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Bistable Behavior of Inhibitory Neurons Controlling Impulse Traffic
through the Amygdala: Role of a Slowly Deinactivating K™ Current
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The intercalated cell masses of the amygdala are clusters of
GABAergic neurons located strategically to influence behavioral
responsiveness. Indeed, they receive glutamatergic sensory in-
puts from the basolateral amygdaloid complex and generate
feedforward inhibition in neurons of the central amygdala that
mediate important components of fear responses. In the present
study, using whole-cell recording methods in coronal slices of the
guinea pig amygdala, we show that the activity of intercalated
neurons is a function of their recent firing history because they
express an unusual voltage-dependent K™ conductance (termed
Isp for slowly deinactivating). This conductance activates in the
subthreshold regime, inactivates in response to suprathreshold

depolarizations, and deinactivates very slowly upon return to
rest. As a result, after bouts of suprathreshold activity, these cells
enter a self-sustaining state of heightened excitability associated
with an increased input resistance and a membrane depolariza-
tion. In turn, these changes increase the likelihood that ongoing
synaptic activity will trigger orthodromic action potentials. How-
ever, because each orthodromic spike “renews” the inactivation
of Igp, intercalated cells can remain hyperexcitable for a long
time and, via the central amygdaloid nucleus, exert a lasting
influence on behavior.
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Two key elements in the amygdala circuitry underlying fear (Kapp
et al., 1992; Davis et al., 1994; LeDoux, 1995) are the basolateral
amygdaloid complex and central nucleus of the amygdala (Fig. 1).
Indeed, most sensory inputs from the thalamus and cortex end in
the basolateral complex (Turner and Herkenham, 1991; Mc-
Donald, 1998), whereas the central nucleus is the main source of
brainstem projections mediating fear responses (Hopkins and Hol-
stege, 1978; Kapp et al., 1979; Veening et al., 1984; Gentile et al.,
1986; Iwata et al., 1986; Zhang et al., 1986; Hitchcock et al., 1989).

However, interposed between the basolateral complex and cen-
tral nucleus are clusters of GABAergic neurons (Fig. 1, arrows),
termed intercalated (ITC) cell masses (Millhouse, 1986; Nitecka
and Ben-Ari, 1987; McDonald and Augustine, 1993; Paré and
Smith, 1993a). ITC neurons receive excitatory afferents from the
basolateral amygdaloid complex (Royer et al., 1999, 2000) and
project to the central nucleus of the amygdala (Paré and Smith,
1993b). ITC neurons thus occupy a strategic position to influence
behavioral responsiveness.

In agreement with this, we have shown recently that ITC cells
generate feedforward inhibition in the central nucleus (Royer et al.,
1999). Moreover, because laterally located ITC cell masses inhibit
more medial ones (Royer et al., 2000), ITC neurons can gate
impulse traffic between the basolateral complex and central nucleus
in a spatiotemporally differentiated manner (Royer et al., 1999)
(Fig. 1). In the course of these experiments, we have noticed that
many I TC cells are endowed with an unusual property, namely the
ability to generate prolonged depolarizing plateaus after transient
depolarizations. The present study analyzes the underlying mech-
anisms and considers their implications for the expression of fear
responses.

MATERIALS AND METHODS

Preparation of amygdala slices. Coronal slices of the amygdala were ob-
tained from Hartley guinea pigs (~250 gm). Before decapitation, the
animals were anesthetized with pentobarbital (40 mg/kg, i.p.) and ket-
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amine (100 mg/kg, i.p.), in agreement with the guidelines of the Canadian
Council on Animal Care, as approved by the local ethics committee of
University Laval. The brain was removed and placed in an oxygenated
solution (4°C) containing (in mm): 126 NaCl, 2.5 KCI, 1.25 NaH,PO,, 1
MgCl,, 2 CaCl,, 26 NaHCOs;, and 10 glucose. Coronal sections (400 wm)
were prepared with a vibrating microtome. The slices were stored for 1 hr
in an oxygenated chamber at room temperature. One slice was then
transferred to a recording chamber perfused with an oxygenated physio-
logical solution at a rate of 2 ml/min. The temperature of the chamber was
gradually increased to 32°C before the recordings began.

Data recording and analysis. Recordings were obtained with borosilicate
pipettes filled with a solution containing (in mm): 130 K-gluconate, 10
HEPES, 10 KC1, 2 MgCl,, 2 ATP-Mg, and 0.2 GTP-Tris. pH was adjusted
to 7.2, and osmolarity was adjusted to 280-290 mOsm. With this solution,
the liquid junction potential was measured (10 mV), and the membrane
potential was corrected accordingly. The pipettes had resistances of 4-8
MQ when filled with the above solution. Recordings with series resistance
higher than 15 MQ were discarded. To this end, bridge balance was
monitored regularly during the recordings.

Current-clamp recordings were obtained with an Axoclamp 2B amplifier
(Axon Instruments, Foster City, CA) under visual control using differential
interference contrast and infrared video microscopy. See Royer et al.
(1999, 2000) for the criteria used to distinguish intercalated neurons from
cells in neighboring nuclei. All the neurons described in this study had a
V. equal or negative to —60 mV (average of —75.6 £ 0.94 mV; n = 110)
and overshooting action potentials.

Drugs were applied in the perfusate. Electrical stimuli consisted of
50-300 usec current pulses (0.1-1 mA) passed through pairs of tungsten
electrodes placed in the basolateral amygdala.

Analyses were performed off-line with the software IGOR (WaveMet-
rics Inc., Lake Oswego, OR) and homemade software running on Macin-
tosh microcomputers (Apple Computers, Cupertino, CA). Statistical sig-
nificance of the results was determined with paired ¢ tests (two-tailed). All
values are expressed as means + SE.

RESULTS

Intercalated neurons generate
prolonged afterdepolarizations

In many ITC neurons (52%; n = 110), suprathreshold current
pulses evoked a slow afterdepolarization (ADP) (Fig. 2) whose
amplitude (up to 19 mV) increased with the number of evoked
spikes (Fig. 24) and with depolarization of the prepulse membrane
potential (V,,,) (Fig. 2B). When the prepulse V,,, was depolarized
beyond —65 mV, these ADPs often reached spike threshold (37%).
In such cases, the ADP duration increased, and, in 9% of the cells,
it continued indefinitely until the neuron was repolarized (Fig. 2C).
There was no systematic relationship between the position of
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Figure 1.  Connectivity of the intercalated cell masses. Scheme of a coronal
section through the amygdaloid complex of the guinea pig. ITC cell masses
(arrows) receive glutamatergic inputs from components of the basolateral
complex [namely, the lateral (L A4), the basolateral (BL), and the basomedial
(BM) nuclei] and contribute a GABAergic projection to the lateral and
medial sectors of the central nucleus (CE, and CE,,, respectively). I'TC cell
masses are interconnected by lateromedial connections. EC, External cap-
sule; OT, optic tract; PU, putamen; R#A, rhinal sulcus; D, dorsal; M, medial;
V, ventral; L, lateral.

intercalated neurons and the likelihood that they would display the
ADP. However, when one intercalated neuron displayed the ADP,
the probability that intercalated cells located in the same cluster
would display ADPs seemed higher.

The ADPs were not dependent on GABA release because they
were unaffected when GABA receptor antagonists (bicuculline, 10
uM; saclofen, 200 uMm) were added to the perfusate, alone or in
combination with glutamate receptor blockers (6-cyano-7-
nitroquinoxaline-2,3-dione, 20 w,,; D(—)-2-amino-5-phosphono-
pentanoic acid, 50 um; n = 10).

Moreover, Na* entry through voltage-gated channels was not
required, because the ADPs persisted in the presence of tetrodo-
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toxin [(TTX) 0.5 um; amplitude change, —10.6 = 6.10%; ¢ test; p >
0.05; n = 12] (Fig. 342). Thus, in Figure 24, the ADP amplitude
increased with the number of spikes because the Na™ influx pro-
duced a depolarization, not because the Na™ concentration
changed.

Similarly, the ADPs did not depend on Ca?" influx through
voltage-gated channels because they persisted after substitution of
Ca?" with Mg?" coupled to the addition of a membrane-permeant
Ca?" chelator (amplitude change, —3.0 = 4.36%; t test; p > 0.05;
n = 5) (Fig. 343). Here, it should be noted that, when the latter
treatment was performed in the absence of TTX (n = 3), electri-
cally evoked synaptic responses were abolished and spontaneous
synaptic activity was greatly reduced (data not shown).

In support of the above, the ADP also resisted application of the
Ca?" channel blockers La*" (100 um; n = 3) or Cd*" (100 pum;
n = 3). In fact, these ions produced a small increase in ADP
amplitudes (Fig. 3B1,B2, average increase of 7.4 = 7.0 and 16.5 *
14.5%, respectively; see figure legend). Surprisingly, substitution of
Ca?* with Co®" (Fig. 3B3) abolished the ADP (n = 3; average
reduction of —87.7 £ 8.2%). However, the resistance of the ADP
to the above treatments raises the possibility that Co>" ions do not
block the ADP by inhibiting Ca*" influx but via another mecha-
nism, such as by blocking a K™ conductance (Mathie et al., 1998).
Evidence in support of this contention is provided below.

The ADPs are mediated by the closing of a
K* conductance

When the depolarization occurring during the ADP was prevented
by current injection (manual clamp), the ADP was found to be
associated with an increased input resistance (R;,), as evidenced by
significantly augmented voltage responses to hyperpolarizing cur-
rent pulses (Fig. 3C) (¢ test; p < 0.05; n = 4; peak R, increases of
46 * 3.3%).

This result led us to suspect that the ADP was generated by the
inactivation of a K™ conductance, which recovered very slowly
from inactivation. Below, when referring to this putative current,
we will use the designation Ig, (slowly deinactivating) for
simplicity.

Consistent with our hypothesis, the amplitude of the ADPs
varied in a Nernstian manner with the extracellular K™ concentra-

Figure 2. Suprathreshold depolariza-
tions elicit ADPs in ITC cells. 4, Depo-
larizing current pulses of gradually in-
creasing amplitude (left to right), applied
at —60 mV. B, Depolarizing current
pulses adjusted to elicit approximately the
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same number of spikes were delivered
from different V,, values. C, Spike trains
elicited from depolarized V/,, values lead to

tonic firing. Voltage scale is the same for
A-C. Time scale is the same for A and B.
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Figure 3. ADP does not depend on Na* or Ca>" influx through voltage-
gated channels but is associated to an R;, increase. 4, ADP response in
control conditions (A7), in the presence of 0.5 um TTX (42), and after
substitution of Ca®" with Mg?" and the addition of BAPTA-AM (50 M)
to the Ringer’s solution for 30 min (43). Same cell in all conditions. V,

m>

—60 mV. Rest, —81 mV. B, Effect of Cd** (100 pm), La** (100 um), and
replacement of Ca®* with Co?* on the ADP. We returned to control
Ringer’s solution between each treatment. Cd?* and La>* increased the
amplitude of the ADP, presumably because they reduced Ca?*-dependent
K™ conductances, thus increasing the input resistance. C, Voltage response
to current pulses (—0.01 nA) before and after ADP induction. During the
ADP, current (bottom trace) was manually injected into the cells to main-
tain the V/,, at a constant value.

tion ([K*],) (Fig. 4). ADPs elicited by current pulses to 0 mV were
examined in the presence of TTX with [K*], of 2.5, 13.5, 21, or 30
mm. With physiological [K*], (2.5 mm), the ADPs increased in
amplitude with depolarization of the prepulse V,, (Fig. 441,B1,
filled circles). In contrast, with 21 mm [K "], (Fig. 442), the same
stimuli elicited afterhyperpolarizations (AHPs), which first in-
creased in amplitude from prepulse V/,, values of —90 to —70 mV
(Fig. 4B1, open circles) and then decreased as the prepulse V,,
approached the K™ equilibrium potential. In fact, with all of the
high [K™], tested, a close correspondence was found between the
predicted K" equilibrium potential (Fig. 4 B2, continuous line) and
the prepulse V,,, at which no afterpotential was evoked (Fig. 4B2,
filled triangles).

In 21 mm [K™"], (Fig. 4BI, open circles), note that the AHP
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Figure 4. ADP varies in a Nernstian manner with [K "], and is reduced by
TEA. A, ADP induction by depolarizing pulses to ~0 mV from different V/,
values with [K *], of 2.5 (47) and 21 (42) mm. TTX (0.5 uM) was present.
BI, Relationship between ADP amplitude and prepulse potential for [K ],
of 2.5 (filled circles), 13.5 (open triangles), 21 (open circles), and 30 (open
diamonds) mMm. B2, ADP reversal potential as a function of [K "], (filled
triangles). Continuous line, Nernst prediction. C, Response to depolarizing
pulses to 0 mV in Ringer’s solution (C7), with 40 mm TEA (C2), and after
30 min in control Ringer’s solution (C3). TTX (0.5 puMm) was present
throughout. Prepulse 1, was —60 mV.

amplitude gradually increased from prepulse V,, values of —90 to
—70 mV despite the progressively diminishing driving force acting
on K*. This suggests that the activation of Ig, increases with
depolarization in this range of V,, values.

Finally, addition of the K™ channel blockers tetraethylammo-
nium (TEA) or 4-aminopyridine (4-AP) to the perfusate reduced
the ADP in a dose-dependent manner. TEA concentrations of 40
mM reduced ADP amplitudes by 78 = 7.1% (Fig. 4C) (n = 7). Only
partial blockade (41 * 13.5%; n = 5) was seen with 4-AP concen-
trations of 40 mm. Importantly, the ADP was unaffected by 5 mm
4-AP (average amplitude change of 6 = 5.4%; n = 3), concentra-
tions sufficient to block I, and I, in most neurons (Rudy, 1988).
Moreover, the class III antiarrhythmics p-sotalol (100 um) pro-
duced a minor reduction in ADP amplitude (n = 3; 22 * 20.3%),
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Figure 5. Time and voltage dependence of the ADP. A, Effect of changes
in pulse duration (47) on ADP amplitude (A42) and duration (43). BI,
Depolarizing pulses of increasing amplitudes from —60 mV. Insets, Nor-
malized ADP amplitude ( filled triangles) versus the peak V,, reached during
the current pulses (n = 7). B2, Normalized ADP amplitude ( filled circles)
caused by depolarizing current pulses to 0 mV as a function of the prepulse
Vi (n = 7). Dashed line is a polynomial fit of the data. Continuous line fits
the data after correction for changes in K" driving force and R,,. Inset,
Changes in R;, (open circles) estimated by measuring voltage responses to
current pulses of =0.01 nA in the same cells.

whereas bretylium (100 uM; n = 3) and amiodarone (10 um; n = 3)
had no effect.

Time and voltage dependence of the K* current
underlying the ADP

In the presence of TTX, the ADP amplitude and duration in-
creased gradually to a plateau when depolarizing current pulses of
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gradually increasing duration (but of constant amplitude) were
applied. Such tests are shown in Figure 54. In these cases (n = 3),
the current amplitude was adjusted to bring the V,,, to ~0 mV (Fig.
5AI). Note the parallel increase in ADP amplitude (Fig. 542) and
duration (Fig. 543) produced by augmenting the length of the
current injection (time constant of 0.91 and 0.55 sec, respectively).

Judging from maximal ADP amplitudes (<20 mV) and the high
R;, of ITC cells at —60 mV (~600 MQ), Ig, should be =30 pA.
Because such low-current amplitudes would greatly complicate
voltage-clamp analyses, we used current-clamp methods to estimate
the voltage dependence of effective I, inactivation and activation
(to be distinguished from Hodgkin—Huxley parameters). In other
words, we inferred the properties of the window current generated
by I on the basis of our current-clamp recordings.

First, we examined the amplitude of ADPs generated by depo-
larizing current pulses of increasing intensity applied at constant
prepulse V,, values, in the presence of TTX (Fig. 5B1). For a
prepulse V, of —60 mV, a sigmoid relationship was found between
the normalized ADP amplitude and the peak V/,, evoked by the
current pulse (Fig. 5BI). The ADP reached half-amplitude at —30
mV and saturated at 0 mV (Fig. 5B1, inset) (n = 7). Importantly, a
similar relationship was observed with prepulse potentials between
—90 and —60 mV. Because the ADPs are caused by the inactiva-
tion of Iy, these results imply that I, effectively inactivates in the
suprathreshold range of V..

For depolarizing pulses that completely inactivated I, (Fig.
5B1, saturation), the ADP amplitude depended on the prepulse V7,
for several reasons: it affects the driving force acting on K™ ions,
the R;, (Fig. 5B2, inset), and I, presumably activates in a voltage-
dependent manner (Fig. 4B1, open circles). Thus, to estimate the
voltage dependence of effective activation, we used: g, = AV, /(R;,,
*(V — E\)), where AV, is the amplitude of the ADP elicited from
a particular prepulse potential, R;,,, is the R;, at this potential (see
figure legend), and E, is the K™ equilibrium potential (—105 mV).
The normalized amplitude of the ADP varied as a function of the
prepulse potential (Fig. 5B2, filled circles with dashed line). The
continuous line (g,) was obtained after correction of the data for
the K™ driving force and R;,. Assuming that the depolarizing
pulses caused a complete inactivation of Igp, g, should reflect the
effective activation of Ig, at each prepulse V,, value.

The above analysis suggests the following explanation for the
genesis of ADPs. At hyperpolarized V,, values (Fig. 6A41), the
inactivation of Iy, caused by suprathreshold depolarizations elicits
little or no ADPs because Iy, was weakly activated before the
current pulse (Fig. 641, symbols) and the driving force acting on
K™ is small. In contrast, at more depolarized V,, values (Fig. 642),
the activation of I, is more important, and the inactivation caused
by suprathreshold depolarizations results in an ADP that subsides
slowly as Iy, progressively deinactivates (Fig. 642, symbols).

Physiological consequences of the persistent
inactivation of Igp

To test the impact of I, on the behavior of ITC cells, subthreshold
current pulses of constant amplitude were injected repeatedly be-
fore and after eliciting a spike train with a suprathreshold pulse
(Fig. 6B, arrows) (n = 10). When the trials were performed at V,
values negative to approximately —80 mV (Fig. 6BI), little or no
ADP was observed after the spike train, but the next few pulses,
which were previously subthreshold, became suprathreshold (see
figure legend). Similar results were obtained when the trials were
performed at more depolarized V,, values (Fig. 6B2), with two
exceptions: an ADP was evoked and the increased responsiveness
persisted longer. In fact, when the interpulse interval was adjusted
correctly (=1 sec), it persisted indefinitely, presumably because the
spikes evoked by the successive pulses maintained the inactivation
of Isp. Importantly, the above results could be reproduced using
synaptic inputs instead of current pulses (Fig. 6C), in six of eight
tested cells.
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Figure 6. Impact of I, on ITC respon-
siveness. A, Changes in the degree of ac-
tivation of /5, when suprathreshold cur-
rent pulses are applied from —75 (A1) or
=62 (42) mV. Symbols below traces indi-
cate the hypothesized state of the chan-
nels. B, Voltage response (fop trace) to
repetitive current pulses (bottom trace)
applied from a V,,, of —74 (BI) or —66
(B2) mV. C, Response to repetitive elec-
trical stimuli in the basolateral complex
delivered at two different frequencies be-
fore versus after a suprathreshold current
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DISCUSSION

In most cell types, ADPs are mediated by a Ca®"-activated non-
specific cationic current (mostly Na ™) and often require the appli-
cation of cholinergic agonists (Schwindt et al., 1988; Andrade,
1991; Bal and McCormick, 1993; Caeser et al., 1993; Fraser and
MacVicar, 1996; Haj-Dahmane and Andrade, 1998). Several re-
sults suggest that the ADPs displayed by ITC cells are generated
otherwise. Indeed, they survive manipulations preventing rises in
intracellular Ca®* concentration or synaptic transmission, they are
associated to an augmented R;,, they fluctuate in a Nernstian
manner with [K™],, and they are reduced by K-channel blockers.
Such properties would not be expected with a nonspecific cationic
current.

In light of these findings, we suggest that the ADPs displayed by
ITC neurons result from the closing of a K™ conductance (tenta-
tively termed Igp,). Although its precise voltage dependence was
not determined in the present study, it could be estimated by
analyzing fluctuations in ADP amplitude produced by graded de-
polarizations from a constant /,,, or depolarizations to a constant
value from different prepulse potentials. These analyses revealed
that I3, begins to activate with depolarization in the subthreshold
regime and that it effectively inactivates during suprathreshold

f
Cc2

depolarizations. After repolarization, I, deinactivates very
slowly, giving rise to ADPs lasting seconds.

These are unusual features for a K™ conductance (Rudy, 1988;
Hille, 1992; Coetzee et al., 1999). In fact, Iy, does not seem to
match previously described K channels, with the possible excep-
tion of those belonging to the ERG group, which have a similar
voltage dependence (Ganetzky et al., 1999). Yet, even in this case,
the correspondence is imperfect because the deinactivation of
ERG channels is faster by one order of magnitude (Ganetzky et al.,
1999).

The fact that I, effectively activates and inactivates in partially
nonoverlapping ranges of potentials, coupled to its slow deinacti-
vation, confer unusual electroresponsive properties on cells ex-
pressing this current. Consider the example of a neuron maintained
at approximately —60 mV by ongoing network activity. At this V,
I will reach near maximal effective activation. As a result, the
responsiveness of this cell to excitatory synaptic inputs will depend
on its recent firing history. Indeed, repetitive spiking will switch the
cell to a more excitable state because it will inactivate Igp,, thereby
increasing the R;, and moving the V, closer to spike threshold.
Thus, the cell will have a higher probability of responding to
excitatory inputs. Moreover, because each orthodromic spike will
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tend to “renew” the inactivation of Iy, the cell might remain in
this state for a prolonged period of time.

These findings take on a particular significance in ITC cells.
Indeed, there is a lateromedial correspondence between the posi-
tion of ITC cells, their projection site in the central nucleus, and
the source of their afferents in the basolateral complex (Royer et
al.,, 1999) (Fig. 1). Furthermore, ITC neurons inhibit each other,
with intra-ITC connections preferentially running in a lateromedial
direction (Royer et al., 2000) (Fig. 1). Because of these intrinsic
connections, the feedforward inhibition generated by ITC neurons
and, indirectly, the amplitude of the responses of central neurons
depend on which combination of basolateral nuclei are activated
and in what sequence. Thus, increases in the responsiveness of
particular ITC clusters (via the inactivation of Ig,) can bias this
network to dampen excitatory inputs to specific population of
central neurons and enhance the responses of others via laterome-
dial inhibitory I'TC connections. Such modal shifts in the excitabil-
ity of ITC cells could profoundly alter emotional reactivity because
neurons of the central nucleus, via their projections to the brain-
stem and hypothalamus, play a critical role in the expression of fear
(Kapp et al., 1992; Davis et al., 1994; LeDoux, 1995).
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