Contextual Inhibitory Gating of Impulse
Traffic in the Intra-amygdaloid Network

DENIS PARE,* SEBASTIEN ROYER,* YOLAND SMITH,?’AND ERIC J. LANG¢

4 Center for Molecular & Behavioral Neuroscience, Rutgers State University,
Newark, New Jersey 07102, USA

bYerkes Regional Primate Research Center, Emory University,
Atlanta, Georgia 30329, USA

“Department of Physiology & Neuroscience, New York University School of Medicine,
New York, New York 10016, USA

ABSTRACT: New data on the organization of the intra-amygdaloid circuit is re-
viewed, beginning with the basolateral (BL) complex, the main input station of
the amygdala for sensory afferents, and concluding with the central (CE) nu-
cleus, an important source of projections to brain-stem structures mediating
fear responses. The BL complex is endowed with a highly divergent system of
intrinsic glutamatergic connections. Yet, BL projection cells have unusually
low firing rates. This apparent contradiction is explained by the presence of
powerful inhibitory pressures in the BL amygdala: (1) interneurons that gen-
erate large-amplitude inhibitory synaptic potentials and (2) projection cells
that express a Caz+-dependent K™ current that can be activated by subthresh-
old synaptic inputs. Likewise, excitatory projections from the BL amygdala to
the CE nucleus are controlled by clusters of GABAergic neurons, termed the
intercalated (ITC) cell masses. In response to BL inputs, ITC cells generate
feedforward inhibition in CE neurons. However, ITC neurons exhibit proper-
ties that allow them to modify the amount of inhibition they generate depend-
ing on the distribution of BL activity in space and time. Indeed, ITC cell masses
can inhibit each other via lateromedial connections. Moreover, they express an
unusual K* conductance that modifies their response to BL inputs depending
on their recent firing history. Thus, inhibitory mechanisms of the amygdala al-
low for flexible, context-dependent gating of BL impulses to the CE nucleus.

KEYWORDS: amygdala; perirhinal cortex; epilepsy; fear conditioning; freezing;
anxiety; inhibition; gaba; interneurons.

INTRODUCTION

Despite recent advances in our knowledge of the functions of the amygdala,! we
still lack a basic understanding of the type of computations it carries out. This chap-
ter summarizes recent work that we performed to improve our grasp of intra-
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amygdaloid computations. A dominant theme in the recent literature has been the
important role played by projections of the basolateral (BL) complex (consisting of
the BL, basomedial [BM], and lateral [LA] nuclei) to the central (CE) nucleus and
from there to a variety of brain structures involved in the generation of fear respons-
es.2 The present chapter follows the logic of this functional scheme, beginning with
the physiology of the BL complex and concluding with factors affecting impulse
flow to the CE nucleus.

THE BASOLATERAL COMPLEX: A CORTICAL-LIKE STRUCTURE

Cell Types. Although BL neurons are oriented randomly, the cellular composition
of the BL complex (reviewed in Ref. 4) is similar to that of the cerebral cortex. Like
the cortex, the BL complex contains two main cell types: (1) spiny multipolar (often
pyramidal-shaped) projection cells (P cells) with highly collateralized axons, and (2)
a heterogeneous class of aspiny (or sparsely spiny) local-circuit neurons that use
GABA as a transmitter (rat,” cat,® and monkey”). P cells account for most BL neu-
rons,® they use glutamate as a transmitter,” and they are the source of most, if not all,
of the internuclear projections within the amygdala®!1? (but see Ref. 11).

As in the cortex (reviewed in Refs. 12 and 13), local-circuit cells of the BL com-
plex are morphologically and neurochemically heterogeneous.* For example, sub-
sets of GABAergic cells express somatostatin, neuropeptide Y, cholecystokinin, or
vasoactive intestinal peptide.'*!5 In addition, many GABAergic interneurons ex-
press CaZ'-binding proteins. For instance, parvalbumin (PV) colocalizes with
GABA in as many as ~50% of local-circuit cells.16:17 By contrast, very few, if any,
P cells express PV.!8

As in the cortex, PV interneurons are believed to mediate feedback inhibition.
Consistent with this view, BL P cells form asymmetric (presumably excitatory) syn-
apses on PV interneurons, whereas cortical axons do not.!? On the output side, PV
cells form numerous inhibitory synapses on the soma, initial axonal segment, and
proximal dendrites of P cells.2? The density of these inhibitory terminals is such that
they delineate the soma and proximal processes of P cells.!6-18

Physiological Properties. Much less is known about the physiological properties
of BL cells than of cortical neurons. However, the available data are consistent with
findings in the cerebral cortex.2!22 The following is a summary of in vitro?328 and
in vivo29-32 studies that correlated the physiological and morphological properties
of neurons of the BL complex.

P cells: Spiny multipolar neurons (i.e., presumed P cells) were reported to occur
in two main varieties: (1) regular spiking neurons that generate spike trains display-
ing frequency accommodation (F1G. 1A2), and (2) burst firing cells reminiscent of
the corresponding class of cortical neurons (generating high-frequency clusters of
action potentials in response to threshold depolarizations). That at least some regular
spiking and burst firing cells are P cells was confirmed in vivo by antidromically in-
vading some of these cells from extra-amygdaloid sites.2*32 Some studies have
reported a third class of spiny neurons (presumed P cells), termed late-firing cells
because they exhibit a conspicuous delay to firing after the onset of depolarizing cur-
rent pulses.23-26
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FIGURE 1. Current-evoked (A) and spontaneous activity (B) of fast-spiking (1) and P
cells (2) at rest. Note lack of spike frequency adaptation in fast-spiking cell (A1) and the
lower frequency, adapting discharge of the P cell (A2). Potassium acetate recordings. Also,
note larger AHP amplitude in fast-spiking cell. In B, note that the interneuron trace shows
many depolarizing events and spikes (B1), whereas the activity of the P cell is dominated by
IPSPs (B2). Scale bar in B2: 1 second.

Local-circuit cells: Two physiological types of aspiny neurons (i.e., presumed in-
hibitory interneurons) have been described so far. The most frequent were termed
fast-spiking cells by analogy with the corresponding class of PV cortical neurons.!3
Like their cortical counterpart, these cells generate brief spikes and can sustain high
firing rates with little frequency accommodation (F1G. 1A1). No such cells have been
backfired from outside the amygdala.2%-32 In addition, aspiny neurons generating
spike bursts were described.2* The peptide content of these two types of interneurons
has not yet been investigated. However, fast-spiking cells most likely correspond to
the PV interneurons that mediate feedback inhibition.!%-20

Finally, electrophysiological evidence for the existence of a class of fast-spiking
inhibitory interneurons that would mediate feedforward inhibition was also ob-
tained.3? These cells exhibited excitatory responses to electrical stimuli applied in
the external capsule and above the optic tract (putative cortical and thalamic inputs).

Inhibition As a Major Determinant of BL Activity. The foregoing indicates that
the cellular composition of the BL complex is similar to that of the cerebral cortex
in terms of physiological properties, morphology, and neurotransmitters. Yet, com-
pared to the neocortex, neurons of the BL complex have extremely low firing rates.
Indeed, physiological studies have emphasized the paucity of spontaneous activity
(<1 Hz) of P cells in unanesthetized animals.343¢ This is in contrast to cortical
pyramidal cells that fire at ~10 Hz during wakefulness (reviewed in Refs. 37 and 38).

This difference is especially puzzling because the LA is endowed with extremely
divergent intrinsic connectivity. Indeed, the axon collaterals of P cells bear numer-
ous varicosities that form en passant asymmetric synaptic contacts, typically with
dendritic spines.” For electron microscopists, these are code words for excitatory in-
puts to other excitatory neurons.3? Moreover, these varicosities typically occur every
5—10 um, suggesting that each P cell forms 100-200 excitatory synapses per milli-
meter of axon, most of which end on other P cells (88%°).

Given this astonishing potential for divergence in the intra-BL network, the
silence of P cells is remarkable. Considering that the BL complex and cortex are sub-
jected to the same neuromodulatory inputs*? and exhibit similar responses to these
neurotransmitters,*!*3 this peculiar situation suggests that inhibition is a major
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determinant of BL activity. Consistent with this, in vitro and in vivo intracellular
studies have reported that afferent stimulation elicits an initial EPSP that is truncated
by a large amplitude prolonged hyperpolarizing potential in P cells of the BL com-
plex.2830-32.44.45 NMoreover, in vivo intracellular recordings of P cells have revealed
that their spontaneous activity is dominated by similarly large hyperpolarizing
potentials (F16. 1B2).30-32

Inhibitory Mechanisms in the BL Complex

The large hyperpolarizations that dominate the spontaneous (FiG. 1B2) and
stimulus-evoked (F1G. 2A) synaptic responses of P cells in the BL complex are gen-
erated by the combined action of synaptic conductances (IPSPs) and synaptically ac-
tivated intrinsic membrane conductances.

IPSPs. In vitro studies have demonstrated the presence of GABAergic IPSPs in P
cells of the BL complex.28-44-40 [y vitro, electrical stimuli evoke an initial EPSP that
is followed by distinct “early” GABA-A and “late” GABA-B mediated IPSPs. Local
interneurons are primarily responsible for these GABAergic IPSPs, as deafferenta-
tion of the amygdala produces only slight reductions in the concentration of glutamic
acid decarboxylase.*” Consistent with the idea that the IPSPs have a local origin, a
close parallel exists between the amount of excitation evoked by perirhinal stimula-
tion in interneurons and the appearance and growth of IPSPs in P cells (FiG. 2).32

Similar to in vitro studies, in vivo experiments have also indicated the presence
of large IPSPs that truncate stimulus-evoked or spontaneously occurring EPSPs;
however, only a single monophasic hyperpolarization is observed in contrast to the
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FIGURE 2. Contrasting response profile of P-cell (A, rest = —70 mV) and fast-spiking
neuron (B, rest = —62 mV) to perirhinal stimuli of gradually increasing intensity (numbers
to the right, LA). Both neurons were recorded intracellularly in vivo. Potassium acetate re-
cordings. Note that the P cell is progressively more inhibited as stimulation intensity is in-
creased, whereas the fast-spiking cell shows the opposite behavior. Tests were carried out at
—62 mV. Spikes are truncated.
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biphasic GABA-A GABA-B sequence that is observed in vitro (FI1G. 2A).30 Several
factors account for the different synaptic response profiles obtained in vivo and in
vitro. In particular, the cortical and amygdaloid circuits, which are largely lost in
slice preparations, remain intact under in vivo conditions and allow for widespread
divergence and convergence of activity. This results in a temporally distributed acti-
vation of interneurons and an overlap of the GABA-A and GABA-B IPSPs from dif-
ferent interneurons.3? In addition, the amplitude of the GABA-B IPSP appears to be
relatively small under in vivo conditions compared to those in vitro.3!

A major factor contributing to the suppression of P-cell activity is the relatively
low level of inhibition directed towards interneurons (F1G. 2B). Several factors un-
derlie this relatively weak inhibitory control of interneurons. First, inhibitory re-
sponses in interneurons appear to be comprised simply of GABA-A IPSPs and not
GABA-B IPSPs or the synaptically activated Ca>*-dependent K™ (K,) conductance
found in P cells.?3132 Second, the reversal potential of GABA-A IPSPs in inter-
neurons is depolarized with respect to that in P cells. This difference arises from cell
type-specific chloride homeostatic mechanisms whereby the prevalent regulators of
intracellular C1™ are cation-chloride cotransporters that accumulate chloride in fast-
spiking interneurons and extrude chloride in P cells.2® Third, GABAergic interneu-
rons (at least the parvalbumin-positive subset) receive a significantly lower propor-
tion of GABAergic synapses than do P cells.? These factors conspire to keep
interneurons in a relatively excitable state, which is reflected in intracellular record-
ings in which these cells display depolarized resting potentials that are punctuated
by numerous spontancous EPSPs and spikes but relatively few IPSPs (Fi6. 1B1).32

K¢, Conductances. In addition to IPSPs, both in vivo and in vitro studies in the
LA nucleus have demonstrated that a synaptically activated K, conductance is a
major inhibitory component of P-cell responses to afferent activity.30-31:46:48 Acti-
vation of this K, conductance appears to be linked to Ca®" influx via NMDA recep-
tors.*6 Under in vivo conditions, this K¢, conductance is active throughout the
synaptic response and opposes the initial EPSP in addition to contributing through-
out the subsequent prolonged hyperpolarization.3!*8 The importance of this conduc-
tance for controlling LA activity is indicated by the fact that paroxysmal
depolarizations that underlie epileptic discharges do not occur in P cells after block-
ing GABA-A and GABA-B IPSPs unless K, conductances are also reduced by in-
tracellular injection of the calcium chelator BAPTA. ¢ It should be mentioned that
K, conductances are also largely responsible for the pronounced spike adaptation ob-
served in LA P cells, which limits their spike activity to sustained excitatory input.27:48

To summarize, considerable resources are devoted to control the activity of BL P
cells, particularly those of the LA nucleus, where both synaptic and synaptically acti-
vated intrinsic conductances contribute to limit their orthodromic responsiveness. This
powerful inhibitory control may be essential for preserving the associative potential of
a divergent intrinsic circuitry, while preventing the genesis of epileptic events.

PROJECTION OF THE BASOLATERAL COMPLEX TO THE
CENTRAL NUCLEUS

The LA nucleus is an important input station of the amygdala for thalamic and
cortical sensory afferents. By contrast, the CE nucleus is currently conceived of a
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major output of the amygdala for conditioned fear responses.3*° Indeed, CE lesions
abolish a variety of conditioned fear responses.239! However, it is important to
keep in mind that different parts of the CE nucleus have distinct projection sites.
Freezing, for instance, is mediated by projections of the CE nucleus to the periaque-
ductal grey (PAG).%2 In fact, most CE projections to the PAG and other brain-stem
structures originate from the medial sector of the CE nucleus (CEm).5® Thus, ac-
counts of classically conditioned fear responses must explain how sensory inputs
that mainly reach the amygdala by way of the LA nucleus ultimately influence the
CEm.

The LA Has Little, If Any, Direct Links to Brain-Stem—Projecting CE Neurons

To address this issue, we now turn to anatomical data regarding LA projections
to the CE. Tract-tracing studies have shown that different nuclei of the BL complex
project to different parts of the CE nucleus. For instance, the LA nucleus projects to
the capsular or lateral sectors of the CE nucleus (CEL),9’1 1,54.55 but has little, if any,
projections to the CEm. In contrast, the basal nuclei have projections to the different
subdivisions of the CE nucleus.!%-34

These results were confirmed in a study in which the responses of CE neurons to
electrical stimuli delivered in the BL complex were recorded in brain slices kept in
vitro.>® In this study, it was found that LA stimuli do not elicit responses in the CEy;
but only in more lateral sectors of the CE. By contrast, stimulation of basal nuclei
evoked responses throughout the CE.

However, such data can be criticized on the grounds that brain slices do not pre-
serve long pathways. Fortunately, cross-correlation studies of simultaneously re-
corded neurons of the BL complex and CE nucleus in vivo support the foregoing in
vitro results. Indeed, a positive correlation was found between the firing of simulta-
neously recorded neurons in the CE and basal nuclei. Surprisingly, an inverse rela-
tion was found between the auditory-evoked and spontaneous activity of LA and
CEy neurons in unanesthetized animals.>’

Since P cells of the LA nucleus use glutamate as a transmitter and exclusively
form asymmetric synaptic contacts,’-10 the fact that the firing of LA cells coincides
with inhibition of CEy; neurons is surprising. Moreover, this finding is inconsistent
with the prevailing model of pavlovian fear conditioning,? which predicts that the in-
creased responsiveness of LA neurons to the conditioned stimulus produces an aug-
mented depolarization of brain-stem projecting CE neurons, leading to conditioned
fear responses. To explain how the increased firing of LA neurons generates inhibi-
tion in CEy; neurons, we now turn to a poorly understood structure of the amygdala,
intercalated (ITC) cell masses (F1G. 3).

INTERCALATED NEURONS AS A CONDITIONAL GATE BETWEEN THE
BASOLATERAL COMPLEX AND CENTRAL NUCLEUS

ITC Neurons Generate Feedforward Inhibition in CE Neurons

The ITC cell masses are interconnected clusters of GABAergic neurons®’-38 Jo-

cated between the BL complex, from which they receive much glutamatergic



84 ANNALS NEW YORK ACADEMY OF SCIENCES

FIGURE 3. Connectivity of ITC cell masses. Scheme of a coronal section through the
amygdaloid complex of the guinea pig. ITC cell masses (arrows) receive glutamatergic in-
puts from components of the basolateral complex (namely, lateral [LA], basolateral [BL],
and basomedial [BM] nuclei) and contribute a GABAergic projection to lateral and medial
sectors of the central nucleus (CE;, and CEy,, respectively). ITC cell masses are intercon-
nected by lateromedial connections. Abbreviations: EC, external capsule; OT, optic tract;
PU, putamen; Rh, rhinal sulcus.

inputs®® (F1G. 3), and the CE nucleus (FIG. 3), their main projection site.3-°0 Our
recent work revealed that the connections and intrinsic membrane properties of ITC
cells enable them to act as a context-dependent gate that can dampen or enhance the
impact of BL impulses on CE neurons.

To analyze how ITC neurons affect impulse traffic between the BL complex and
the CE nucleus, we studied the responses of ITC cells to electrical stimuli delivered
in the BL complex. ITC neurons were morphologically identified by intracellular in-
jection of neurobiotin and recorded in brain slices kept in vitro. 061 We found that a
lateromedial correspondence exists between the position of ITC cells, their projec-
tion site in the CE nucleus, and the source of their afferents in the BL complex>°
(F1G. 3). In addition, we noted that ITC cells are interconnected, but only in a latero-
medial direction®! (FIG. 3).

Even though BL projections to the CE nucleus are glutamatergic, BL stimuli
evoke a biphasic EPSP-IPSP sequence in CE neurons (F1G. 4A)30:02:63 mediated by
GABA-A and GABA-C receptors.® To determine whether ITC cells take part in
generating this inhibition, we investigated the effect of local pressure application of
NBQX, anon-NMDA receptor antagonist, on BL-evoked inhibition in CE cells (F1G.
4A). CE cells were dialyzed with QX-314 and depolarized to —50 mV. Local appli-
cation of NBQX in ITC cell masses below the CE greatly reduced the inhibitory
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FIGURE 4. ITC neurons generate feedforward IPSPs in CEy, cells. (A1) Scheme illus-
trating the approach used to test the effect of local pressure application of NBQX on CEy;
responses to BL stimuli (dots). Horizontal arrows on the left indicate the direction of Ringer
flow. The ejection pipette was first positioned in the CEy; and, after a period of recovery (10
minutes), close to ITC cells. The effect of NBQX pulses (1 second, 10 PSI) in the CEy; and
the ITC cell mass is shown in A2 and A3, respectively. Each trace is the average response to
four BL stimuli delivered at 0.1 Hz in control conditions (dashed line) or preceded by an
NBQX pulse (dashed line; pulse-shock interval of 100 ms). (B, C) Stimuli having no direct
effects on CE); neurons can reduce or enhance BL-evoked CEy; responses by modulating
ITC neurons. (B) BL-evoked IPSPs of CEy; neurons (Control) are reduced when BL stimuli
are preceded by a LA shock (Paired). To carry out these tests, the cell was depolarized to —
49 mV (with 0.06 nA) and the pipette contained QX-314 to prevent spiking. Averages of
four paired and unpaired (Control) responses. (C) BM stimulation enhances IPSPs evoked
by BL stimuli. CEy; neuron depolarized to =51 mV (0.05 nA). Intensity of BL stimuli was
gradually reduced to minimize the amplitude of evoked IPSP in control conditions and then
paired with BM stimuli. The recording pipette contained QX-314. Averages of four paired
and unpaired (Control) responses.

phase of the response with little effect on the early excitation (F1G. 4A3). By con-
trast, NBQX application in the CE abolished or greatly reduced the BL-evoked
EPSPs without interfering with the BL-evoked IPSPs (F1G. 4A2). Thus, BL stimula-
tion provokes a feedforward inhibition of CE cells in part via the glutamatergic ac-
tivation of ITC neurons.
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FIGURE 5. Suprathreshold depolarizations elicit ADPs in ITC cells. (A) Depolarizing
current pulses of gradually increasing amplitude (/eft to right) applied at =60 mV. (B) De-
polarizing current pulses adjusted to elicit approximately the same number of spikes were
delivered from different membrane potentials (numbers on /eft). (C) Spike trains elicited
from a depolarized potential lead to tonic firing. Voltage scale is the same for A-C. Same
time scale for A and B.

Importantly, because ITC neurons inhibit each other in a lateromedial direction,
the feedforward inhibition they generate in CE neurons and, indirectly, the amplitude
of BL-evoked EPSPs depends on which combination of BL nuclei is activated and
in what sequence (F1G. 4B-C). For instance, when subthreshold BL stimuli are pre-
ceded by LA stimuli, the BL-evoked response becomes suprathreshold, provided
that the interstimulus interval ranges between ~5 and 80 ms. This effect results from
areduction of the hyperpolarizing component evoked by BL stimuli, as evidenced in
tests carried out in CEy; cells dialyzed with QX-314 and maintained at a more depo-
larized V, (F1G. 4B). In contrast with LA shocks, BM stimuli could enhance the hy-
perpolarizing component of the BL-evoked response (F1G. 4C).

ITC neurons are endowed with another property that allows them to modify the
amount of feedforward inhibition they generate in the CE nucleus in a context-de-
pendent manner. Indeed, ITC cells express an unusual K* current (termed Igp for
slowly deinactivating) that activates in the subthreshold range of V, inactivates in
response to suprathreshold depolarizations (FIG. 5) in a Ca2*- and Na™-independent
manner, and deinactivates very slowly upon return to rest.%

As a result, after episodes of suprathreshold activity, these cells enter a self-sus-
taining state of heightened excitability associated with increased input resistance
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FIGURE 6. Impact of Ig on responsiveness of ITC neurons. (A) Changes in degree of
activation of Igp when suprathreshold current pulses are applied from —75 (A1) or =62 mV
(A2). Symbols below traces indicate the hypothesized state of the channels. (B) Voltage re-
sponse (fop trace) to repetitive current pulses (lower trace) applied from a V, of =74 (B1)
or —66 (B2) mV. (C) Response to repetitive electrical stimuli in basolateral complex deliv-
ered at two different frequencies before versus after a suprathreshold current pulse from
—60 mV. Voltage scale is the same for A-C.

and membrane depolarization (F1G. 5C). In turn, these changes increase the likeli-
hood that ongoing synaptic activity will trigger orthodromic action potentials. How-
ever, because each orthodromic spike “renews” the inactivation of Igp, ITC cells can
remain hyperexcitable for a long time (F1G. 6). The intrinsic properties of ITC neu-
rons enable them to “remember” their recent firing history and modify their activity
accordingly.
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This property takes on particular significance in ITC cells, because they control
impulse traffic between the BL complex and CE nucleus. Indeed, increases in the re-
sponsiveness of particular ITC clusters (via inactivation of Igp) can bias ITC cells to
dampen excitatory inputs to specific populations of CE neurons and enhance the re-
sponses of others via lateromedial inhibitory ITC connections (F1G. 3). Such modal
shifts in the excitability of ITC cells could profoundly alter emotional reactivity, be-
cause CE neurons, via their projections to the brain stem and hypothalamus, play a
critical role in fear expression.

CONCLUSION

This short review of our recent work illustrates that the intra-amygdaloid circuit
is complex and multipotential. The highly divergent excitatory intrinsic connectivity
of the BL complex is kept under control by powerful inhibitory mechanisms. Con-
siderable resources are also devoted to control impulse traffic from the BL complex
to the CE nucleus. We feel that this makes perfect sense, given that most sensory
events should not evoke fear responses. At the same time, the bistable behavior of
ITC neurons and their intricate interconnections allow for flexible, context-depen-
dent gating of BL impulses to the CE nucleus. ITC cells thus represent a likely site
of experience-dependent plasticity.

REFERENCES

1. AGGLETON, J.P. 2000. The Amygdala: A Functional Analysis. Oxford University Press.
Oxford, UK.

2. Davis, M. 2000. The role of the amygdala in conditioned and unconditioned fear and
anxiety. /n The Amygdala: A Functional Analysis. J.P. Aggleton, Ed. :213-287.
Oxford University Press. Oxford, UK.

3. LeDoux, J.E. 2000. The amygdala and emotion: a view through fear. /n The
Amygdala: A Functional Analysis. J.P. Aggleton, Ed. :289-310. Oxford University
Press. Oxford, UK.

4. McDoONALD, A.J. 1992. Cell types and intrinsic connections of the amygdala. /n The
Amygdala: Neurobiological Aspects of eMotion, Memory, and Mental Dysfunction.
J.P. Aggleton, Ed. :67-96. Wiley-Liss. New York .

5. McDonaLD, A.J. 1985. Immunohistochemical identification of gamma-aminobutyric
acid-containing neurons in the rat basolateral amygdala. Neurosci. Lett. 53: 203—
207.

6. PARE, D. & Y. SMITH. 1993. Distribution of GABA immunoreactivity in the amygdal-
oid complex of the cat. Neuroscience 57: 1061-1076.

7. McDoNALD, A.J. & J.R. AUGUSTINE. 1993. Localization of GABA-like immunoreac-
tivity in the monkey amygdala. Neuroscience 52: 281-294.

8. McDONALD, A.J. 1992. Projection neurons of the basolateral amygdala: A correlative
Golgi and retrograde tract tracing study. Brain Res. Bull. 28: 179-185.

9. SMITH, Y. & D. PARE. 1994. Intra-amygdaloid projections of the lateral nucleus in the
cat: PHA-L anterograde labeling combined with post-embedding GABA and
glutamate immunocytochemistry. J. Comp. Neurol. 342: 232-248.

10. PARE, D.,Y. SMITH & J.F. PARE. 1995. Intra-amygdaloid projections of the basolateral
and basomedial nuclei in the cat: Phaseolus vulgaris-leucoagglutinin anterograde
tracing at the light and electron microscopic level. Neuroscience 69: 567-583.

11. SteEFANACCI, L., C.R. FARB, A. PITKANEN, ef al. 1992. Projections from the lateral
nucleus to the basal nucleus of the amygdala. J. Comp. Neurol. 323: 586-601.



PARE et al.: INHIBITION IN THE AMYGDALA 89

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

217.

28.

29.

30.

31.

32.

33.

FreunD, T.F. & G. BuzsAki. 1996. Interneurons of the hippocampus. Hippocampus 6:
347-470.

KawacgucHl, Y. & Y. KuBoTaA. 1997. GABAergic cell subtypes and their synaptic con-
nections in rat frontal cortex. Cereb. Cortex 7: 476—486.

McDoNALD, A.J. & J.C. PEARSON. 1989. Coexistence of GABA and peptide immu-
noreactivity in non-pyramidal neurons of the basolateral amygdala. Neurosci. Lett.
100: 53-58.

KATONA, 1., E.A. RAaNCZ, L. ACSADY, et al. 2001. Distribution of cannabinoid receptors
in the amygdala and their role in the control of GABAergic transmission. J. Neuro-
sci. 21: 9506-9518.

KEMPPAINEN, S. & A. PITKANEN. 2000. Distribution of parvalbumin, calretinin, and cal-
bindin-D28k immunoreactivity in the rat amygdaloid complex and colocalization
with gamma-aminobutyric acid. J. Comp. Neurol. 426: 441-467.

McDoNALD, A.J. & R.L. BETETTE. 2001. Parvalbumin-containing neurons in the rat
basolateral amygdala: morphology and co-localization of Calbindin-D(28k). Neuro-
science 102: 413-425.

PITKANEN, A. & D.G. AMARAL. 1993. Distribution of parvalbumin-immunoreactive
cells and fibers in the monkey temporal lobe: The amygdaloid complex. J. Comp.
Neurol. 331: 14-36.

SMiITH, Y., J.F. PARE & D. PARE. 2000. Differential innervation of parvalbumin-immu-
noreactive interneurons of the basolateral amygdaloid complex by cortical and
intrinsic inputs. J. Comp. Neurol. 416: 496-508.

SMITH, Y., J.F. PARE & D. PARE. 1998. Cat intraamygdaloid inhibitory network: Ultra-
structural organization of parvalbumin-immunoreactive elements. J. Comp. Neurol.
391: 164-179.

ConNORs, B.W., M.J. Gutnick & D.A. PRINCE. 1982. Electrophysiological properties
of neocortical neurons in vitro. J. Neurophysiol. 48: 1302-1320.

McCorMICK, D.A., B.W. CONNORS, J.W. LIGHTALL & D.A. PRINCE. 1985. Comparative
electrophysiology of pyramidal and sparsely spiny stellate neurons of the neocortex.
J. Neurophysiol. 54: 782-806.

WasSHBURN, M.S. & H.C. Moisgs. 1992. Electrophysiological and morphological prop-
erties of rat basolateral amygdaloid neurons in vitro. J. Neurosci. 12: 4066—4079.

RAINNIE, D.G., H.C. AsproDINI E.K. & P. SHINNICK-GALLAGHER. 1993. Intracellular
recordings from morphologically identified neurons of the basolateral amygdala. J.
Neurophysiol. 69: 1350—1362.

Parg, H.C., D. PARE. & R.B. DRIESANG. 1998. Two types of intrinsic oscillations in neurons
of the lateral and basolateral nuclei of the amygdala. J. Neurophysiol. 79: 205-216.

FAULKNER, B. & T.H. BROWN. 1999. Morphology and physiology of neurons in the rat
perirhinal-lateral amygdala area. J. Comp. Neurol. 411: 613—642.

FABER, E., R.J. CALLISTER & P. SAaH. 2001. Morphological and electrophysiological
properties of principal neurons in the rat lateral amygdala in vitro. J. Neurophysiol.
85: 714-723.

MARTINA, M., S. RoYER & D. PARE. 2001. Cell-type-specific GABA responses and
chloride homeostasis in the cortex and amygdala. J. Neurophysiol. 86: 2887-2895.
Parg, D., H.C. PaPE & J.M. DonG. 1995. Bursting and oscillating neurons of the cat
basolateral amygdaloid complex in vivo: Electrophysiological properties and mor-

phological features. J. Neurophysiol. 74: 1179-1191.

LaNG, E.J. & D. PARE. 1997. Similar inhibitory processes dominate the responses of
cat lateral amygdaloid projection neurons to their various afferents. J. Neurophysiol.
77: 341-352.

Lang, E.J. & D. PARE. 1997. Synaptic and synaptically activated intrinsic conduc-
tances underlie inhibitory potentials in cat lateral amygdaloid projection neurons in
vivo. J. Neurophysiol. 77: 353-363.

LANG, E.J. & D. PARE. 1998. Synaptic responsiveness of interneurons of the cat lateral
amygdaloid nucleus. Neuroscience 83: 877—889.

SziNYEl, C., T. HEINBOCKEL, J. MONTAGNE & H.C. PAPE. 2000. Putative cortical and
thalamic inputs elicit convergent excitation in a population of GABAergic interneu-
rons of the lateral amygdala. J. Neurosci. 20: 8909-8915.



90

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45.

46.

47.

48.

49.

50.

51.

52.

53.

ANNALS NEW YORK ACADEMY OF SCIENCES

Borp, F., J. LEDoux, M.C. CLUGNET & C. PAVLIDES. 1993. Single-unit activity in the
lateral nucleus of the amygdala and overlying areas of the striatum in freely behaving
rats: rates, discharge patterns, and responses to acoustic stimuli. Behav. Neurosci.
107: 757-769.

GAUDREAU, H. & D. PARE. 1996. Projection neurons of the lateral amygdaloid nucleus
are virtually silent throughout the sleep-waking cycle. J. Neurophysiol. 75: 1301—
1305.

PARE, D. & H. GAUDREAU. 1996. Projection cells and interneurons of the lateral and
basolateral amygdala: distinct firing patterns and differential relation to theta and
delta rhythms in conscious cats. J. Neurosci. 16: 3334-3350.

STERIADE, M., M. DESCHENES & G. OAKSON 1974. Inhibitory processes and interneu-
ronal apparatus in motor cortex during sleep and waking. I. Background firing and
responsiveness of pyramidal tract neurons and interneurons. J. Neurophysiol. 37:
1065-1092.

STERIADE, M., G. OAKSON & A. Kirsikis. 1978. Firing rates and pattern of output and
nonoutput cells in cortical areas 5 and 7 during the sleep-waking cycle. Exp. Neurol.
60: 443-468.

COLONNIER, M. 1981. The electron-microscopic analysis of the neuronal organization
of the cerebral cortex. /n The Organization of the Cerebral Cortex. F.O. Schmitt, F.G.
Worden, G. Adelman & S.G. Dennis, Eds. :125-152. MIT Press. Cambridge.

AMARAL, D.G., J.L. PRICE, A. PITKANEN & S.T. CARMICHAEL. 1992. Anatomical orga-
nization of the primate amygdaloid complex. /n The Amygdala: Neurobiological
Aspects of Emotion, Memory, and Mental Dysfunction. J.P. Aggleton, Ed. :1-66.
Wiley-Liss. New York.

FERRY, B., P.J. MAGISTRETTI & E. PRALONG. 1997. Noradrenaline modulates glutamate-
mediated neurotransmission in the rat basolateral amygdala in vitro. Eur. J. Neurosci.
9: 1356-1364.

WASHBURN, M.S. & H.C. Moises. 1992. Muscarinic responses of rat basolateral
amygdaloid neurons recorded in vitro. J. Physiol. (Lond.) 449: 121-154.

YAJEYA, J., A.D. JUAN, M.A. MERCHAN, et al. 1997. Cholinergic responses of morpho-
logically and electrophysiologically characterized neurons of the basolateral com-
plex in rat amygdala slices. Neuroscience 78: 731-743.

RAINNIE, D.G., E.K. ASPRODINI & P. SHINNICK-GALLAGHER. 1991. Inhibitory transmis-
sion in the basolateral amygdala. J. Neurophysiol. 66: 999—-1009.

WasHBURN, M.S. & H.C. Moisgs. 1992. Inhibitory responses of rat basolateral
amygdaloid neurons recorded in vitro. Neuroscience 50: 811-830.

DANOBER, L. & H.C. PaPE. 1998. Mechanisms and functional significance of a slow
inhibitory potential in neurons of the lateral amygdala. Eur. J. Neurosci. 10: 853—
867.

LE GAL LA SALLE, G., G. PaxiNos, P. EMSON & Y. BEN-ARI. 1978. Neurochemical
mapping of GABAergic systems in the amygdaloid complex and bed nucleus of the
stria terminalis. Brain Res. 155: 397-403.

CHEN, J. & E.J. LANG. 2000. Inhibitory role off K(Ca) channels in the lateral amygdal-
oid (LAT) nucleus. Soc. Neurosci. Abstr. 26: 1726.

Everitt, B.J. & T.W. RoBBINS. 1992. Amygdala-ventral striatal interactions and
reward-related processes. /n The Amygdala: Neurobiological Aspects of Emotion,
memory, and mental dysfunction. J.P. Aggleton, Ed. :401-451. Wiley-Liss. New
York.

Karp, B.S., R.C. FRYSINGER, M. GALLAGHER & J.R. HASELTON. 1979. Amygdala cen-
tral nucleus lesions: effects on heart rate conditioning in the rabbit. Physiol. Behav.
23: 1109-1117.

GENTILE, C.G., T.W. JARRELL, A.H. TEICH, ef al. 1986. The role of amygdaloid central
nucleus in differential Pavlovian conditioning of bradycardia in rabbits. Behav. Brain
Res. 20: 263-276.

LieBMAN, J.M., D.J. MaYER & J.C. LIBESKIND. 1970. Mesencephalic central gray
lesions and fear-motivated behavior in rats. Brain Res. 23: 353-370.

Horkins, D.A. & G. HOLSTEGE. 1978. Amygdaloid projections to the mesencephalon,
pons and medulla oblongata in the cat. Exp. Brain Res. 32: 529-547.



PARE et al.: INHIBITION IN THE AMYGDALA 91

54.

55.

56.

57.
58.
59.
60.
61.
62.
63.

64.

65.

KRETTEK, J.E. & J.L. PRICE. 1978. A description of the amygdaloid complex in the rat
and cat with observations on intra-amygdaloid axonal connections. J. Comp. Neurol.
178: 255-280.

PITKANEN, A., L. STEFANAcCI, C.R. FARB, ef al. 1995. Intrinsic connections of the rat
amygdaloid complex: projections originating in the lateral nucleus. J. Comp. Neurol.
356: 288-310.

ROYER, S., M. MARTINA & D. PARE. 1999. An inhibitory interface gates impulse traffic
between the input and output stations of the amygdala. J. Neurosci. 19: 10575—
10583.

CoLLINS, D.R. & D. PARE. 1999. Reciprocal changes in the firing probability of lateral
and central medial amygdala neurons. J. Neurosci. 19: 836-844.

NITECKA, L. & Y. BEN-ARIL 1987. Distribution of GABA-like immunoreactivity in the
rat amygdaloid complex. J. Comp. Neurol. 266: 45-55.

MiLLHOUSE, O.E. 1986. The intercalated cells of the amygdala. J. Comp. Neurol. 247:
246-271.

PARE, D. & Y. SMmiTH. 1993. The intercalated cell masses project to the central and
medial nuclei of the amygdala in cats. Neuroscience 57: 1077-1090.

ROYER, S., M. MARTINA & D. PARE. 2000. Polarized synaptic interactions between
intercalated neurons of the amygdala. J. Neurophysiol. 83: 3509-3518.

Nosk, 1., H. HiGasHi, H. INokucHI & S. NisHI. 1991. Synaptic responses of guinea pig
and rat central amygdala neurons in vitro. J. Neurophysiol. 65: 1227-1241.

DELANEY, A.J. & P. SAH. 1999. GABA receptors inhibited by benzodiazepines mediate
fast inhibitory transmission in the central amygdala. J. Neurosci. 19: 9698-9704.

DELANEY, A.J. & P. SAH. 2001. Pathway-specific targeting of GABA a receptor sub-
types to somatic and dendritic synapses in the central amygdala. J. Neurophysiol. 86:
717-723.

ROYER, S., M. MARTINA & D. PARE. 2000. Bistable behavior of inhibitory neurons con-
trolling impulse traffic through the amygdala: Role of a slowly deinactivating K*
current. J. Neurosci. 20: 9034-9039.



