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Jasnow AM, Ressler KJ, Hammack SE, Chhatwal JP, Rainnie
DG. Distinct subtypes of cholecystokinin-containing interneurons of
the basolateral amygdala identified using a CCK promoter-specific
lentivirus. J Neurophysiol 101: 1494-1506, 2009. First published
January 21, 2009; doi:10.1152/jn.91149.2008. The basolateral amyg-
dala (BLA) is critical for the formation of emotional memories. Little
is known about the physiological properties of BLA interneurons,
which can be divided into four subtypes based on their immunocyto-
chemical profiles. Cholecystokinin (CCK) interneurons play critical
roles in feedforward inhibition and behavioral fear responses. Evi-
dence suggests that interneurons within a subgroup can display
heterogeneous physiological properties. However, little is known
about the physiological properties of CCK interneurons in the BLA
and/or whether they represent a homogeneous or heterogeneous pop-
ulation. To address this question, we generated a lentivirus-expressing
GFP under the control of the CCK promoter to identify CCK neurons
in vivo. We combined this with whole cell patch-clamp recording
techniques to examine the physiological properties of CCK-contain-
ing interneurons of the rat BLA. Here, we describe the physiological
properties of 57 cells recorded in current-clamp mode; we used
hierarchical cluster and discriminant function analysis to demonstrate
that CCK interneurons can be segregated into three distinct subtypes
(I, II, IIT) based on their passive and active membrane properties.
Additionally, Type II neurons could be further separated into adapting
and nonadapting types based on their rates of spike frequency adap-
tation. These data suggest that CCK interneurons of the BLA are a
heterogeneous population and may be functionally distinct subpopu-
lations that differentially contribute to the processing of emotionally
salient stimuli.

INTRODUCTION

The basolateral amygdala (BLA) is critical for the genera-
tion of emotional behavior and the formation of emotional
memories (Davis 1997; Davis and Aggleton 2000; Maren and
Fanselow 1996). Extensive studies have shown that the lateral
and basolateral amygdala play an important role in the acqui-
sition and expression of conditioned fear (Apergis-Schoute
et al. 2005; Campeau and Davis 1995; Campeau et al. 1992;
Clugnet and LeDoux 1990; Josselyn et al. 2001; Liang et al.
1994; Muller et al. 1997; Sananes and Davis 1992). Moreover,
recent functional imaging studies in humans suggest that in-
creased activity of the amygdala plays a critical role in the
etiology of several psychiatric disorders (Protopopescu et al.
2005; Rauch et al. 2000). However, understanding the neural
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mechanisms underlying emotional information processing ul-
timately requires knowledge of the anatomy and physiology of
its constituent neurons.

The BLA is composed of an intrinsic circuitry that consists
of two main neuronal cell types: excitatory glutamatergic
pyramidal-like projection neurons and inhibitory GABAergic
interneurons (McDonald 1992, 1996; McDonald and Pearson
1989). Subpopulations of GABAergic BLA interneurons con-
tain calcium-binding proteins (parvalbumin [PV], calbindin
[CB], and calretinin [CR]) as well as neuropeptides, including
vasoactive intestinal peptide (VIP), neuropeptide Y (NPY),
somatostatin (SST), and cholecystokinin (CCK) (Mascagni and
McDonald 2003; McDonald 1989; McDonald and Betette
2001; McDonald and Mascagni 2001a, 2002; McDonald and
Pearson 1989; Muller et al. 2005). Evidence suggests that these
BLA interneurons can be divided into four distinct subpopu-
lations identified by their immunocytochemical staining:
1) PV" neurons, a majority of which are CB"; 2) SST”
neurons, a majority of which are also CB™; 3) large, multipolar
CCK™ neurons that may also express CB; and 4) small bipolar
and bitufted interneurons that may coexpress to varying de-
grees, VIP, CR, and CCK (Mascagni and McDonald 2003;
McDonald and Betette 2001; McDonald and Mascagni 2001a,
2002). These interneuronal subpopulations are remarkably
similar to the interneuron populations described in the cerebral
cortex and hippocampus (Kawaguchi and Kubota 1998).

Interneurons of the BLA play an important role in regulating
the activity of pyramidal neurons within this region and,
because of their differential innervation of BLA pyramidal
neurons (Muller et al. 2003, 2007; Smith et al. 2000), each
interneuron subtype is thought to provide a unique function to
the intrinsic circuitry of the BLA. The synaptology of BLA
interneurons has been well documented through immunohisto-
chemical studies. However, only a few studies have examined
the physiological properties of BLA interneurons (Kaneko
et al. 2008; Rainnie 1999; Rainnie et al. 2006; Szinyei et al.
2000, 2003, 2007; Woodruff and Sah 2007a,b) and little is
known about the physiological properties of most of the four
interneuron subtypes within the BLA. Moreover, it is not clear
whether the interneurons within each subtype are homoge-
neous or represent a functionally heterogeneous population of
cells.

CCK™ neurons are a critical component of the inhibitory
circuitry within the BLA; their pattern of innervation of local
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pyramidal neurons suggests that they can strongly modulate
pyramidal cell excitability as well as synaptic integration
(Katona et al. 2001; Mascagni and McDonald 2003). Within
the BLA CCK™ neurons have been classified into two types
based mainly on soma size and dendrite thickness. Type L
(large) CCK™ neurons colocalize calbindin, whereas type S
(small) CCK™ neurons colocalize with VIP and/or calretinin
(Mascagni and McDonald 2003). CCK is a potent anxiogenic
in rodents and may contribute to panic disorder in humans
(Belcheva et al. 1994; Chen et al. 2006; Kennedy et al. 1999).
Consistent with this hypothesis, activation of CCK receptors in
the BLA impairs the extinction of fear memories and CCK
antagonists reverse the blockade of extinction induced with
cannabinoid receptor type 1 (CB1) receptor antagonists
(Chhatwal et al. 2009). In addition, a small population of type
L CCK™ cells of the BLA express the 5-HT} serotonin receptor
subtype (5-HT3R) (Mascagni and McDonald 2007; Morales
and Bloom 1997), suggesting that 5-HT may exert its anxio-
Iytic effects on fear and anxiety via modulation of y-aminobu-
tyric acid (GABA) and CCK neurotransmission. In the cerebral
cortex, two types of CCK ™" cells have been identified physio-
logically: [) regular-spiking and 2) burst-spiking neurons
(Kawaguchi and Kubota 1998). However, no studies to date
have characterized the physiological properties of CCK™ in-
terneurons of the BLA. Here, we used a lentiviral vector
expressing GFP under the control of the CCK promoter to
identify CCK™ interneurons within the BLA of rats and record
their physiological properties. We used unsupervised cluster
analysis and discriminant function analysis (DFA) in a hypoth-
esis-neutral approach to determine whether CCK ™" neurons of
the BLA are a single homogeneous group or represent several
physiologically distinct groups. We demonstrate that CCK™
interneurons of the BLA constitute three physiologically dis-
tinct subtypes, suggesting that there is considerable electro-
physiological, and perhaps functional, heterogeneity within
this interneuron population.

METHODS
Animals and housing conditions

All experiments were conducted on male Sprague—Dawley rats at
40-48 days of age (~14 days after virus infusion). All rats were
group-housed four per cage in Plexiglas cages with corn cob (Bed-
0-Cob) bedding. Animals had unrestricted access to food and water
and were maintained in a temperature-controlled colony room on a
12-h:12-h light:dark cycle. All procedures were conducted in accor-
dance with policy guidelines set by the National Institutes of Health
and were approved by the Emory University Institutional Animal Care
and Use Committee.

Plasmid design and construction

Design of the lentivirus encoding GFP under the control of the CCK
promoter has been described previously (Chhatwal et al. 2007). Briefly,
an approximately 3-kb region of 5" genomic DNA up to and including the
translation initiation site (ATG) of the CCK promoter was subcloned into
the lentivirus transfer vector, pPCMV-GFP-U3Nhe (Naldini et al. 1996),
replacing the CMV promoter, to now drive GFP expression. Viral
production and purification were previously described in detail (Tiscornia
et al. 2006). Briefly, recombinant lentiviruses were produced by transient
cotransfection of HEK293T cells with the expression vector, the pack-
aging construct A8.9 (pCMV-A8.9), and the envelope plasmid encoding
vesicular stomatitis virus G (VSV-G; pCMV-VSV-G) using the calcium-
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phosphate method. Virus supernatants were collected 2 and 4 days after
transfection and stored on ice until processed. Supernatant was centri-
fuged at 5,000 rpm for 15 min, filtered through a 0.8-um filter, and then
centrifuged at 27,000 rpm for 90 min. The viral pellets were resuspended
in phosphate-buffered saline (PBS) with 1% bovine serum albumin to
yield a titer of 5.0 X 10%-1.0 X 10° infectious U/ml, based on expression
analyses with infected HEK293 cells following serial dilutions of con-
centrated virus.

Surgical procedures and virus infusions

For virus infusions, animals were anesthetized deeply with a ket-
amine/dormitor cocktail and placed in a stereotaxic instrument. Ste-
reotaxic coordinates for the juvenile rat basolateral amygdala were
determined empirically and based on the Rat Brain Atlas (Paxinos and
Watson 2005). Coordinates were 2.0 mm posterior and =4.5 mm
lateral to bregma and 8.4 mm below bregma. The head was positioned
in the stereotaxic frame so that the skull was level between lambda
and bregma. Bilateral infusions of the CCK-GFP lentivirus were
delivered over a 10-min period through a WPI Nanofil syringe with a
35-gauge beveled needle (World Precision Instruments [WPI], Sara-
sota, FL). A total of 2 ul/side was infused at a rate of 0.2 ul/min. The
injection needle was left in place for an additional 5 min following
infusions to allow for diffusion of the virus. All rats were returned to
their home cages and allowed to recover for =14 days before
electrophysiological experiments began.

Electrophysiological studies

PREPARATION OF ACUTE SLICES FROM THE BLA. To obtain slices
from the BLA, rats were decapitated under isoflurane anesthesia
(Abbott Laboratories, North Chicago, IL). The brains were rapidly
removed and placed in ice-cold kynurenic acid—based artificial cere-
brospinal fluid (KA-ACSF), which contained (in mM): NaCl (130),
KCl (3.5), KH,PO, (1.1), MgCl, (6.0), CaCl, (1.0), NaHCO, (30),
glucose (10), and kynurenic acid (2). The glutamatergic antagonist
kynurenic acid was included in the KA-ACSF to suppress any un-
wanted effects of glutamate release that may occur during tissue
slicing. A block of tissue containing the BLA was then mounted on
the chuck of a Leica VTS-1000 vibrating microtome (Leica Micro-
systems, Wetzlar, Germany) and 350-um coronal slices were cut.
Slices were then hemisected and hand-trimmed to remove excess
tissue dorsal to the amygdala. Slices were transferred to a holding
chamber containing KA-ACSF at 32°C and gassed with a 95% 0,-5%
CO, mixture for =40 min before being placed in oxygenated regular
ACSF (ACSF) at room temperature, containing (in mM): NaCl (130),
KCl (3.5), KH,PO, (1.1), MgCl, (1.3), CaCl, (2.5), NaHCO, (30),
and glucose (10). Experiments were started a minimum of 30 min
after the transfer of slices into ACSF.

For recording, slices were placed in a Warner Series 20 recording
chamber (Warner Instruments, Hamden, CT) mounted on the fixed
stage of a Leica DM-LFS microscope (Leica Microsystems). Slices
were fully submerged and continuously perfused at a rate of 1-2
ml/min with heated (32°C) and oxygenated ACSF. GFP* neurons
were selected under fluorescent illumination with a X40 water-
immersion objective. Images were captured with a Hamamatsu Orca
ER CCD camera (Hamamatsu, Tokyo) controlled by SimplePCI
software (Compix, Sewickley, PA). The selected cells were then
visualized with infrared illumination and targeted for recordings.
Whole cell patch-clamp recordings were conducted using thin-walled
borosilicate glass-patch electrodes (WPI) that were pulled on a P-97
Flaming/Brown micropipette puller (Sutter Instruments, Novato, CA).
Patch electrodes had resistances ranging from 4 to 7 M{) when filled
with standard patch solution that contained (in mM): K-gluconate
(138), KCI (2), MgCl, (3), phosphocreatine (5), K-ATP (2), NaGTP
(0.2), HEPES (10), and biocytin/neurobiotin (3 mg/ml). The patch
solution was adjusted to a pH of 7.3 with KOH and had a final
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osmolarity of 280 mOsm. Recordings were obtained using an Axo-
patch-1D amplifier (Molecular Devices, Sunnyvale, CA), a Digidata
1320A A/D interface, and pClamp 9 software (Molecular Devices).
For all experiments, whole cell patch-clamp configuration was estab-
lished and cell responses were recorded in current-clamp mode with
data filtered at 5 kHz and a sampling rate of 10 kHz. Whole cell access
resistances were in the range 5-25 M() and were monitored during the
course of each experiment. Neurons were excluded from analysis if
their resting membrane potential (V,,) was more positive than —55
mV and/or if their action potentials did not surpass +5 mV. A
standard series of current-clamp test protocols were conducted to
determine the physiological characteristics of each neuron at a holding
potential of —60 mV. The passive and active membrane properties of
each neuron were primarily assessed by determining the voltage
response to transient (750-ms) incremental current steps ranging from
—250 to +200 pA. The incremental current varied from cell to cell;
however, a standard increment was used for each individual cell.

ELECTROPHYSIOLOGICAL PARAMETER DEFINITIONS. Fast afterhyper-
polarization (fAHP, in mV). The difference between the action poten-
tial threshold and the most negative membrane potential attained after
the action potential, measured in response to the smallest depolarizing
current step (10 ms) evoking an action potential.

Medium afterhyperpolarization (mAHP, in mV). The difference
between baseline (—60 mV) and the most negative membrane poten-
tial after a 750-ms depolarizing current injection, measured on the
highest current step achieved that produced at least one action poten-
tial and measured within 100 ms of the offset of the current injection
as defined by Schwindt et al. (1988).

Input resistance (R,,, in MQ). The difference between baseline
(=60 mV) and the peak voltage response divided by the injected
current.

Membrane time constant (7, in ms). Determined from the monoex-
ponential curve best fitting the voltage deflection evoked in response
to a —5-pA hyperpolarizing current step.

Resting membrane potential (V,, in mV). The steady-state mem-
brane potential reached a few minutes after breaking the seal, with no
DC current applied.

First interspike interval (ISI,, in ms). The time interval between the
threshold of the first action potential and the threshold of the second
action potential in response to a 750-ms depolarizing current injection.

Last interspike interval (ISI,,,, in ms). The time interval between
the threshold of the penultimate action potential and the threshold of
the last action potential in response to a 750-ms depolarizing current
injection.

Spike adaptation ratio (dimensionless). The ratio of ISI, to ISI,,.

Sag ratio (dimensionless). The difference between the steady-state
membrane potential at the end of a 750-ms hyperpolarizing current
step and the most negative membrane potential at the beginning of the
step, divided by the most negative membrane potential.

Rectification ratio (dimensionless). The difference between the
peak membrane potentials at the beginning of the two smallest
hyperpolarizing steps divided by the difference between the peak
membrane potentials at the beginning of the two largest hyperpolar-
izing steps, such that a cell with no observable inward rectification has
a rectification ratio equal to 1.

Spike threshold (in mV). The point at which the action potential was
initiated. The point at which the membrane potential showed a
>10-fold change in the rate of rise (mV/ms) in response to the
smallest depolarizing current step (10 ms) evoking an action potential.

Spike amplitude (in mV). The difference between the threshold and
the voltage at the peak of the action potential.

Spike half-width (in ms). Measured at half-height between threshold
and peak action potential.

10-90% rise time (in ms). Time to reach 90% of the peak amplitude
of the action potential from 10% of the peak amplitude during the
upswing of the action potential.
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90-10% decay time (in ms). Time to reach 10% of the peak
amplitude of the action potential from 90% of the peak amplitude
during the downswing of the action potential.

Instantaneous firing frequency (in Hz). The reciprocal of the inter-
spike interval (in ms) multiplied by 1,000.

MORPHOLOGICAL RECONSTRUCTIONS OF RECORDED NEURONS. Fol-
lowing recordings, slices were fixed overnight in 4% paraformalde-
hyde in 0.1 M PBS and then transferred to cryoprotectant (25%
glycerine, 20% dH,O, 30% ethylene glycol, 25% 0.2 M phosphate
buffer). Slices (350 wm) were resectioned to 70 wm on a freezing
microtome, rinsed in 0.1 M PBS, and permeabilized for 1 h in 0.5%
Triton X-100 in 0.1 M PBS. To neutralize endogenous peroxidases,
sections were incubated in 0.3% H,O, for 30 min and then incubated
in Elite ABC Reagent (Vector Laboratories) for 1.5 h at room
temperature. Biocytin-filled neurons were visualized with nickel-
intensified 3,3’-diaminobenzidine-4HCl (DAB; Sigma), rinsed with
0.1 M PB, mounted on gel-subbed slides, and allowed to air dry
overnight. Sections were dehydrated in an ethanol series, cleared with
xylene, and coverslipped with Permount (Fisher Scientific). Some
biocytin-filled neurons were alternatively visualized using Alexa568-
conjugated streptavidin (1:500; Molecular Probes, Eugene, OR). Bio-
cytin-filled neurons were traced and digitally reconstructed using
Neurolucida 7 (MicroBrightField) with a X40 objective on an Olym-
pus BX51 microscope.

Cell culture and immunocytochemistry

Adult amygdala primary cell cultures were obtained as previously
described (Brewer and Torricelli 2007). Briefly, amygdala from rats
were rapidly dissected in Hibernate-A (BrainBits, Springlield, IL)/
B27 and glutamax (Invitrogen, Carlsbad, CA) at 4°C, then sliced into
500-um sections and incubated at 30°C for 8 min while shaking.
Tissue was then incubated in Hibernate-A/Papain (6 mg/ml) at 30°C
for 30 min, shaking at 170 rpm. Slices were then triturated and
centrifuged through an OptiPrep density gradient, resuspended in
Hibernate-A/B27, and plated in a 24-well plate on poly-D-lysine
(Sigma) coated coverslips at a concentration of 320 cells/mm?. After
7 days in vitro cells were infected with the CCK-GFP lentivirus.
Three days after infection, cells were fixed with 4% paraformaldehyde
for 20 min, rinsed three times with 0.1 M PBS, and incubated for 1 h
in normal goat serum with 0.5% Triton X-100. Cells were then
incubated for 48 h at 4°C with anti-GFP mouse IgG (1:1,000;
Invitrogen) and anti-CCKS8 rabbit IgG (1:1,000; Sigma), and then
rinsed three times with PBS and incubated with AlexaFluor 488 goat
anti-mouse IgG (for GFP) and AlexaFluor 594 goat anti-rabbit IgG
(for CCKS8) for 1 h at room temperature. Cells were then rinsed three
times with PBS and incubated with Hoechst 33342 (1:1,000) for 10
min at room temperature and rinsed a final three times. Cells were
imaged on a Nikon Eclipse TE3000 inverted microscope with NIS
Elements (Nikon) software.

Fluorescent in situ hybridization

Rats were infused with the CCK-GFP lentivirus as described
earlier (surgical procedures and virus infusions) and allowed to
recover for =14 days. Animals were anesthetized and decapitated and
brains were rapidly removed, frozen on dry ice, and stored at —80°C
until processing. Fresh-frozen tissue was sectioned at 30 wm on a
cryostat, mounted on Superfrost Plus slides (Fisher Scientific), and
allowed to air dry. Hybridization procedures were previously de-
scribed in detail (Ressler et al. 2002), with slight modifications.
Briefly, cDNA clones containing the coding sequence of the mouse
gene for CCK and the coding sequence for GFP-WPRE were linear-
ized with appropriate restriction enzymes. Fluorescently labeled ribo-
probes were generated with T3 (CCK) or T7 (GFP-WPRE) RNA
polymerase (Promega Riboprobe Combination System). The CCK
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riboprobe was labeled with digoxigenin (DIG) and the GFP-WPRE
riboprobe was labeled with fluorescein. Following a prehybridization
procedure, the sections were hybridized with both riboprobes at 55°C
for 16 h and then subjected to a series of stringent washes. Sections
were then incubated with anti-fluorescein-POD, Fab fragments, fol-
lowed by fluorescent amplification and peroxidase quenching, and
then with anti-digoxigenin-POD, Fab fragments (Roche). Signals
were amplified with the TSA Plus Fluorescein Fluorescence System
or TSA Plus Cy3 Fluorescence System (PerkinElmer) following each
series of primary antibodies. Sections were coverslipped with Hard
Set antifade mounting medium (Vector Laboratories).

Statistical analysis

Statistical analyses were carried out using SPSS 15.0 (SPSS,
Chicago, IL). An unsupervised, hierarchical cluster analysis using
Ward’s method (Ward Jr 1963) and squared Euclidian distance was
performed to classify subtypes of CCK™ cells in the BLA. This
method has been used successfully by previous studies to classify
somatostatin cells of the sensorimotor cortex and projection neurons
and interneurons of the lateral amygdala (Halabisky et al. 2006;
Sosulina et al. 2006). Briefly, this clustering method begins by
separating each individual neuron into a cluster by itself. At each stage
of the analysis, the neurons that are most similar, as measured by our
electrophysiological parameters, are grouped together to form another
larger cluster. This process continues until all of the neurons are
joined into a single cluster. Ward’s method minimizes the error sum
of squares of any pair of clusters formed at a given step; this maxi-
mizes between-group differences and minimizes within-group differ-
ences. Before clustering, each electrophysiological property was log-
transformed and converted into standardized z-scores. This achieves a
normal distribution and prevents variables with larger ranges from
having a greater influence on the cluster solution than variables with
small ranges. After the hierarchical cluster analysis was performed,
the appropriate number of clusters was determined by examining
within-group and between-group squared Euclidian distances. A good
cluster solution should have large between-cluster differences and
small within-cluster differences. A one-way ANOVA was used to
detect statistically significant differences in electrophysiological pa-
rameters among the reported clusters. For all analyses, statistical
significance was ascribed at P < 0.05.

The parameters used in the cluster analysis were chosen based on
their lack of linear correlation with each other determined by a
correlation analysis among all variables. Membrane time constant ()
was removed because of its linear correlation with R;,. Likewise, ISI,
and ISI,, were removed because of their correlation with spike
adaptation ratio. Finally, 10-90% rise time and 90—-10% decay time
were removed from the analysis because they were highly correlated
with each other and spike half-width. This left R, spike adaptation
ratio, rectification ratio, sag ratio, resting membrane potential, spike
threshold, spike amplitude, spike half-width, mAHP, and fAHP for
the cluster analysis.

Further analysis was conducted using DFA to determine the elec-
trophysiological properties most strongly contributing to group mem-
bership. In addition, DFA builds a predictive model for group mem-
bership. Briefly, this analysis attempts to find linear combinations of
the variables that best separate the groups of cells by maximizing the
between-group variance. Finally, a leave-one-out cross-validation
procedure was then used to validate the discriminant functions.

RESULTS

CCK-GFP lentivirus specifically labels
CCK-expressing interneurons

We generated two lentiviruses expressing either Cre-Recom-
binase or GFP under the control of an approximately 3-kb

region of the CCK promoter and demonstrated highly specific
expression of these lentiviruses in CA1l, CA3, and dentate
gyrus regions of the hippocampus (Chhatwal et al. 2007),
which mirror CCK mRNA expression within these regions
(Fig. 1). Here, we further demonstrated that GFP expression
driven by the CCK promoter lentivirus is restricted to CCK™
cells of the BLA (Fig. 2). Thus in amygdala adult primary cell
culture we observed extensive colocalization of CCK and GFP
when cultures were infected with the CCK—GFP virus (Fig. 2,
A-D). Importantly, staining for GFP was absent in cells that
did not also stain for CCK. Additionally, using dual-fluorescent
in situ hybridization we show extensive colocalization of
GFP-WPRE mRNA (to detect the presence of the CCK-
promoter lentivirus) and CCK mRNA in neurons within the
BLA of rats injected with the CCK-GFP lentivirus (Fig. 2,
E-J). Notably, there is no expression of GFP-WPRE mRNA in
cells that do not also express CCK mRNA in the BLA,
demonstrating the specificity of GFP expression driven by our
CCK promoter. Therefore we refer to GFP-positive cells as
CCK™ neurons. The CCK*-labeled cells were multipolar,
bipolar, or bitufted neurons with an average cell body area
of 150.4 + 31.0 um? (Fig. 3). They either had medium- or

s

FIG. 1. Cholecystokinin (CCK) mRNA expression and lentiviral vector
(LV)-CCK-green fluorescent protein (GFP) expression. CCK mRNA was
examined using fluorescent in situ hybridization (FISH). A high level of
expression was observed in the hippocampus (A) and in the basolateral
complex of the amygdala (B). This expression recapitulates the expression
observed within the same areas in the Allen Brain Atlas (C, D). Arrows (A, C)
indicate the interneuron-rich region separating the polymorphic cell layer of
the dentate gyrus, which expresses CCK mRNA, whereas the granule cell layer
lacks CCK mRNA. Arrows (B, D) indicate the basolateral complex of the
amygdala. This is also observed when the LV-CCK-GFP virus is used to
infect the dentate gyrus (E, F) of rats (2 ul/injection), in which cells of the
interneuron-rich region express GFP, whereas the granule cell layer of the
dentate gyrus does not. E: GFP expression in the interneuron-rich region.
F: photomicrograph showing combined Hoechst and GFP staining in the
interneuron-rich region and the granule cell layer of the dentate gyrus.
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FIG. 2. Immunocytochemical verification of CCK* neurons in cultured
amygdala neurons infected with the LV-CCK-GFP virus. A: Hoechst staining
of primary neurons (blue). B: anti-CCK immunocytochemical staining (red).
C: anti-GFP immunocytochemical staining (green). D: combined image dem-
onstrating overlap of GFP expression with CCK and Hoechst staining. White
arrows indicate cells that do not express CCK or GFP; green arrows indicate
examples of triple-stained cells. £—J: dual FISH for CCK mRNA and the
wPRE-GFP virus fragment mRNA in brains of infected rats. E: X10 image of
CCK mRNA within the basolateral amygdala (BLA). G: X10 image of
wPRE-GFP mRNA within the BLA. I: X 10 image of CCK mRNA and wPRE
mRNA within the BLA. Red cells express CCK mRNA only; yellow cells
express both WPRE mRNA and CCK mRNA. F: X20 image of CCK mRNA.
H: X20 image of wPRE-GFP mRNA within the BLA. J: X20 image demon-
strating colocalization of CCK mRNA and wPRE-GFP mRNA in the same
cells. Red cells express CCK mRNA only; yellow cells express both wPRE
mRNA and CCK mRNA. White arrows indicate cells expressing CCK mRNA
alone; green arrows indicate cells expressing CCK mRNA and wPRE-GFP
mRNA. No cells expressed WPRE-GFP mRNA alone. We demonstrate excel-
lent colocalization of CCK mRNA and wPRE-GFP expression within the
BLA, indicating specificity of the CCK promoter virus.

spine-sparse dendrites (Fig. 3), which is in agreement with
a previous immunocytochemical study describing CCK neu-
rons of the BLA (Mascagni and McDonald 2003). Taken
together, these data demonstrate highly specific expression
of GFP within the appropriate subpopulation of cells in
the BLA.

J Neurophysiol « VOL 101

Three electrophysiologically distinct CCK™ subtypes
in the BLA

Previous studies have reported considerable heterogeneity in
the electrophysiological properties of cortical CCK™ and
SOM™ neurons, as well as subcortical GABAergic neurons
(Halabisky et al. 2006; Hammack et al. 2007; Kawaguchi and
Kondo 2002; Kawaguchi and Kubota 1998; Ma et al. 2006;
Sosulina et al. 2006), although it remains unclear whether
CCK™ neurons of the BLA consist of more than one subtype.
To address this question with a hypothesis-neutral approach,
we recorded the electrophysiological properties of identified
CCK™ interneurons within the BLA in whole cell current-
clamp mode and used the electrophysiological variables to
identify possible subtypes using an unsupervised method of
cluster analysis (hierarchical cluster analysis). A total of 57
neurons had data on all variables and were used in the cluster
analysis. Membrane time constant (7), ISI;, ISI;,i, 10-90%
rise time, and 90-10% decay time were removed from the
analysis because they were highly correlated with other vari-
ables (see Statistical analysis) and this would skew results of
the cluster analysis. This analysis yielded a dendrogram (Fig. 4),
which shows the squared Euclidian distance between group
centroids of each merged cluster. Results from analysis of
within-group and between-group squared Euclidian distances
identified three clusters of CCK™ neurons corresponding to
branches 1, 2, and 3 in Fig. 4. We have defined these branches
as CCK™ Type 1, Type II, and Type III neurons. An ANOVA
was run to identify significant differences in electrophysiolog-
ical properties among the cell types and to further validate the
clustering algorithm. The electrophysiological properties of
each group are shown in Table 1. In addition, to further verify
that the cells we recorded from were interneurons, we also
recorded the electrophysiological properties of 13 pyramidal
neurons; these neurons were identified by their large soma and
low input resistance (~59 M()) that were chosen at random
within the BLA and compared with the CCK™ interneurons.

The three distinct CCK™ subtypes (Type I-Type III) were
clearly distinct from BLA pyramidal neurons (PN) (Table 1).
In agreement with the morphological classification of L and S
CCK neurons, input resistance was a major factor in determin-
ing group membership among the CCK ™ cells. Type Il CCK ™"
neurons had the highest input resistance (521 = 91 M(), Table
1), which was significantly different from that of all the other
CCK™ cell types [F3.60) = 23.3 P < 0.05], and likely represent
the previously identified type S CCK cells (Mascagni and
McDonald 2003). CCK™* Type I and Type II neurons likely
represent the type L cells previously identified. All CCK™
subtypes had significantly greater input resistances compared
with those of pyramidal neurons [F;4, = 23.3 P < 0.05,
Table 1]. These data partially confirm that we were recording
only from interneurons and likely only from CCK™ cells. In
our recording environment, pyramidal neurons typically have
input resistances between 40 and 70 M(), whereas interneurons
have input resistances >100 M() (Table 1). There were no
significant differences found among the three CCK ™" subtypes
in the time constant for membrane charging (tau), last inter-
spike interval (ISI,s), 10-90% rise time, or 90—10% decay
time (P > 0.05, Table 1).

On further analysis of spike frequency adaptation and
instantaneous firing frequency, it became apparent that Type
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II CCK™ neurons could be further segregated into two
types based on their rates of spike frequency adaptation.
This was done by creating a cutoff of 50 Hz for the
instantaneous firing frequency for the first interspike inter-
val. CCK™ Type II neurons are subdivided into an adapting
subgroup (Type II Ad, >50 Hz) and a nonadapting subgroup
(Type II NAd, <50 Hz) (Figs. 4 and 5). Type II Ad neurons
exhibited an initial burst-firing pattern (91 Hz), but then
quickly settled into a more regular firing pattern. Type 11
NAd neurons exhibited a more regular firing pattern (~20
Hz) that was similar to the firing pattern exhibited by Type
I and Type III neurons (~20-30 Hz) (Fig. 5). The firing
frequency of Type II Ad neurons was significantly greater
than that of all other cell types for the first interval (P <
0.05), greater than that of Type II NAd and Type I for the
second interval (P < 0.05), and greater than that of Type II
NAd neurons for the first six intervals (P < 0.05; Fig. 5).

FIG. 3. Morphological properties of biocytin-filled CCK™
neurons in the BLA. A-C: CCK™ neurons were filled with
biocytin during electrophysiological recording and then visual-
ized using 3,3’-diaminobenzidine-4HCI (DAB). The labeled
cells were multipolar, bipolar, or bitufted neurons with an
average cell body area of 150.4 + 31.0 um? and had medium
or spine-sparse dendrites (A, C). The axonal arborizations of the
CCK™ neurons could be quite extensive (B). D: GFP expression
in GFP*/CCK " neurons of the BLA. E-F: combined images of
GFP fluorescence within the BLA and neurons that were filled
with biocytin and visualized using AlexaFluor 568 conjugate.
G-J: typical morphological reconstructions of GFP*/CCK™
interneurons in the BLA using Neurolucida. Insets show the
location of the cells within the BLA. Cell bodies are shown in
blue, dendrites are shown in red, and axons are shown in gray.
The axonal arborizations of the neurons could be quite exten-
sive and were also observed to extend medially or laterally out
of the BLA, as can be seen in G and J.

Given this difference between Type II Ad and Type II NAd
neurons, we also compared the rest of their electrophysio-
logical parameters. Type II Ad neurons had a significantly
shorter ISI, compared with that of Type II NAd (P < 0.05,
13.3 £ 1.3 vs. 47.4 = 5.4 ms, respectively) and had a
significantly lower spike adaptation ratio (P < 0.05, 0.19 =
0.05 vs. 0.41 £ 0.042, respectively). Type II Ad and Type
II NAd neurons did not differ significantly on the remaining
electrophysiological parameters. This can also be seen in the
way Type II Ad and Type II NAd are intermixed in the
dendrogram from the cluster analysis (Fig. 4). Additionally,
Type II Ad neurons had a significantly shorter ISI; com-
pared with that of all cell types [F (469, = 14.1, P < 0.05]
and a significantly lower spike adaptation ratio [F, ) =
12.0, P < 0.05].

Single action potentials generated in response to a 10-ms
suprathreshold depolarizing current injection also differed
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FIG. 4. A dendrogram illustrating the results from a hierar-
3 chical cluster analysis. Intersection of the dendrogram branches
with the x-axis represents individual neurons. The y-axis is the
squared Euclidian distance between group centroids at each
branch point. Longer vertical lines indicate greater distance.
Three groups were determined by analysis of within- and
between-group distances, corresponding to branches 1, 2, and 3.

-
%ﬁ

somewhat among the CCK™ subtypes. Thus Type III neurons
had a significantly larger fAHP compared with that of Type II
CCK™ neurons, but did not differ from Type I neurons [F, 4.69) =
3.7, P < 0.05, Fig. 6C, Table 1]. Type III neurons also had a
significantly more depolarized action potential threshold com-
pared with that of all other CCK™ subtypes [Fueo =39, P <
0.05]. Action potential half-widths did not differ among the
CCK™ cell types, although all CCK™ cell types had signif-
icantly longer action potential half-widths compared with
those of pyramidal neurons [F4 69, = 3.3, P < 0.05, Table 1].
Finally, Type II neurons exhibited a significantly greater action
potential amplitude compared with that of Type I and Type III
neurons [F 9y = 11, P < 0.05, Table 1]. Type III neurons
exhibited the smallest action potential amplitude compared
with that of the other CCK™ cell types. No differences were
found in rise time and decay time among the three CCK™
subtypes (Table 1). Finally, Type I neurons exhibited a signif-
icantly smaller mAHP compared with that of both Type II and
Type III neurons [F4 g9y = 5.6, P < 0.05, Table 1]. The size
of the mAHP did not correlate with the size of the fAHP.

In response to transient (750-ms) hyperpolarizing current
injection, Type III CCK™ neurons exhibited a prominent de-
polarizing sag in their voltage response that was both time and
voltage dependent and was likely mediated by the hyperpolar-
ization-activated cationic current, [, (Fig. 6D). Type III neu-
rons also displayed a “rebound” depolarizing potential on the
offset of the hyperpolarizing current step (Fig. 6D). The depo-
larizing sag displayed by Type III neurons was significantly

These branches correspond to CCK™ Type 1, Type II, and Type
IIT neurons. The individual cells are coded into their respective
groups along the x-axis. Type Il CCK™ neurons could be further
separated based on their firing rates into adapting (Type II Ad)
and nonadapting (Type II NAd) neurons.

greater than the sag exhibited by Type I and Type II CCK™
subtypes, as measured by the sag ratio [F, 49, = 10.5, P <
0.05, Fig. 6D, Table 1 (sag ratio)]. In contrast, Type I neurons
displayed little depolarizing sag in their voltage response to
hyperpolarizing current injection (Fig. 6D, Table 1). Type 1
and Type II neurons displayed a fast time-independent rectifi-
cation that was significantly greater than the rectification ex-
hibited by Type III neurons [F4 o) = 4.0, P < 0.05, Fig. 6D,
Table 1]. This fast rectification was most likely due to activa-
tion of an inwardly rectifying potassium current (K;g) because
rectification increased with increasing levels of membrane
hyperpolarization. It is important to note that pyramidal neu-
rons were significantly different compared with at least one of
the CCK™ cell types on all electrophysiological properties
except ISI, (Table 1).

Multivariate analysis of CCK™ subtypes

After calculating 15 electrophysiological properties for each
of 57 neurons and using 10 of these properties to cluster the
neurons into three subtypes (five of the variables were omitted
because of linear correlation with each other; see METHODS), we
determined which electrophysiological properties best discrim-
inated among the three CCK™ subtypes. In addition we wanted
to be able to determine group membership of newly encoun-
tered cells without having to conduct additional cluster analy-
sis. A DFA performed on cells previously classified by cluster
analysis generates an algorithm that can be used to predict

TABLE 1.  Electrophysiological properties of CCK * and pyramidal neurons of the BLA

Property Type I (n = 13) 23% Type II (n = 35) 61% Type Il (n = 9) 16% Pyramidal Cells (n = 13)
R;,, MO* P < 0.001 280 = 513N 230 * 173N 521 = 911=PN 59 = 3423
Tau, ms P = 0.077 18.8 +2.4° 26*+15 29.3 + 59PN 17 +1.4°
RMP, mV* P < 0.001 —68 + 0.9>3PN —61 = 0.9' —58 = 0.7 —61 = 0.8'
ISI,, ms* P < 0.001 39.8 = 5.6"N 32.4 + 4.43PN 62.9 = 15.21>PN 13.4 * 54123
ISI,,,, ms P = 0.62 77 = 11.1%3 113 £ 9.3! 138 + 25.91 110.5 = 30.7
Spike adaptation ratio* P < 0.001 0.56 = 0.06>"N 0.29 = 0.03"PN 0.45 = 0.08"N 0.19 = 0.08"23
Sag ratio* P < 0.001 0.006 + 0.001>3PN 0.04 = 0.006'3PN 0.064 + 0.01'2 0.062 + 0.006'>
Rectification ratio* P = 0.011 1.68 +0.2° 1.55 = 0.06>"N 1.11 = 0.07"2 1.27 £ 0.07%
Medium AHP, mV* P = 0.002 1.4 = 0.4%3FN 22 +02! 3.5+0.8! 3.4 +0.5!
Fast AHP, mV* P = 0.016 124 *18 9.1 =1.0° 16.1 = 1.7>PN 6.9 = 0.9°
Threshold, mV* P = 0.012 —44 + 1.1° —45 +0.7° —39 + 1.5"2PN —43 = 1.0°
AP amplitude, mV* P < 0.001 75 = 4.8>3PN 85 +2.8'3 58 * 4.6"2PN 92.1 £29'3
AP half-width, ms* P < 0.001 1.03 + 0.092N 1.06 + 0.055"N 1.01 + 0.095"N 0.74 + 0.052'>3
Rise time, ms P = 0.052 0.45 = 0.044 0.46 = 0.027™ 0.47 = 0.036™ 0.33 = 0.03>3
Decay time, ms* P = 0.036 0.89 *+ 0.11 1.13 = 0.18™N 0.75 * 0.06 0.62 = 0.07%

Values are means * SE. Electrophysiological properties in bold are those used for clustering interneurons into subtypes. Asterisks (*) indicate a significant
difference among cell types based on an ANOVA, P < 0.05 (P values indicated). Superscript following the SE indicates cell type differences based on Fisher’s
post hoc analysis, P < 0.05. 1, Type I; 2, Type II; 3, Type III; PN, pyramidal neuron.
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Instantaneous Firing Frequency (Hz)

*

100p
FIG. 5. Instantaneous firing frequency calculated from the
——Typel interspike intervals (ISIs) of the first 12 action potentials
80T - Type Il Ad generated in response to a 750-ms depolarizing current injec-
Type Il NAd tion. Instantaneous firing frequency was calculated as 1/ISI.
% —oType lll Type II cells could be further segregated into adapting (Type II
so} vP Ad) and nonadapting (Type II NAd). Type II Ad neurons

exhibited an initial burst-firing pattern (91 Hz) but then quickly
settled into a more regular firing pattern. Type II NAd neurons
exhibited a more regular firing pattern (~20 Hz) that was
similar to the firing pattern exhibited by Type I and Type III
neurons (~20-30 Hz). The firing frequency of Type II Ad
neurons was significantly greater than that of all other cell types
for the first interval (P < 0.05), greater than Type II NAd and
Type I for the second interval (P < 0.05), and greater than Type
II NAd neurons for the first 6 intervals (P < 0.05). Significant
differences are denoted by asterisks (*).

Interval #

group membership of newly encountered cells if all the same
electrophysiological properties are known. Based on the 10
electrophysiological properties used to cluster the cells into
three subtypes, we generated two discriminant functions. Both
discriminant functions contributed significantly to group mem-
bership (Wilks’ Lambda, P < 0.001, eigenvalues = 2.3 and
1.3, corresponding to 64 and 36% of the variance, respec-
tively). The unstandardized discriminant function coefficients
are depicted in Table 2 and the contribution of each variable to
each discriminant function can be seen in the structure matrix
(Table 3). Variables that are correlated with a particular dis-
criminant function segregate cells most strongly along this
function’s axis relative to other functions. The first discrimi-
nant function distinguished cells based on sag ratio, resting
membrane potential, mAHP, and rectification ratio (Table 3).
The second function distinguished cells based on action poten-
tial (AP) amplitude, spike adaptation ratio, R;,, fAHP, and AP
threshold. The discriminant scores for each cell were deter-
mined for discriminant functions 1 and 2, and demonstrate that
there is good separation of all groups of CCK™ cells in both
discriminant functions, although the border between Type I
and Type II NAd is slightly less well defined than the borders
among all the other cell types (Fig. 7). To assess how well the
discriminant functions work, we performed a leave-one-out
cross-validation procedure (Halabisky et al. 2006). This pro-
cedure classifies each cell by the discriminant functions de-
rived from all cases other than that case. If the procedure is not
robust, then leaving out one cell will introduce errors in the
classification. We found 90% of the cells to be correctly
classified with this procedure, indicating that the discriminant
functions, although not perfect, are very robust. Taken to-
gether, these data strongly suggest that electrophysiological
properties alone can be used to classify CCK™ neurons of the
BLA into one of these three subtypes.

DISCUSSION

In the present study, we used a cell-type—specific promoter
lentiviral vector driving GFP expression to visually identify
CCK™ cells of the BLA and record their physiological prop-
erties. Here, we report that CCK™ interneurons of the BLA can

J Neurophysiol « VOL 101

11 12

be differentiated into three distinct electrophysiological sub-
types (I, II, and III) based solely on their intrinsic membrane
properties. We have previously demonstrated the high degree
of specificity of the CCK promoter virus in vivo in the
hippocampus (Chhatwal et al. 2007) and now demonstrate its
specificity within the BLA. It is important to note the differ-
ence between CCK mRNA expression and CCK immunoreac-
tive neurons in the BLA identified in a previous study (Mas-
cagni and McDonald 2003). Fewer cells are identified using
immunocytochemistry for protein versus in situ hybridization
for CCK mRNA. There could be several reasons for this
difference: /) Many more cells have the potential to produce
CCK, but do not express the mature peptide at any given time.
For example, CCK mRNA has been localized to glutamatergic
projection neurons of the amygdala (Sosulina et al. 2006;
Sugino et al. 2006), but is thought to be specific to GABAergic
interneurons. 2) There are more posttranscriptional or post-
translational variants of the mature peptide that are not recog-
nized by the antibody used in the previous study. 3) The mature
peptide is rapidly transported to axon terminals, leading to low
levels of detection in cell bodies. Notably, our CCK in situ
hybridization results are identical to the Allen Brain Atlas
expression of CCK mRNA (Fig. 1). The reason for the differ-
ence in CCK expression using the two techniques needs to be
addressed, but is beyond the scope of the present study.
Although there is no agreement on what is required for a
population of neurons to be considered a subtype, physiolog-
ical diversity of interneuron subpopulations is well established.
For instance, at least three distinct interneuron classes have
been identified in the frontal cortex (Kawaguchi and Kubota
1998), sensory motor cortex (Gupta et al. 2000), hippocampus
(Pawelzik et al. 2002), and neostriatum (Kawaguchi 1993). In
these studies, the primary criterion for determining differences
among the subtypes was their action potential firing pattern.
Furthermore, evidence suggests that CA1 pyramidal cells are
supported by 16 distinct interneuron subtypes, which have
been classified based on their afferent—efferent connections,
expression of cell signaling proteins, and their intrinsic mem-
brane properties (Markram et al. 2004; Somogyi and Klaus-
berger 2005). Finally, transgenic mice expressing GFP under
the control of the GAD67 promoter have enabled the identifi-
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FIG. 6. Three physiologically distinct CCK™ interneurons (Types I-1II) identified through cluster analysis are found in the BLA, and differ in their response
to depolarizing and hyperpolarizing current injection. Type II neurons were further segregated into Type II Ad and Type II NAd neurons based on their spike
frequency adaptation. Type II Ad neurons exhibited an initial burst-firing pattern but then quickly settled into a more regular firing pattern. Type II NAd neurons
exhibited a more regular firing pattern. A: responses to varying depolarizing current injection of Type I-Type III neurons; scale bars: 30 mV (225 pA); 200 ms
(B) Type II Ad neurons responded to depolarizing current injection with an initial burst of action potentials that rapidly adapted. Type II NAd, Type I, and Type
III neurons in general fired action potentials with a more regular firing pattern. Arrows in B indicate where the medium afterhyperpolarization (mAHP) was
measured. C: single action potentials elicited by a 10-ms suprathreshold depolarizing current injection. Type III neurons exhibited a significantly larger fast
afterhyperpolarization (AHP) than that of the other subtypes. Scale bars: 30 mV; 30 ms. The insets are enlargements of the action potentials. Arrows in C indicate
where the measurements for the fAHP were taken. D: responses to varying hyperpolarizing current injection. Type II and Type III neurons exhibited a
depolarizing sag in response to hyperpolarizing current injection that was accompanied by a rebound depolarization on the offset of current injection (indicated
by arrows); Type I neurons exhibit very little if any depolarizing sag in response to hyperpolarizing current injection. Scale bars: 10 mV (190 pA); 200 ms.

Statistical differences for action potential firing patterns and single action potential properties are listed in Table 1.

cation of at least four distinct subtypes of SOM™ interneurons
in the cortex (Halabisky et al. 2006; Ma et al. 2006), based
solely on their intrinsic membrane properties and action po-
tential firing patterns.

Recently, laboratories—both ours and others’—have begun
to classify subtypes of interneurons within the BLA. These
studies suggest that interneurons of the BLA can be classified
into at least four subtypes based on their intrinsic membrane
properties, action potential firing patterns (Rainnie et al. 2006),
and their calcium binding protein and neuropeptide expression
(Mascagni and McDonald 2003; McDonald 1989; McDonald
and Betette 2001; McDonald and Mascagni 2001a, 2002;
McDonald and Pearson 1989; Muller et al. 2003). Moreover,
PV interneurons of the BLA can be further classified into two
and perhaps four distinct subtypes based on their firing patterns

TABLE 2. Unstandardized discriminant function coefficients

and voltage responses to current injection (Meyer et al. 2002;
Rainnie et al. 2006; Woodruff and Sah 2007b). Although quite
different in organization and function from cortical structures,
at least three distinct physiological cell types have also been
identified within the bed nucleus of the stria terminalis (BNST)
(Hammack et al. 2007), an area that largely contains GABAergic
inhibitory neurons (McDonald 1983; Sun and Cassell 1993).
Taken together, the current findings and data from previous
findings suggest that there is more physiological and functional
diversity among individual interneuron subtypes than previ-
ously thought.

Consistent with this hypothesis, a previous immunohisto-
chemical study also suggested diversity among CCK™ inter-
neurons of the BLA based on morphological and cytochemical
properties (Mascagni and McDonald 2003). In that study,

Discriminant Function R;, Spike Freq. Adapt.

mAHP fAHP AP Half-Width Rect. Ratio Sag Ratio

RMP AP Threshold AP Spike Amp.

—0.097
—0.881

—0.378 0.430

1 —0.654
2 0.013 0.082

—0.195

0.397
0.243 0.281

0.263 —0.971 0.421

0237 —0.328

0.250
0.225

0.492
0.801
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TABLE 3.  Structure matrix coefficients

Discriminant Function R;, Spike Freq. Adapt. mAHP fAHP AP Half-Width Rect. Ratio Sag Ratio RMP AP Threshold Spike Amp.
1 —0.279 0.104 —0.299* —0.082 0.001 0.219%* —0.593* 0.435%* 0.217 0.233
—0.411* —0.537* 0.099 —0.344* 0.054* 0.199 0480 —0.261 0.278* 0.491%*

Pooled within-group correlations between discriminating variables and standardized canonical discriminant functions. An asterisk (*) indicates the largest
correlation between each variable and any discriminant function. That variable contributes most to the segregation of cells along that function’s axis, relative

to other discriminant functions.

CCK™ cells were segregated into two subtypes: /) type L
(characterized by large soma) and 2) type S (characterized by
small soma). These CCK cells also exhibit neurochemical
diversity in their expression of calcium-binding proteins and
other neuropeptides. Whereas this analysis demonstrates mor-
phological and neurochemical diversity among CCK interneu-
rons, physiological/functional heterogeneity has not been es-
tablished until recently. Here, we demonstrate that CCK cells
of the BLA can be segregated into three physiologically dis-
tinct subtypes. In support of our classification, a previous
report segregated CCK-expressing neurons into three of four
total interneuron subtypes in the lateral amygdala (Sosulina
et al. 2006). Furthermore, there is a possible correspondence
between the previous morphological classification study (Mas-
cagni and McDonald 2003) and the electrophysiological clas-
sification here, in that input resistance (R;,), which would be
predicted to inversely correlate with soma size, was a major
factor in determining group membership. Specifically, R;,
separated Type III neurons from the rest of the CCK™ subtypes
and these cells may represent the type S CCK™ cells because
their R, was significantly greater than that of all other CCK™
subtypes. Type I and Type II cells likely represent the type L
CCK™ neurons. These data suggest that input resistance is a
major factor contributing to the grouping of CCK™ cells, but
there are additional physiological variables that also contribute
to their segregation.

Based on their action potential firing patterns, Type II cells
could be further subdivided into two groups: those that display
spike frequency adaptation (Type II Ad) and those that are
nonadapting (Type II NAd, Fig. 5). Type I, Type II NAd, and
Type III CCK™ interneurons display little or no spike fre-

quency adaptation. Importantly, the membrane properties of
the CCK ™ neurons described in the present study are remark-
ably similar to those previously reported for CCK™ interneu-
rons of the BLA and cortex (Kawaguchi and Kubota 1998;
Markram et al. 2004; Rainnie et al. 2006). Moreover, none of
the CCK™ interneurons recorded in this study resembled the
“burst-firing” or “stutter-firing” PV™ interneurons previously
identified in the BLA (Rainnie et al. 2006). Consistent with
immunohistochemical studies (Mascagni and McDonald 2003),
these data suggest that visually identified CCK* BLA inter-
neurons are physiologically distinct from the population of
PV~ interneurons, further validating the specificity of the CCK
promoter lentivirus used in the present study.

Electrophysiological heterogeneity of CCK™ interneurons
of the BLA

The differences in electrophysiological properties observed
among the CCK ™ cell types likely reflects heterogeneity in the
expression of specific ion channels. The further segregation of
Type II neurons into Type II Ad and Type II NAd based on
their rates of spike frequency adaptation likely reflects differ-
ences in ion channel expression, regulating spike timing and
interspike interval (e.g., SK, K,7.2/73). Small-conductance
Ca’"-activated K* (SK) channels (SK1-SK3) and the voltage-
gated K* channels, K7.2/7.3 that underlie the M-current (I,),
contribute to spike timing through modulation of the mAHP
and interspike interval (Bond et al. 2005; Lawrence et al.
20006). Differences in SK and K,7 channel expression might
explain the differences in mAHP, spike frequency adaptation,
and ISI, observed among the CCK™ subtypes.
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In most cortical regions GABAergic interneurons can be
distinguished from glutamatergic projection neurons by their
comparatively short action potential duration and high firing
rates (Beierlein et al. 2003; Gupta et al. 2000; McCormick
et al. 1985). The short action potential duration has been
attributed to selective expression of the voltage-gated potas-
sium channels K, 3.1 and K,3.2 in the interneuron population
(Rudy and McBain 2001). It is thus notable that CCK™
interneurons in the BLA exhibit relatively slow action potential
durations, which were slower even than the action potentials
exhibited by pyramidal neurons (Table 1), suggesting that
these neurons show little or no expression of K,3.1 and K,3.2
channels. These data are consistent with the reported half-
widths for regular-firing interneurons of the BLA, which have
been identified as CCK neurons (Rainnie et al. 2006), as well
as for CCK interneurons in the cortex (Kawaguchi and Kubota
1998). Moreover, a recent immunohistochemical study con-
firmed that CCK interneurons of the BLA do not express either
K,3.1 or K,3.2 channels (McDonald and Mascagni 2006).
Thus CCK interneurons of the BLA are similar to the CCK
interneurons of the cortex in that they have relatively slow and,
in some cases, adapting action potentials.

The results of the current study showing electrophysiologi-
cally distinct subgroups of CCK™ interneurons provide addi-
tional evidence of functional differences and/or a division of
labor within the CCK-BLA network. For example, a small
population of type L CCK cells of the BLA expresses the
5-HTj;, serotonin receptor subtype (5-HT3AR) (Mascagni and
McDonald 2007). Based on the present findings, we would
predict that type L cells correspond to Type I and Type II cells,
suggesting that 5-HT may exert its anxiolytic effects on fear
and anxiety via modulation of GABA and CCK neurotrans-
mission on this subset of CCK interneurons. Moreover, in the
amygdala 53% of interneurons that express the 5-HT3 receptor
also coexpress the CB1 subtype of cannabinoid receptor (Mo-
rales et al. 2004). In light of the fact that CB1 receptors are
expressed predominantly by CCK interneurons in the BLA
(Katona et al. 2001; McDonald and Mascagni 2001b), these
data would further suggest that Type I and Type II CCK
interneurons may preferentially express CB1 receptors. Signif-
icantly, activation of these CB1 receptors is necessary for the
extinction of fear memories (Chhatwal et al. 2009). Thus
selective activation of CB1 receptors in a subset of CCK
interneurons may result in differential modulation of GABA
and/or CCK release and thus modulate behavior.

Finally, many neurons of the CNS display an intrinsic
resonance frequency at which the voltage response to current
flow across the plasma membrane is maximal (Hutcheon et al.
1996a,b). The intrinsic resonance properties of a neuron confer
the ability to oscillate at membrane potentials subthreshold for
action potential generation and, consequently, these neurons
have a preferential frequency at which they will respond most
robustly to synaptic input. Significantly, BLA neurons display
both subthreshold membrane oscillations and intrinsic reso-
nance frequencies (Pape and Driesang 1998). Several factors
determine the intrinsic resonance properties of a neuron, in-
cluding its resting membrane input resistance (R;,). Thus Type
I and Type II CCK interneurons would be predicted to differ
significantly from Type III CCK interneurons in their intrinsic
resonance frequency, as has been demonstrated in hippocampal
interneurons (Pike et al. 2000). Moreover, Type II CCK neu-

rons can be differentiated into adapting (Ad) and nonadapting
(NAJ) subtypes. Thus the same spike burst may be resonant for
one cell, but not another (Izhikevich et al. 2003). In the present
study we demonstrated that one subtype of CCK™ cells (Type
IT Ad) exhibits initial bursts of action potentials followed by
rapid spike frequency adaptation. As such, these cells might
communicate with multiple postsynaptic cells at various reso-
nance frequencies, thus having a wide range of influence on
BLA network activity.

In summary, the CCK promoter virus is specific for CCK
cells because of our previous characterization in the hippocam-
pus (Chhatwal et al. 2007) and our characterization in the
present study. Furthermore, the CCK ™ interneurons identified
in the present study were physiologically and morphologically
distinct from BLA pyramidal neurons, suggesting that we
recorded from a distinct interneuron population within the
BLA. Finally, the CCK™ interneurons identified here had
physiological characteristics highly consistent with previously
identified CCK™ neurons of the BLA and cortex. Thus we have
identified three distinct subtypes of CCK interneurons within
the BLA based on their electrophysiological properties.
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