment ~100 wm from the soma. Picrotoxin (100 um) and CGP
55845 (10 um) were added to the perfusate to antagonize GABA, and
GABAy, receptors, respectively. The sAHP was evoked using a 100 ms
current injection adjusted to elicit four to six APs. The intensity of the
isolated stimulator was adjusted to evoke an EPSP of ~5 mV. Sequential
presentations of the AHP + EPSP, EPSP alone, AHP alone, and a hyper-
polarizing current step + EPSP were given at 20 s intervals. This sequence
was repeated 7—15 times, and the data were averaged.

AHP shunt of APs. A 100 ms somatic current injection sufficient to
elicit four to six APs was used to evoke a robust AHP. Calcium signals
were imaged using two-photon fluorescence microscopy. Single APs
were evoked alone (AP alone) or 500 ms after the AP train (AHP + AP)
using a 5 ms, 1.2-2 nA somatic current injection sufficient to elicit an AP
under all conditions. The calcium response evoked by unpaired AP trains
(AHP alone) was subtracted from the paired response to remove any
residual calcium response of AP train from AP-evoked signal. In some
trials, a 2 s somatic current injection was given to mimic the hyperpolar-
ization during the AHP. Sequential presentations of the AHP + AP, AP
alone, AHP alone, and a hyperpolarizing current step + AP were given at
20 s intervals. This sequence was repeated 5-10 times, and the data were
averaged.

Drugs. Drugs were bath applied unless specified otherwise. 1,2,3,4-
Tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide (NBQX)
and 6-cyano-7-nitroquinoxaline-2,3-dione were prepared as stock solutions
in DMSO and diluted in ACSF when required. NBQX and 2-amino-5-
phosphonovaleric acid were purchased from Tocris Bioscience. All other
drugs were obtained from Sigma-Aldrich. Drugs were prepared as 1000X
stock solutions and stored frozen (—20°C) until required.

Statistics. Statistical analyses were performed with Statview (SAS Insti-
tute). Unless otherwise indicated, correlations were made using Fisher’s r
to z, paired comparisons were made using paired Student’s t tests, and
unpaired comparisons were performed using ANOVA or Student’s ¢ tests
as appropriate. All data are presented as mean = SEM unless otherwise
indicated.

Computational modeling. Simulations were performed with the
NEURON simulation program (version 7.0) (Hines and Carnevale,
1997). A realistic model of a BLA projection neuron was constructed
based on morphological measurements from fluorescent Z-stacks of BLA
projection neurons recorded in this study. This stylized neuron had an
axon, soma, single apical dendrite, and five basal dendrites (supplemen-
tal Fig. 1A, available at www.jneurosci.org as supplemental material).
The apical tree had 21 branches, 12 terminals, and 9 branch points. The
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primary apical dendrite was 50 uwm in length and 2.5 wm in diameter.
Secondary and higher-order branches were thinner, ranging from 1.3 to
0.6 wm in diameter. Additionally, two oblique dendrites, 120 um in
length and 0.8 wm in diameter, arose from the primary apical dendrite.
The total dendritic length of the apical tree was 1.95 mm. Each basal
dendrite had nine branches, five terminals, and four branch points. The
primary basal dendrite was 15 um in length and 1.5 um in diameter.
Secondary and higher branches ranged from 1.25 to 0.6 wm in diameter.
The total length of each basal dendrite was 810 wm. The soma had a 20
wm diameter. This morphology is consistent with previous descriptions
of projection neurons in the BLA (McDonald, 1992; Faber et al., 2001).
The model also used an axon that arose from the soma. It was modeled as
an initial segment 75 um in length and 1.25 wm in diameter and a main
axon of 250 um in length and 0.5 wm in diameter.

Despite differences in morphology, the active and passive membrane
properties of projection neurons in the BLA are strikingly similar to those
observed in hippocampal pyramidal neurons (Sah et al., 2003). Given
that little is known about channel distribution and densities in BLA
projection neurons, we applied channel densities and distributions from
models of hippocampal pyramidal neurons (Gasparini et al., 2004) onto
our BLA projection neuron morphology, making only minor adjust-
ments to the channel density to better match our electrophysiological
recordings. The model included a sodium current (I,), a calcium cur-
rent (I,), delayed rectifier and A-type potassium currents (I pg and I,,),
and a hyperpolarization-activated nonspecific cation current (I;,). Al-
though additional conductances are present in BLA neurons (Sah et al.,
2003), this simplified model allowed us to replicate the basic biophysical
properties of a BLA neuron while minimizing the assumptions necessary
to incorporate these additional channel mechanisms and distributions.
Briefly, Iy, was uniformly distributed with a peak conductance of 30 pS
pwm ~2. The peak conductance of I, was 180 pS wm ~* in the soma and
dendrite and was 360 pS wm ~ 2 in the axon. As with hippocampal pyra-
midal neurons (Magee et al., 1998), BLA projection neurons contain L-,
N-, P/Q-, and R-type voltage-dependent calcium channels (Foehring
and Scroggs, 1994; Sah et al., 2003). Although the density of the individ-
ual channel subtypes varies with distance in hippocampal neurons, the
total calcium channel density is relatively uniform (Magee et al., 1998). A
composite calcium current (I-,) was used to represent the various types
of voltage-dependent calcium channels. The peak conductance of I -, was
set at 20 pS um ~ 2. The peak conductances for I, and I, were linearly
increased with distance from the soma (Hoffman et al., 1997; Magee,
1999) up to 500 wm. The peak conductance for I, was 132 pS wm ~?in
the soma increasing with distance at 13.2 pS wm ~2 every 10 wm. The
peak conductance density for I, was 0.3 pS wm ~? in the soma, increasing
by 0.9 pS um ~ % every 10 um. Gating mechanisms used for Iy, Iypr L
and I}, were identical to those described by Gasparini et al. (2004). The
gating mechanisms for L-type voltage-dependent calcium channels
modeled in hippocampal pyramidal neurons (Migliore et al., 1995) were
used for I,.

A passive conductance ( g,,,) was set to 28.6 uS cm ~2 with a reversal
potential (e,,,;) of =75 mV, yielding a somatic membrane potential of
—75.5mV. The axial resistivity (R,) was 150 () cm, except in the axon in
which it was 50 }/cm. Membrane capacitance (C,,) was 1 uF cm 2 in
the axonal and somatic compartments. Despite their small volume, serial
reconstructions indicate that the surface area of a spine is ~0.83 pm?
(Harris and Stevens, 1989), effectively doubling the surface area of thin
dendrites. In accordance with hippocampal pyramidal neuron models
(Migliore et al., 1995; Gasparini et al., 2004), the capacitance and passive
conductance of dendritic compartments was doubled to account for
spines. Because the primary dendrites have a larger diameter, the capac-
itance and passive conductance of the primary apical dendrite and pri-
mary basal dendrites were increased by only 30 and 50%, respectively.
Using these parameters, the model neuron closely matched our whole-
cell patch-clamp recordings (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).

The sI,;p has slow kinetics (decay time constant > 1s) and is therefore
essentially constant over the short time course of an AP, an EPSP, or a
brief voltage step. Because the sI,;;p is voltage insensitive, the sI,;;p was
implemented as an ohmic potassium conductance. Voltage-clamp re-
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cordings were modeled using the single-electrode voltage-clamp point
process (SEClamp; R, of 5 M(2) built into neuron. Somatic current in-
jections were implemented using the IClamp point process.

Synaptic inputs were given both AMPA and NMDA conductances and
placed on the apical dendrite (150 um from the soma). Both conduc-
tances were given a reversal potential of 0 mV. The AMPA conductance
decayed exponentially with a time constant of 3 ms. The NMDA conduc-
tance had a dual-exponential decay, implemented using the following
formula: g, * (1 — (frac* e /™' + (I — frac) * e /%), where g, is
the maximum conductance, 71 is the fast decay time constant, 72 is the
slow decay time constant, and frac is the relative contribution of the 71 to
the peak current amplitude. Because kinetics and pharmacology of syn-
aptically evoked NMDA currents suggest that they are mediated by
NR2A subunit-containing NMDA receptors (Lopez de Armentia et al.,
2003), 71, 72, and frac were assigned 16.5 ms, 123.5 ms, and 0.90, respec-
tively. These deactivation time constants correspond to values from re-
combinant expression systems (Vicini et al., 1998), which have been
adjusted to approximate 31°C recording conditions in the present study.
The voltage-dependent Mg>" block was incorporated using the follow-
ing formula: Mgblock = 1/(1 + e~ 00627 Vimy ([Mg2+]0/3.57) (Jahrand
Stevens, 1990). The extracellular Mg>* concentration, [Mg?* ], was set
to 1.3 mu, the concentration present in the ACSF.

Results

Whole-cell patch-clamp recordings were made from projection
neurons within the basal nucleus of the BLA. In response to a
depolarizing current injection, these neurons fired a train of APs
that evoked a rapid rise in calcium in the soma and dendrites and
was followed by a prolonged AHP (Fig. 1 A). In these neurons, the
AHP is primarily attributable to the activation of two calcium-
activated potassium currents, the apamin-sensitive I,;p and the
apamin-insensitive sl,p, that mediate the medium AHP and
sAHP, respectively (Power and Sah, 2008). When the currents are
evoked under voltage-clamp conditions (100 ms voltage step
from —50 to 0 mV), the difference in the time course of these
currents is clear (Fig. 1B). The I,;p is mediated by SK-type
calcium-activated potassium channels, and its time course pri-
marily follows cytosolic calcium, rising rapidly after APs and de-
caying with a time constant of 50 to several hundred milliseconds
(Sah and Faber, 2002). In contrast, the kinetics of the sI,;;» do not
track the calcium rise (Jahromi et al., 1999; Sah and Clements,
1999) but rather has a much slower time course, rising to a peak
after the calcium response and lasting several seconds (Fig.
1A,B). Consistent with previously published results from hip-
pocampus (Knopfel et al., 1990; Miiller and Connor, 1991) and
the BLA (Sah and Faber, 2002; Power and Sah, 2008), application
of NA suppressed the sSAHP (Fig. 1A) and the corresponding
sl yp with no effect on the calcium rise (Fig. 1A,B). The inte-
grated area of the SAHP evoked by an AP train (four APs, 100 ms)
was reduced by 99 = 1%, whereas the integrated area of the
calcium rise in the dendrite and soma was unaffected (81 * 17
and 119 = 30% of control in the soma and proximal dendrite,
respectively; n = 3). The outward tail current remaining in the
presence of NA was blocked by apamin (100 nm), confirming it as
Ly (Fig. 1B).

Localization of the sI,yp

To estimate the location of the channels that underlie the sI,p,
we took advantage of space-clamp problems associated with volt-
age clamping neurons with extended dendritic trees, such as pro-
jection neurons in the BLA, by measuring the time required for
the current to fully adapt to a shift in the command potential
at the soma (Isaacson and Walmsley, 1995; Sah and Bekkers,
1996). The time course of this adaptation reflects the time re-
quired for the voltage-clamp command to spread from the soma
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Figure 1. Noradrenaline suppresses the SAHP without an effect on calcium influx. 4, A
100 ms somatic current injection evokes a train of four APs that is followed by a slow AHP.
The AHP is shown on an expanded scale in the inset. The neuron was loaded with the
calcium indicator Fluo 5F (50 pm) and the calcium-insensitive Alexa Fluor 594. The cal-
cium response measured in the soma and proximal dendrite 35 m from the soma are
shown in the traces below. Application of 10 wm NA (red traces) suppresses the SAHP with
no effect on calcium transients. B, The current underlying the slow AHP is shown recorded
involtage clamp. Neurons were clamped to —50 mV and that AHP was evoked using a 100
ms step to 0 mV. Arrows point to the /,,,, and s/,,,,. Application of 10 um NA (red trace)
suppresses the s/, but not the /. Subsequent application of the SK channel blocker
apamin (100 nw; green trace) blocks the /yp.

to the current source, as well as the filtering of the resulting
change in the current as it spreads from its origin to the somatic
voltage-clamp electrode (Jack et al., 1983; Spruston et al., 1994;
Hausser and Roth, 1997). We evoked the sl by applying a
100-200 ms voltage step to 0 mV from a holding potential of —50
mV, after which a 20 mV hyperpolarizing voltage step was ap-
plied during the sI;;p (Fig. 2A). The hyperpolarizing voltage step
was applied 700 ms after the onset of the depolarizing voltage step
to avoid contamination by the faster decaying apamin-sensitive
I p- Digital subtraction of the voltage step delivered with or
without evoking the sI,;p allowed us to assess the time course of
relaxation of the sI;p (Fig. 2A). This current “switch-off” was
not instantaneous, and its time course was well fit by a single
exponential with a mean time constant of 4.7 = 0.4 ms (n = 33).

To estimate the electrotonic location of the sl,;;p, we com-
pared the time constant of the sl relaxation to the relaxation
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time constant obtained for GABA, currents activated at known
dendritic locations. To enable this comparison, we increased the
chloride concentration of the internal solution (to 76 mm) and
voltage clamped the neuron to —80 mV. This configuration
yielded a chloride reversal potential of —14 mV and a driving
force of 76 mV, similar to the 57 mV driving force for the sI,p.
GABA was focally applied in the presence of GABA receptor
antagonists to evoke a small inward current (134 = 17 pA; n =
14) that was blocked by picrotoxin (data not shown), confirming
that it is attributable to activation of GABA, receptors. During
the GABAergic current, the command potential was depolarized
by 20 mV, reducing the driving force of the current. The relax-
ation of the GABA current was well fit with a single exponential
with a time constant that was correlated with its distance from the
soma (r = 0.843; p < 0.0001) (Fig. 2C,D), with currents evoked
farther from the soma being slower to adapt to the new command
potential. When applied within 50 wm from the soma, the mean
time course of GABA current adaptation was 1.4 = 0.3 ms (n = 3)
compared with 6.5 ms (n = 2) when GABA was applied 195-205
wm from the soma. The relaxation time constant of the sI,;;p was
similar to the response time observed when GABA was applied
100 wm from the soma, suggesting that channels that underlie the
sl pp are likely located at some distance from the soma.

To confirm our experimental prediction for the location of
the sI,yyp, We constructed a computational model of a BLA pro-
jection neuron. The model neuron had a realistic morphology
based on morphological measurements from neurons recorded
in this study (supplemental Fig. 1, available at www.jneurosci.org
as supplemental material) and was voltage clamped at the soma.
An sl,;p conductance added on either the soma or the dendrites
at various distances from the soma and its amplitude adjusted to
generate a somatic current of 100 pA. As done experimentally
(Fig. 2A), subtraction of the current response to a 100 ms, —20
mV voltage shift in the absence of the sI,,;;p conductance from
the response to a voltage shift with an active sI,;p conduc-
tance revealed the predicted sI,p relaxation time course in
response to the voltage step (Fig. 2E). As expected, the model
predicts that the relaxation time constant will increase with
distance from the somatic patch-clamp electrode. Impor-
tantly, the relaxation time constants generated by our model
are strikingly similar to those obtained experimentally (Fig.
2E). Moreover, the model shows that, over the range of 50—
200 pA, similar to peak sl,p currents in this study, current
amplitude has little impact on the relaxation time course (sup-
plemental Fig. 2, available at www.jneurosci.org as supple-
mental material). Together, these results are consistent with
our proposal that the sI,;;, may be largely extrasomatic.

Focal uncaging of calcium

The sI,ypis a calcium-dependent potassium current that can also
be evoked by uncaging cytosolic calcium (Lancaster and Zucker,
1994; Sah and Clements, 1999). We next examined the location of
the sI,;;p by examining currents evoked in response to spatially
restricted calcium rises. Neurons were loaded with a caged cal-
cium reagent, 1-(4,5-dimethoxy-2-nitrophenyl)-EDTA (2 mm).
Apamin was added to the perfusate to eliminate the SK channel-
mediated I y;;p. Using a focused UV laser, we were able to photo-
release calcium in a spatially restricted manner. When the laser
was focused on the soma, brief pulses of UV excitation (10 ms, 20
mW) evoked a calcium rise that was primarily restricted to the
soma (Fig. 3A, B). In contrast, depolarizing voltage steps (200 ms,
65 mV) raised intracellular calcium both in the soma and
throughout the dendritic tree. Although our UV pulse and volt-
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age steps produced comparable rises in
somatic calcium, the outward current
evoked by the UV pulse was a fraction of
that evoked by the voltage step (n = 11)
(Fig. 3C). The peak amplitude and inte-
grated area of the somatic calcium rise
evoked by the UV pulse were 108 * 12%
(p = 0.62) and 110 = 18% (p = 0.53),
respectively, of the calcium rise evoked by
the voltage step. The peak amplitude and
integrated area of the sI,;p evoked by the
UV pulse were 15 = 3% ( p = 0.0002) and
16 £ 4% (p = 0.0001), respectively, of
that evoked by the voltage step. The BLA is
not a laminar structure, and dendrites ra-
diate from the soma in three dimensions.
Because the dendritic arbors are also er-
ratically distributed, rarely maintaining a
consistent orientation (McDonald, 1992;
Rainnie and Shinnick-Gallagher, 1992;
Washburn and Moises, 1992a; Power and
Sah, 2007), systematic mapping of the
dendrites was not possible. However, we
have tested uncaging calcium over small
segments of dendrite, 70-100 um from
the soma, within the same focal plane as
the soma, where we predict sl,p chan-
nels are located (Fig. 3D--F). Such focal
uncaging evoked a detectable current in
four of five neurons. The amplitude and
integrated area of the UV evoked current
were 18 = 10% and 23 = 14% of the volt-
age step response respectively, smaller
than the current evoked by the voltage
step (peak, p = 0.002; area, p = 0.01;n =
5) but not significantly different from the
current evoked by somatic uncaging of
calcium (peak, p = 0.43; area, p = 0.57).
These data, and the failure of somatic cal-
cium rises to reproduce the sl p, are con-
sistent with our proposal that this current
is primarily extrasomatic.

The AHP shunts EPSPs

Because the sAHP appears to have a den-
dritic location, we next tested whether its
activity may have a role in controlling the
propagation of synaptic responses from
the dendrite to the soma, via either their
hyperpolarizing or shunting actions (Sah
and Bekkers, 1996). Stimulating elec-
trodes were placed near a dendrite of in-
terest 100—200 wm from the soma, and
EPSPs evoked during the sAHP were
compared with those evoked at rest (Fig.
4A). EPSPs evoked during the SAHP were
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Figure2. Channelsunderlying the SAHP are primarily located on the dendritic tree. 4, The s/, evoked by avoltage step to O mV

from a holding potential of —50 mV (traces on left); the response to a 20 mV hyperpolarizing step is shown in the middle traces,
and the response to a hyperpolarizing step during the s/, is shown on the right (paired). The relaxation of the s/,,,, during the
voltage step is plotted together with its exponential fit in the inset. The initial points from the peak capacitive transient were
clipped in the digitization process, and the resulting subtraction artifact was blanked. B, Diagram depicting the experimental
design is shown. Neurons were filled with either Alexa Fluor 488 or Alexa Fluor 594 to visualize the dendritic tree, and GABA (50 um)
was focally applied to the dendrite at various distances from the soma. C, Whole-cell current evoked by focal application of GABA
to the proximal dendrite (GABA), a 20 mV depolarizing voltage step (step), and a 20 mV voltage step during application of GABA
(paired). Digital subtraction of the summated response of GABA application and the voltage step from the combined response
revealed the GABA current as it adjusted to the 20 mV voltage step. The inset shows the settling of normalized GABA current for
focal application of GABA at two different locations onto the same neuron (35 and 118 wum from the soma). D, The time constant
of the GABA current relaxation is plotted against the distance of the GABA-containing pipette from the soma. The horizontal lines
indicate the mean and SEM of the s/, relaxation time constant. E, Computational modeling of the s/, voltage-shift experiment
shows that the relaxation time course is dependent on the distance of the conductance from the somatic patch-clamp electrode.
The predicted relaxation time constant (black circles) is plotted for s/,,,, conductances placed on the soma and on the dendrite at
various distances from the soma. Also plotted are the calculated results from distributing the s/, along the first 200 wm of
dendrite (proximal 200) and uniformly throughout the neuron. The amplitude of the conductance was adjusted so that each
distribution generated a 100 pA somatic current. The gray circles show the experimental data for focal GABA application from D.
Inset shows the predicted settling current in response to a 20 mV voltage step for a somatic and dendritic (50 —100 and 150 —100
jum) channel distributions. The dashed line indicates the s/, relaxation time constant.

smaller in amplitude and decayed faster than control EPSPs (Fig.
4 B--E). When the sSAHP was >2 mV, the amplitude of the EPSP
was reduced by 7 = 3% ( p = 0.049), whereas the rise time and
decay time constant were reduced by 11 = 3% ( p = 0.008) and
32 £ 4% ( p <0.0001), respectively (n = 12), and were correlated
with the amplitude of the sSAHP (r = 0.610; p = 0.008) (Fig. 4 F).
In contrast, hyperpolarizing the neuron via somatic current in-

jection tended to increase EPSP amplitude (104 = 3% of control;
n = 7; hyperpolarization vs control, p = 0.20; hyperpolarization
vs AHP, p < 0.001), presumably by enhancing the driving
force of the synaptic current, with no change in EPSP kinetics
(Fig. 4C,E). Thus, the effects of the SAHP on the EPSP most
likely result from the shunting rather than the hyperpolarizing
actions of the sSAHP.
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Figure 3.

Somatically restricted calcium rises fail to reproduce the s/, ,,. A, Green fluorescence image of a BLA neuron filled with the calcium indicator Oregon Green BAPTA-1, together with the

photosensitive calcium buffer DM-Nitrophen (2 mm). Yellow boxes indicate the somatic and the dendriticregions of interest. * indicates the position of the UV uncaging spot. B, The whole-cell current
and calcium response to a 200 ms, 65 mV voltage step from a holding potential of —50 mV bracketing (left and right traces) the response to a flash of UV laser light directed at the soma (middle
traces). The arrowhead indicates the timing of the UV laser pulse (10 ms, 20 mW) used to uncage calcium in the soma. The artifact caused by the UV laser was removed from the calcium traces. C,
Summary data showing the amplitude (500 ms; white bars) and the integrated area (0.5-3 s; black bars) of the s/, current and calcium response evoked by photorelease of calcium in the soma,
normalized to the response evoked by a voltage step (n = 11). D, Fluorescence image of the BLA neuron in which the UV laser was directed at a segment of dendrite 90 um from the soma. * indicates
the position of the UV uncaging spot. £, An example of the s/, ,, current evoked by photolytic uncaging of calcium (left traces) in the dendrite of the neuron shown in D. The current trace is the average
response evoked by six UV stimulations. The current evoked by a voltage step in this neuron is shown on the left. F, Summary data showing the amplitude (500 ms; white bars) and the integrated
area (0.5-3 s) of the s/, current evoked by photorelease of calcium in the dendrite (70100 m from the soma), normalized to the response evoked by a voltage step (n = 5).

Pharmacology of sSAHP-mediated EPSP modulation

To confirm that hastening of the EPSP that followed the AP train
resulted from activation of sI,y;p, we suppressed the SAHP by the
inclusion of the calcium chelator BAPTA in the intracellular so-
lution. Neither the SAHP nor the hastening of the EPSP after the
AP train was observed in the presence of BAPTA (10 mMm) (Fig.
4G,],K). In BAPTA-loaded neurons, the SAHP after AP trains
was 0.3 = 0.1 mV (n = 6), and the amplitude and decay of the
EPSP during the sSAHP were 110 = 5% ( p = 0.053) and 100 = 4%
(p = 0.88) of control, respectively (n = 6; BAPTA vs control; p =
0.01 and p = 0.00017), indicating that both the attenuation of the
EPSP and the sAHP are similarly calcium dependent.

In addition to its calcium dependence, the sI,yp is also sensi-
tive to a variety of neuromodulatory transmitters, which uncou-
ple the sI,yp from the calcium rise (Fig. 1) (Miiller and Connor,
1991; Sah and Clements, 1999). Bath application of noradrena-

line reduced the SAHP by 87 * 5% (n = 4; p = 0.004) (Fig. 4H,] ).
Importantly, AP trains in the presence of noradrenaline had no
effect on the decay of the EPSP (Fig. 4 H,K). After the AP train,
the EPSP decay was 66 % 10% of control before the application of
noradrenaline and 101 * 4% of control in the presence of nor-
adrenaline (n = 4; p = 0.06). The EPSP amplitude after the AP
train was 97 £ 7% of control before the application of noradren-
aline and 98 £ 5% of control in the presence of noradrenaline.
Notably, noradrenaline did reduce EPSP amplitude (4.4 = 0.4 to
2.6 = 0.2mV;p = 0.015) and decay time constant (39.2 = 5.1 to
23.8 = 5.0 ms; p = 0.01) of the control EPSP, presumably because
of activation of presynaptic a-adrenergic receptors (Ferry et al.,
1997; DeBock etal., 2003). Because the results with noradrenaline
may have also been compromised by adrenergic modulation of
EPSPs through its actions on SK calcium-activated potassium
channels (Faber et al., 2008), the experiment was repeated using
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the B-adrenergic agonist isoprenaline in
the presence of the apamin (100 nM) to
eliminate any potential SK channel-
mediated effects. Similar to previous reports
(Faber and Sah, 2002; Power and Sah, 2008),
apamin had little effect on the sSAHP (Fig.
41,]). In the presence of apamin, the sSAHP
after the AP train was 4.7 = 7mV (n = 9).
Apamin had no significant effect on the
modulation of the EPSP during the sAHP
(Fig. 4],K), and, in its presence, the EPSP
still decayed faster during the sAHP (65 =
4% of control; p = 0.0003). Although we did
not observe a reduction in the EPSP ampli-
tude during the sSAHP (101 = 4% of control;
p = 0.96), neither the change in EPSP am-
plitude (p = 0.13) nor the change in the
EPSP decay time constant ( p = 0.91) dur-
ing the sAHP were significantly different
from that in apamin-free controls. Subse-
quent application of isoprenaline (10 um)
reduced the SAHP by 73 * 8% (n = 4) and
attenuated the reduction of the EPSP decay
during the sAHP (Fig. 4I). During the
sAHP, the EPSP decay time constant in-
creased from 66 = 5% of control before ap-
plication of isoprenaline to 88 = 8% of
control in the presence of isoprenaline ( p =
0.018).

AHP attenuates synaptic integration
Our finding that EPSPs decay faster when
evoked during the sSAHP suggests that syn-
aptic summation may also be altered during
the sAHP. To test this possibility, a brief
train of EPSPs (250 ms, 20 Hz) was evoked
before and during the sSAHP. Experiments
were performed in the presence of picro-
toxin and CGP 55845 to block GABAergic
synaptic potentials and apamin to eliminate
SK channel-mediated actions. We found
that both temporal summation (Fig. 5A--C)
and the integrated area of the EPSP train
(Fig. 5D) were reduced during the sAHP
(n=9). The summated postsynaptic poten-
tial was reduced by 40 = 6% during the
sAHP ( p =0.0013;n = 9).Isoprenaline was
subsequently applied to reduce the sAHP.
Under these conditions, addition of iso-
prenaline frequently made neurons hyper-
excitable to the synaptic trains. Recurrent
activation and the potentiation of synaptic
potentials were often observed, resulting in
the generation of APs during the synaptic
trains. In the few instances (three of nine) in
which these effects were not observed, iso-
prenaline reduced the sSAHP and restored
the synaptic summation (Fig. 5E).

AHP reduces the AP-evoked calcium
rise

The above results demonstrate that the
sAHP shunts the EPSP and limits the in-
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Figure4. The sAHP attenuates EPSPs. A, Representative voltage traces showing EPSPs evoked alone (EPSP; blue traces), during

the sAHP (AHP; red traces), or during a current injection that simulated the hyperpolarization during the SAHP (HYP + EPSP; green
traces). B, Representative EPSPs evoked under control conditions (CTL), during an sAHP (AHP), or during a hyperpolarized current
injection have been overlaid. €, Summary data showing the EPSP amplitude normalized to control for each condition. D, EPSPs
shown in B replotted normalized to highlight the faster decay of the EPSP during the SAHP. E, Summary data of the decay time
constant shows that the EPSPs decay faster when evoked during the sAHP. F, The EPSP decay time constant during the sAHP is
plotted against the amplitude of the SAHP immediately before the EPSP. The straight line is the linear regression fit to the data. G,
Inclusion of BAPTA in the internal solution abolishes both the SAHP and the shunting of the EPSP after the AP train. The EPSPs under
control conditions (blue; CTL) and during the SAHP (red) are shown above the sAHP. H, Application of 10 pum NA reduces both the
sAHP and the shunting of the EPSP after the AP train. The EPSPs under control conditions (blue; CTL) and during the SAHP (red) are
shown above the sAHP before and after application of noradrenaline. /, Application of the 3-adrenergic agonist isoprenaline (10
fum) reduces both the SAHP and the shunting of the EPSP during the sAHP. The EPSPs under control conditions (blue; CTL) and
during the SAHP (red) are shown above the sAHP in the presence of the SK channel blocker apamin and during application of
isoprenaline (ISO). Summary graphs showing the effect of BAPTA, noradrenaline, apamin, and apamin with isoprenaline on
amplitude of the SAHP (J), and the decay (K) of the EPSP during the SAHP. * p << 0.05; ** p << 0.001.
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Modeling the impact of the sSAHP

Our switch-off (Fig. 2) and focal uncaging
data (Fig. 3) indicate that the majority of
channels underlying the sI,;;p are located
on the dendritic tree, and activation of the
slow AHP attenuates synaptic potentials
(Fig. 4) and the AP-evoked dendritic cal-
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Figure 5.  EPSP summation is reduced during the sAHP. A, Representative voltage responses to brief trains of synaptic stimu-

lation (100 ms, 20 Hz) under control conditions (CTL; blue) and during the SAHP (AHP; red). Trains were evoked in the presence of
apamin, picrotoxin, and CGP 55845. B, EPSP trains, shown in A, plotted normalized to the amplitude of the first EPSP amplitude in
the train. ¢, Summary data of the amplitude of each EPSP in the train normalized to the first EPSP (n = 9). Summary results
showing the normalized integrated synaptic potential of the trains evoked during the sSAHP (AHP) and during a hyperpolarizing
current injection (HYP) are plotted in D. E, Summating synaptic potentials under control conditions and during the SAHP before
(pre-1S0) and after application of isoprenaline (ISO). The integrated synaptic potential during the SAHP (normalized to control)
plotted before and after application of isoprenaline is shown in the same panel for three individual neurons.

tegration of synaptic potentials. We next examined whether the
sAHP also modulates signals that propagate from the soma to the
dendrite. Neurons were loaded with the calcium indicator Fluo
5F (300 um), and the fluorescence response was measured at
various dendritic locations. Brief (5 ms) somatic current injec-
tions were used to evoke APs that led to a rapid rise in calcium
throughout the dendritic tree. Similar to studies in other brain
regions (Callaway and Ross, 1995; Markram et al., 1995; Schiller
etal., 1995; Waters et al., 2005), the AP-evoked calcium response
was largest in the proximal dendrites and attenuated at more
distal dendritic locations (Spearman’s rank correlation; r =
—0.604; n = 23; p = 0.004) (Fig. 6C). To test whether the AP-
evoked calcium response is altered during the sAHP, we com-
pared the AP-evoked calcium response during the sAHP with
the response under control conditions (Fig. 6 A, B). To isolate the
calcium rise evoked by the AP from any residual calcium from the
previous AP train, the response evoked by unpaired AP trains
(AHP only) was subtracted from the paired response (AHP +
AP). This revealed that the AP-evoked calcium response was at-
tenuated during the sAHP (Fig. 6A,B,D). The reduction of the
AP-evoked calcium response was not significantly correlated
with distance from the soma (r = —0.24; p = 0.22) (Fig. 6 D). For
dendritic segments 70—150 wm from the soma, the integrated
area of the AP-evoked calcium response was reduced by 40 * 5%
during the AHP ( p = 0.0004; n = 18). Hyperpolarizing current
injections mimicking the sSAHP had a significantly smaller effect
on the AP-evoked calcium rise (Fig. 6D), reducing the AP-
evoked calcium rise by 14 = 6% ( p = 0.02 vs control; p = 0.008
vs AHP; n = 17). Application of isoprenaline reduced the sAHP
by 73 = 4% ( p < 0.0001), and the AP-evoked calcium response
during the sSAHP increased from 55 * 5% of control before iso-
prenaline to 85 * 9% of control in the presence of isoprenaline
(p = 0.003; n = 11). These actions were partially reversed by
application of the B-adrenergic receptor antagonist propranolol
(n=15) (Fig. 6E,F).

cium response (Fig. 6). A number of loca-
tions for the sI,;;p have been proposed,
including the soma (Lima and Marrion,
2007), apical dendrites (Sah and Bekkers,
1996), or basal dendrites (Bekkers, 2000).
To determine the possible distributions of
the sAHP that may explain these data, we
used simulated results using a computa-
tional model of a BLA projection neuron
(see Materials and Methods). We com-
pared model configurations that imple-
mented the sI,;;p uniformly throughout
the neuron, on the soma only, on the basal
dendrites only, or uniformly throughout
along the proximal 200 um of the den-
dritic tree. For each configuration, the
sI,p conductance was adjusted to yield a
5 mV hyperpolarization of the somatic
membrane potential. The effect of these
distributions on simulated EPSPs gener-
ated by synapses placed on the apical den-
drites is shown in Figure 7A--C. Our model predicts that somatic
or proximal locations of the s, ;;p would reduce the peak ampli-
tude of the EPSP, whereas basal and uniform configurations
would not (Fig. 7A, B). The model also predicts that the EPSP
would decay faster during the sAHP regardless of where the
conductance is located (Fig. 7A,C). Conversely, hyperpolar-
izing current injections would be expected to increase the am-
plitude of the EPSP and slow its decay (Fig. 7A--C).

Finally, we tested the effect of sI,;p distribution on the den-
dritic calcium response (Fig. 7D--F). We calculated the expected
calcium influx into the dendrite 107 wm from the soma during an
AP. Placing the sl,y;p exclusively on the soma predicted a 2%
reduction in AP-evoked calcium influx, whereas placing the sI-
anp Oon the proximal dendritic tree predicted a 15% reduction in
the dendritic calcium response, suggesting that the dendritic lo-
cation of the sl ;p may be necessary for the reduction of the
AP-evoked calcium rise observed experimentally. Reduced cal-
cium influx was also predicted for sl distributions encom-
passing the soma and proximal dendrite (15% reduction) and
uniformly throughout the neuron (15% reduction). No reduc-
tion of the AP-evoked calcium response was forecast when the
slypp Was restricted to the basal dendrites.

Discussion

The output of a neuron is determined by a combination of the
spatiotemporal pattern of the synaptic inputs that it receives and
the ion channels intrinsic to that neuron. Ion channels are often
differentially distributed along the plasma membrane, and this
distribution has important consequences for information pro-
cessing. For example, A-type voltage-dependent K™ channels
and hyperpolarization-activated HCN channels are present at
higher densities in dendrites in hippocampal pyramidal neurons
(Hoffman et al., 1997; Magee, 1998) in which their activity shapes
synaptic potentials and limits their integration (Hoffman et al.,
1997). In many neurons, AP trains are followed by a prolonged
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afterhyperpolarization (sAHP) that results
from activation of the calcium-dependent
potassium current, sl;p, and mediates
spike-frequency adaptation. In this study,
we investigated the distribution of the sl p
in BLA projection neurons. We found that,
in these neurons, the sl appears to be
distributed along the dendritic tree. Activa-
tion of this conductance shapes synaptic po-
tentials and APs in the dendritic tree.

Location of the sl

Although the sI,p is widely distributed
throughout the CNS, the distribution of
the underlying channels has only been stud-
ied in CA1 pyramidal neurons. These results
have proven controversial, with some data
suggesting that they arelocated primarily on
the soma (Marrion and Tavalin, 1998; Lima
and Marrion, 2007), whereas others indi-
cate a predominantly dendritic distribution,
with the channel being present either in the
apical (Andreasen and Lambert, 1995; Sah
and Bekkers, 1996; Lancaster et al., 2001) or
basal (Bekkers, 2000) dendritic trees or in
both compartments (Fernandez de Sevilla et
al., 2007). One confounding factor in the
interpretation of some of these studies is a
failure to distinguish between the contribu-
tion of apamin-sensitive SK channels and
apamin-insensitive non-SK channels to the
sAHP and the corresponding slow calcium-
activated potassium current. The relative
contributions of SK and non-SK channels to
the sAHP is dependent on calcium buffer-
ing, intracellular calcium store content, and
the presence of neuromodulatory transmit-
ters (Velumian and Carlen, 1999; Power
and Sah, 2008). The recording conditions of
our study ensure that SK channels make lit-
tle contribution to the SAHP/sI,y;p in BLA
projection neurons (Fig. 1) (Power and Sah,
2008), and we can be confident that our data
reflect the location and function of the
apamin-insensitive sI,;p. Our voltage-shift
data (Fig. 2) indicate that these channels are
primarily located along the dendritic tree,
electrotonically distant from the soma. In
agreement with this, photolytic uncaging of
calcium in the soma evoked only a fraction
of the current that was evoked by a voltage
step, despite having a comparable somatic
calcium rise (Fig. 3). Although we cannot
rule out the possibility that calcium entering
via voltage-gated calcium channels in the
membrane during voltage steps reaches
high concentrations in microdomains in the
vicinity of the channels, the sl is readily
activated in CA1 pyramidal neurons by un-
caging calcium with whole-field UV excita-
tion, which releases calcium in both the
soma and dendrites (Lancaster and Zucker,
1994; Sah and Clements, 1999). Addition-
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Figure 6.  The sAHP reduces the dendritic AP-evoked calcium response. A, The AP-evoked calcium response is smaller

during the sAHP. Top traces on the left show the calcium response in the dendrite (92 m from the soma) in response to an
AP train (black trace; AHP only) and to an AP train followed by a single AP evoked 500 ms after the train (red trace; AHP +
AP). The calcium response evoked by the AP trains (AHP only) was subtracted from the paired response (AHP + AP) to
determine the calcium rise evoked by the AP during the AHP (shaded area). The voltage response at the soma is shown
below the calcium response. Calcium rise evoked by a single AP under control conditions is shown on the right. Inset (top
right) shows the AP-evoked calcium rise overlaid with the AP-evoked calcium rise during the sAHP. B, An example of a
dendritic calcium response (140 wm from the soma) in which there is little residual calcium from the AP train when the AP
is evoked. In this instance, the peak response evoked by the control AP (black trace) is greater than the AP-evoked calcium
rise during the SAHP (red trace). C, The AP-evoked calcium rise decreases with distance from the soma. The integrated area
of the AP-evoked calcium rise in the dendrite is plotted against its distance from the soma. D, The AP-evoked dendritic
calcium rise is attenuated during the sAHP but not during a hyperpolarizing somatic current injection that mimics the
somatic hyperpolarization during the sAHP. The integrated area of the AP-evoked calcium rise during the sAHP (filled
circles) and during a hyperpolarizing current injection (open circles) is plotted relative to control at various distances from
the soma. E, F, Application of the 3-adrenergic agonist isoprenaline reduces the sAHP and the attenuation of the AP-
evoked calcium rise that follows the AP train. The somatic membrane potential is shown in response to a depolarizing
current injection (100 ms) that evoked an AP train under control conditions (CTL) and after sequential application of
isoprenaline (1S0) and the 3-adrenergic receptor antagonist propranolol (PROP). The SAHP is shown on an expanded scale
(right traces). The AP-evoked dendritic calcium rise before (blue) and during (red) the SAHP is shown under control
conditions (bottom left traces), in the presence of isoprenaline (bottom middle traces), and in the presence of isoprenaline
and propranolol (bottom right traces). F, Summary data showing the relative area of the single AP-evoked calcium rise
during the sAHP under control conditions (CTL), after application of isoprenaline (1S0), and after addition of propranolol
(PROP).
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Figure7.  Acomputational model of a BLA neuronindicates that the s/,,, channel location influences communication between

the soma and dendrite. The effect of the SAHP on synaptic stimulation was modeled in A—C. Synaptic conductances were placed on
the dendrite 105 wm from the soma, and the resultant EPSPs were measured in the soma. EPSPs were evoked under resting
conditions (CTL), during a 5 mV sAHP, or during a somatic current injection (INJ) that hyperpolarized the soma by 5 mV. EPSPs
evoked during the SAHP were modeled with the s/, located on the soma (soma), the proximal dendrites (prox), both the soma
and proximal dendrites (soma + prox), uniformly distributed throughout the neuron (uniform), or solely on the basal dendrites
(basal). The bottom traces show the normalized EPSP to highlight the faster decay of the EPSP during the sAHP. B, The modeled
EPSP amplitudes, normalized to control EPSP amplitudes, are plotted (blue bars) for each s/, distribution and for a somatic
current injection (INJ). The experimental results (exp-AHP) are plotted in red (mean = SEM). (, The normalized decay time
constants are plotted for each condition. The model indicates that the EPSP would decay faster during the sSAHP regardless of where
the conductance is located. D—F, Attenuation of the AP-evoked dendritic calcium response during the SAHP requires the s/, to be
located on the proximal dendritic tree. D, The predicted APs evoked by somatic current injection under control conditions and
during the sAHP with different distributions of the s/,,, are shown in the soma and dendrite (110 m from the soma). The
predicted dendritic calcium currents (/, +) are shown below V ;... 4. E, The AP waveforms in the dendrite are shown aligned to their
onsets for each condition. Note the modest attenuation of the AP predicted for the proximal (prox) s/, distribution. F, Restricting
the s/,p to the soma (soma) has little effect on the AP-evoked calcium influx, whereas distributions thatincluded the s/,,,, on the
proximal apical dendritic tree (prox/soma + prox/uniform) attenuate the calcium response. The AP-evoked calcium influx is
shown for each modeled condition in the panel below normalized to control. Experimental results (Fig. 6) showing the dendritic
fluorescence signal (normalized to control) generated by APs evoked during the SAHP (exp-AHP) are shown in red.
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experiments. BLA projection neurons typi-
cally have five to six primary dendrites that
radiate in several directions (McDonald,
1992; Faber et al., 2001). Even accounting
for out-of-focus excitation, it is unlikely that
we have stimulated >20% of the proximal
dendritic tree. Thus, the dendritic contribu-
tion of the current is expected to be five
times that evoked by dendritic uncaging,
easily compensating for the difference be-
tween the current evoked by the voltage step
and that evoked by somatic uncaging of cal-
cium. Together, these data indicate that a
large portion of the channels, perhaps even
most of the channels, are located on the den-
dritic tree. Using a computational model,
we tested the impact of channel distribu-
tions on synaptic potentials and AP-evoked
calcium response (Fig. 7). Results from this
model indicate that, although the sI,;;» can
hasten the decay of synaptic potentials,
regardless of its cellular location, its
dendritic distribution may be an impor-
tant factor in the reduced AP-evoked
calcium rise observed during the during
the sAHP (Figs. 6, 7).

Synaptic summation

Because the sl ;;p is located on the dendritic
tree, it is well positioned to shape synaptic
potentials and control synaptic integration.
We find that EPSPs decay faster (Fig. 4) and
show less summation (Fig. 5) when evoked
during the sSAHP, but the effect of the SAHP
on the EPSP amplitude was less consistent.
Studies in hippocampal pyramidal neurons
have consistently reported a reduction of
the EPSP time course during the sSAHP that
results in reduced synaptic summation
(Lancaster et al., 2001; Ferndndez de Sevilla
et al., 2007). Some (Sah and Bekkers, 1996;
Fernandez de Sevilla et al., 2007; Fuenzalida
et al.,, 2007), but not all (Lancaster et al.,
2001), studies also find a reduction of the
EPSP amplitude. In our initial observations
(Fig. 3), we found a small but significant re-
duction of the EPSP amplitude; however,
this reduction was not consistently observed
(Fig. 4). It is possible that this difference re-
flects a differential distribution of the sI,;p
on the dendritic tree.

Activation of the SAHP is usually attrib-
uted to calcium influx during AP trains,
when it contributes to spike-frequency ad-
aptation. However, in CA1 pyramidal neu-
rons, Lancaster et al. (2001) have shown that

ally, the current could be evoked by focal uncaging of calcium in the
dendrites, indicating that these channels are present on the dendritic
tree. It should be noted that the UV excitation is spatially restricted at
the focal x--y plane but not in the z-axis, and, as a consequence,
calcium will also be uncaged to a lesser extent in dendrites located
above or below the target region. Thus, current-evoked out-of-focus
dendrites may have contributed to current evoked in our uncaging

it can also be activated by subthreshold synaptic trains, consistent
with a dendritic location of the channels. Such a synaptically acti-
vated hyperpolarization has been reported in BLA neurons in vivo
(Lang and Paré, 1997), and we too noted a small hyperpolarization
that followed synaptic trains under control conditions (Fig. 5). This
hyperpolarization is not seen when synaptic trains are delivered dur-
ing the SAHP, when s, channels are already activated. Although
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the identity of this hyperpolarization is not established, it is possible
that it results from activation of the sl triggered by calcium influx
from subthreshold activation of L-type voltage-dependent calcium
channels (Magee et al., 1995; Power and Sah, 2005) or NMDA re-
ceptors. Synaptic activation of the SAHP may act to further reduce
temporal summation by facilitating the Mg>" reblock of activated
NMDA receptors (Disterhoft et al., 2004; Fernandez de Sevilla et al.,
2007).

Dendritic APs

Electrical communication between the soma and dendrite is bi-
directional. Whereas EPSPs propagate from the dendrites to the
soma and axon, APs are initiated at the axon initial segment,
propagate back into the dendritic tree (Stuart etal., 1997), and are
critical for spike-timing-dependent synaptic plasticity (Markram
etal., 1997). Backpropagation of APs is modulated by the density
and distribution of ionic conductances present on the dendritic
tree (Johnston et al., 1999; Sjostrom et al., 2008). Dendritic IPSPs
have been shown to disrupt AP backpropagation through their
shunting as well as their hyperpolarizing actions (Tsubokawa and
Ross, 1996). We have shown that sl also modulates the AP in
the dendrite, reducing calcium channel activation (Fig. 6). It is
not clear whether the sAHP affects propagation of the AP or
simply changes its waveform, resulting in a reduced calcium re-
sponse. Because of its slow activation kinetics, the sI;p is not
expected to have impact on a solitary AP or APs within brief
trains; however, once activated, the sI,;;p would affect dendritic
APs for several hundred milliseconds. Consistent with this no-
tion, reduction of the sSAHP by isoprenaline had no effect on the
calcium rise evoked by a brief AP train (Fig. 1). However, when
APs were evoked during the sAHP, 500 ms after the initial AP
train, the resultant dendritic calcium rise was attenuated under
control conditions but not when the sSAHP was blocked (Fig. 6)

s p and synaptic plasticity

Our data show that the sAHP alters both synaptic integration and
dendritic AP, but does it modulate synaptic plasticity? An abun-
dance of data show that induction of LTP is facilitated when the
sl pp is inhibited (Izquierdo and Medina, 1995; Sah and Bekkers,
1996; Disterhoft and Oh, 2006). In BLA projection neurons, the
slyyp is suppressed by muscarinic (Washburn and Moises,
1992b; Power and Sah, 2008), 3-adrenergic (Huang et al., 1996;
Power and Sah, 2008), and metabotropic glutamatergic (Womble
and Moises, 1994) receptor activation. Activation of these transmit-
ter systems facilitates the induction of long-term potentiation (LTP)
(Watanabe et al., 1995; Huang and Kandel, 1996; Ferry et al., 1997;
Fendt and Schmid, 2002; Rodrigues et al., 2002; Pu et al., 2009).
However, the actions of these transmitter systems are not limited to
their suppression of the sI,;p, and thus such correlative data do not
provide a causative link between the sI,;p and synaptic plasticity. A
recent study by Fuenzalida et al. (2007) has shown that induction of
spike-timing-dependent LTP is disrupted during the sAHP. Our
data suggest that the abbreviated EPSP and altered AP during the
sAHP may act together to limit NMDA receptor activation and
modulate NMDA-dependent synaptic plasticity.
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