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M-Type Potassium Channels Modulate the Intrinsic
Excitability of Infralimbic Neurons and Regulate Fear
Expression and Extinction

Edwin Santini' and James T. Porter?
'Department of Pharmaceutical Sciences, College of Pharmacy, Nova Southeastern University, Ponce, Puerto Rico 00732-2222, and 2Department of
Pharmacology and Physiology, Ponce School of Medicine, Ponce, Puerto Rico 00732

Growing evidence indicates that the activity of infralimbic prefrontal cortex (IL) is critical for inhibiting inappropriate fear responses
following extinction learning. Recently, we showed that fear conditioning and extinction alter the intrinsic excitability and bursting of IL
pyramidal neurons in brain slices. IL neurons from Sprague Dawley rats expressing high fear had lower intrinsic excitability and bursting
than those from rats expressing low fear, suggesting that regulating the intrinsic excitability and bursting of IL neurons would modulate
fear expression. To test this, we combined patch-clamp electrophysiology, auditory fear conditioning, and IL infusions of M-type K *
channel modulators. Patch-clamp recordings from IL neurons showed that the M-type K * channel blocker, XE-991, increased the
number of spikes evoked by a depolarizing pulse and reduced the first interspike interval indicating enhanced bursting. To test whether
pharmacological enhancement of IL excitability and bursting reduces fear expression and facilitates extinction, fear-conditioned rats
were infused with XE-991 into IL before extinction training. XE-infused rats showed reduced freezing and facilitated extinction compared
to vehicle-infused rats. The following day, recall of extinction memory was enhanced. Reducing IL excitability and bursting with the
M-type K channel agonist, flupirtine, had the opposite effect. Flupirtine reduced IL spike count and bursting in brain slices. Fear-
conditioned rats infused with flupirtine into IL before extinction showed significantly higher levels of freezing, indicating that stimula-
tion of M-channels enhanced fear expression. Our findings suggest that the intrinsic excitability and bursting of IL neurons regulate fear

expression even before extinction.

Introduction

Deficits in the mechanisms underlying fear extinction are
thought to be the basis of certain anxiety disorders, such as post-
traumatic stress disorder (PTSD) (Rothbaum and Davis, 2003;
Milad et al., 2006). Inappropriate regulation of fear responses is
proposed to be due in part to a hypoactive medial prefrontal
cortex (mPFC) in PTSD patients (Shin et al., 2004; Milad et al.,
2007). Studies done in rodents have strongly implicated the in-
fralimbic subregion of the mPFC (IL) in inhibiting conditioned
fear responses following extinction (Quirk et al., 2006). Disrup-
tion of IL function by using electrolytic lesions (Quirk et al., 2000,
Lebron et al., 2004) or pharmacological inactivation (Sierra-
Mercado et al., 2006) before extinction training impaired subse-
quent recall of extinction memory. Intra-IL blockade of NMDA
receptors (Burgos-Robles et al., 2007), protein kinases (Hugues et
al., 2006), and protein synthesis (Santini et al., 2004; Mueller et
al., 2008) also prevented extinction recall. Furthermore, potenti-
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ation of IL activity following fear extinction has been correlated
with good recall of extinction (Herry and Garcia, 2002; Milad and
Quirk, 2002; Barrett et al., 2003). Together, these findings suggest
that extinction-induced plasticity in IL is required for recalling
extinction memory.

Recently, we showed that fear conditioning reduced the in-
trinsic excitability of IL pyramidal neurons in brain slices and
their ability to fire bursts of action potentials (Santini et al., 2008).
In the same study, fear extinction increased IL excitability back to
preconditioning levels and enhanced the burst firing of IL neu-
rons. Furthermore, the first interspike interval in IL neurons was
negatively correlated with fear behavior 24 h after extinction
training. Together, these results suggest that the intrinsic excit-
ability of IL neurons and their ability to fire bursts of action
potentials controls fear expression. In line with this, burst firing
in IL neurons in vivo shortly after extinction training correlates
with good recall of fear extinction memory the next day (Burgos-
Robles et al., 2007). Although these studies implicate IL excitability
changes in modulating fear extinction, it remains to be determined
whether changes in IL intrinsic excitability per se are sufficient to
regulate fear expression and extinction. Thus, we hypothesize that
pharmacological agents that directly enhance the intrinsic excit-
ability and bursting of IL neurons will decrease fear expression
and facilitate extinction.

In other brain structures, the M-type K™ channels modulate
neuronal excitability and bursting (Aiken et al., 1995; Zaczek et
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al., 1998; Yue and Yaari, 2004; Vervaeke et al., 2006; Yoshida and
Alonso, 2007). Since M-type K * channels are active in the voltage
range for action potential initiation, they regulate the dynamics
of the neuronal firing (Rogawski, 2000; Hu et al., 2002; Peters et
al., 2005). In hippocampal pyramidal cells, M-type K™ channels
contribute to the afterhyperpolarization that occurs after single
action potential and can, thereby, modulate the ability of neurons
to fire bursts (Brown and Passmore, 2009). Therefore, to directly
test whether IL excitability and bursting determines fear expres-
sion, we manipulated intrinsic excitability and bursting of IL
neurons by blocking or enhancing the M-type K™ channels be-
fore extinction training.

Materials and Methods

Subjects. The procedures were approved by the Institutional Animal Care
and Use Committee of the Ponce School of Medicine in compliance with
National Institutes of Health guidelines for the care and use of laboratory
animals. Male Sprague Dawley rats (25-30 d postnatal) were transported
from the Ponce School of Medicine colony to a satellite facility nearby
where they were housed in transparent polyethylene cages inside a
negative-pressure Biobubble (Colorado Clean Room). Rats were main-
tained on a 12/12 h light/dark schedule with ad libitum access to food
(standard laboratory rat chow) and water.

Slice preparation. Naive rats were deeply anesthetized with pentobar-
bital (150 mg/kg), and were perfused through the heart with ice-cold
high sucrose solution: 252 mm sucrose, 2 mm KCl, 1.25 mm NaH,PO,, 3
mum MgSO,, 26 mm NaHCO;, 20 mum glucose, and 1 mm CaCl,. Brains
were quickly removed and placed in ice-cold artificial CSF (ACSF) con-
taining 126 mm NaCl, 3 mm KCI, 1.25 mm NaH,PO,, 1 mm MgSO,, 26
mum NaHCOj, 20 mum glucose, and 2 mm CaCl, and bubbled with 95% O,
and 5% CO,. Coronal slices of the mPFC were cut at a thickness of 300
um with a Vibratome 1000 Plus (Vibratome). Slices were incubated at
room temperature in ACSF for at least 1 h before experiments. The
NMDA receptor blocker MK-801 (10 um) was added during the incuba-
tion of slices to increase neuronal survival (Schurr et al., 1995).

Slices were transferred to a submersion recording chamber mounted
and perfused at 2—3 ml/min with room temperature ACSF. Neurons were
visualized with infrared video microscopy using a 40X water-immersion
objective on an upright E600FN microscope (Nikon Instruments).
Whole-cell recordings were done with glass pipettes with a resistance of
3-5 MQ) when filled with an internal solution containing KCl (20),
K-gluconate (115), HEPES (10), sodium phosphocreatine (10), biocytin
(10), ATP (2), and GTP (3); pH was adjusted to 7.3 with KOH (290
mOsm).

Current-clamp recordings. Whole-cell current-clamp recordings were
obtained from the soma of mPFC pyramidal neurons located in layers
II/III and V of IL. Cells were held in current-clamp mode at —60 mV and
action potential discharges in response to the injection of depolarizing
current pulses were recorded with a patch-clamp amplifier (MultiClamp
700A, Molecular Devices). Recordings were filtered at 4 kHz, digitized at
10 kHz, and saved to computer using pCLAMP9 (Molecular Devices).
Membrane potentials were not corrected for the junction potential of 9
mV. The input resistance was measured from a 5 mV, 50 ms depolarizing
pulse in voltage-clamp mode.

Morphological analysis. Biocytin (5 mm) was included in the recording
solution to label the neurons for post hoc morphological identification of
IL pyramidal neurons. At the end of the electrophysiological recordings,
the slices were fixed overnight in 4% paraformaldehyde. Neurons were
subsequently visualized with a standard avidin—biotin peroxidase proce-
dure (Vectastain ABC kit, Vector Laboratories) as previously described
(Porter et al., 2001) and visualized with brightfield microscopy.

Behavioral apparatus. Rats were fear conditioned, extinguished, and
tested in a chamber of 25 X 29 X 28 cm with aluminum and Plexiglas
walls (Coulbourn Instruments). The floor consisted of stainless-steel
bars that could be electrified to deliver a mild shock. A speaker was
mounted on the outside wall, and illumination was provided by a single
overhead light. The chamber was situated inside a sound-attenuating box
(Med Associates) with a ventilating fan, which produced an ambient
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noise level of 60 dB. The conditioned stimulus (CS) was a 4 kHz tone with
duration of 30 s and an intensity of 80 dB. The unconditioned stimulus
(US) was a 0.4 mA scrambled footshock, 0.5 s in duration, which co-
terminated with the tone during the conditioning phase. Between ses-
sions, floor trays and shock bars were cleaned with soapy water and the
chamber walls were wiped with a damp cloth. Behavior was recorded
with digital video cameras (Micro Video Products).

Surgery. Rats were anesthetized with ketamine and xylazine (10 ml/100
g) and placed in the stereotaxic apparatus. After anesthesia, the skin was
retracted and holes were drilled in the skull. They were implanted with a
single 26 gauge stainless-steel guide cannula (Plastics One) in the mPFC
as described previously (Santini et al., 2004 ). Stereotaxic coordinates aim-
ing toward the infralimbic cortex were 2.8 mm anterior, 1.0 mm lateral, and
4.1 mm ventral from bregma and toward the prelimbic cortex were 2.5 mm
anterior, 0.5 mm lateral, and 3.2 mm ventral from bregma (Paxinos and
Watson, 1986), with the cannula angled 11° toward the midline in the coro-
nal plane. Rats were allowed 7 d to recover from surgery.

Drugs and infusion procedure. Ten minutes before extinction training,
10,10-bis(4-pyridinylmethyl)-9(10 H)anthracenone dihydrochloride (XE-991,
10 uM, Ascent Scientific) or 2-amino-6-[[(4-fluorophenyl)methyl]
amino]-3-pyridinyl-carbamic acid ethyl ester maleate salt (flupirtine mal-
eate, 30 M, Sigma) was infused into the medial prefrontal cortex. XE-991
was dissolved in artificial CSF (ACSF-vehicle), and flupirtine was dissolved
in 0.3% dimethylsulfoxide (DMSO-vehicle). For the infusions, cannula
dummies were removed from guide cannulas and replaced with 33 gauge
injectors, which were connected by polyethylene tubing (PE-20; Small Parts)
to 5 ul syringes mounted in an infusion pump (Harvard Apparatus). Drugs
were infused at a rate of 0.5 wl/min for 1 min.

Behavioral procedure. On day 1, rats received 3 tone-shock pairings
(conditioning phase). After matching for equivalent levels of freezing-
conditioned rats were divided into the vehicle group (Veh) and the drug
group (XE or Flu). On day 2, rats were infused with vehicle or drug
followed by 12 tone-alone trials (extinction phase). On days 3-5, rats
received two tone-alone trials in the same chamber to test for recall of
extinction (test phase).

Open field. Rats were tested for locomotion and anxiety in an open
field (arena: 91.4 X 91.4 X 61 cm). To quantify locomotion, the total
distance that the rats moved in the arena was calculated. To determine
whether the drugs had any effect on general anxiety levels, the amount of
time that the rats spent in the center (61 X 61 cm) of the arena was
calculated. Both parameters were analyzed using an automated tracking
software (EthoVision XT, Noldus Information Technology) by an ob-
server blinded with respect to experimental group. Rats were given infu-
sions of vehicle (n = 12), XE-991 (10 um, n = 6), or flupirtine (30 wm,
n = 6) 10 min before a 5 min session in the arena.

Statistical analysis. The percentage of time spent freezing (Blanchard
and Blanchard, 1972) was used as a measure of conditioned fear. Freezing
is the cessation of all movements except respiration. The total time spent
freezing during the 30 s tone was scored from videotape with a digital
stopwatch by observers blinded with respect to experimental group. The
electrophysiological data were analyzed using Clampfit (Molecular De-
vices). Student’s t test or one-way ANOVA (STATISTICA, Statsoft) were
used to analyze the behavioral and electrophysiological data. Following a
significant main effect, post hoc tests were performed with Tukey HSD
tests. Values are reported as the mean * SEM.

Results

Blockade of M-type K* channels increased the number of
evoked spikes and burst firing in IL pyramidal neurons

Before testing whether the intrinsic excitability of IL neurons is a
determinant of fear expression, we first assessed the effects of the
M-type K™ channel blocker XE-991 on the membrane excitabil-
ity of IL pyramidal neurons. At a concentration of 10 uM, XE-991
selectively blocks M-type K™ channels (Wang et al., 1998). To
measure neuronal intrinsic excitability, we examined two param-
eters: number of evoked action potentials and the first interspike
interval (ISI). Coronal slices of the mPFC containing IL were
prepared and the intrinsic excitability of IL neurons was assessed
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Figure 1. Blockade of M-type K™ channels with XE-991 increased the intrinsic excitability of IL pyramidal neurons. 4, Trace ISI. There was no significant difference in

examples showing the number of spikes evoked by a current pulse during baseline, perfusion with the M-type K ™ channel blocker
(XE-991, 10 um), and washout. B, €, Time course and bar graph demonstrating that perfusion of XE-991 persistently increased the
number of evoked spikes. D, Distribution of spike counts before and after bath applying XE-991. E, F, Example traces and bar graph
showing that XE-991 decreased the ISIs independent of the number of evoked action potentials. (**p << 0.01; *p < 0.05).

with whole-cell patch-clamp recordings. To determine the effects
of XE-991 on the relative excitability of IL neurons, we measured
the number of action potentials elicited by a depolarizing current
pulse. To standardize baseline firing across cells, the intensity of
the current pulse was adjusted for each cell to evoke between
three to four spikes. Bath application of 10 um XE-991 caused a
significant and persistent increase in the number of spikes evoked
by a current pulse (Fig. 1A-C). One-way ANOVA revealed a
significant main effect of drug (F, 55, = 6.9153, p < 0.01). Post
hoc comparisons indicated that XE-991 increased the number of
evoked action potentials (XE = 153 = 14% of baseline; p < 0.01).
Figure 1D shows the distribution of spike count before and after
XE-991. The effect of XE-991 did not reverse after 12 min of
washout (washout = 143 = 11% of baseline; p = 0.02) consistent
with previously reported slow reversal of XE-991’s effects after
30—40 min (Yue and Yaari, 2004).

To determine whether blockade of M-type K™ channels facil-
itated bursting firing in IL neurons, we assessed the effects of
XE-991 on the first ISI independent of the number of evoked
action potentials. We injected current at different intensities
ranging from —20 pA to 340 pA before and after bath application
of XE-991. Since the number of spikes can affect the ISI, the first
ISI was compared in the traces that had the same number of
evoked spikes (four spikes). Figure 1E shows examples of traces
in which a depolarizing current step of 162 pA and 150 pA evoked
four spikes before and after bath application of XE-991, respec-
tively. In the presence of XE-991, the neuron discharged spikes
with a shorter first ISI. Figure 1 F shows that XE-991 significantly

the fAHP measured after the second
(105.8% of baseline; t = 0.62, df = 5, p >
0.05) or third (103% of baseline; t = 0.26,
df = 5, p > 0.05) action potential. To-
gether these findings indicate that block-
ade of M-type K™ channels enhances the
intrinsic excitability and burst firing of IL pyramidal neurons.
Therefore, blocking M-type K™ channels will allow us to enhance
IL intrinsic excitability and burst firing to determine whether IL
intrinsic excitability and burst firing modulates the expression of
conditioned fear and fear extinction.

Blockade of M-type K* channels reduced fear expression and
facilitated fear extinction

To determine whether IL excitability regulates fear expression,
rats implanted with cannulas aimed toward the mPFC were fear
conditioned to a tone (Fig. 3A). Following fear conditioning on
day 1 (Fig. 3B), rats were matched and divided into two groups
based on their levels of conditioned freezing during the last block
of conditioning trials (vehicle: 66% = 6.4, XE-991: 64% * 7.0;
t = 0.27, df = 21, p = 0.78). On day 2, rats received intra-IL
infusions of either vehicle solution (n = 11) or XE-991 (10 M,
n = 12) 10 min before extinction training. XE-infused rats
showed lower levels of conditioned freezing compared to vehicle-
infused rats during the first extinction trial block, indicating that
XE-991 reduced fear expression per se independent of facilitating
extinction training. Repeated-measures ANOVA across the ex-
tinction phase on day 2 revealed a main effect of drug (F(, ,,) =
6.26, p < 0.05). Post hoc comparisons indicated that XE-infused
rats froze significantly less than vehicle-infused rats during the
first four trial blocks ( p < 0.05). On day 3, XE-infused rats still
showed lower levels of conditioned freezing compared to
vehicle-infused rats (¢t = 3.34, df = 21, p = 0.003). No signif-
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Figure 2.  XE-991 reduced the afterhyperpolarizing potential following a single action po-
tential but not a burst of action potentials. A, Superimposed average traces of the afterhyper-
polarizing potential generated by a burst of action potentials (mAHP) evoked with an 800 ms
current pulse before and after applying XE-991 showing that XE-991 had no effect on the mAHP.
Responses to depolarization were truncated to emphasize the mAHP. B, Superimposed traces of
the fAHP before and after applying XE-991. Action potentials were truncated for clarity. C, Bar
graph showing the average effect of XE-991 on the input resistance (R;,), mAHP, and the fAHP.
**p < 0.001.

icant difference was observed between the groups on day 5
(p > 0.05).

Rats infused with XE-991 into IL showed decreased fear ex-
pression 24 h later. This could be explained by a fear expression
deficit that facilitated recall of extinction the following day. An-
other plausible explanation is that blockade of M-type K " chan-
nels in IL prevented consolidation of long-term extinction
memory. To test this possibility, fear-conditioned rats were in-
fused with vehicle (n = 8) or XE-991 (n = 12) into IL immedi-
ately after extinction training on day 2 (Fig. 3C). As shown in
Figure 3D, rats infused with XE-991 after extinction showed sim-
ilar levels of freezing to vehicle-treated rats on day 3 (vehicle:
40 = 15%, XE-991: 20 = 8%; t = 1.26, df = 18, p = 0.22),
indicating that posttraining blockade of M-type K channels did
not affect consolidation of fear extinction. Together, these find-
ings suggest that enhancing IL excitability facilitates extinction
recall by reducing fear expression during extinction training
rather than by enhancing consolidation of extinction memory.
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Since rats infused with XE-991 showed decreased freezing ex-
pression immediately after the infusion, it is possible that this
effect was due to a drug-induced increase in locomotion indepen-
dent of memory formation. To rule out this possibility, rats re-
ceived intra-IL infusions of vehicle (n = 6) or XE-991 (n = 6) and
were allowed to explore an open field. Blockade of M-type K™
channels had no effect on locomotor behavior, since there was no
difference in the total distance that the rats moved across the
open field (vehicle: 7968 = 646 cm; XE: 7806 = 433 cm; ¢ = 0.21,
df = 10, p = 0.84). In addition, rats infused with XE-991 spent
similar amount of time in the center of the open field (vehicle:
3.4 = 0.56 s; XE: 3.0 = 0.54 s; t = 0.45, df = 10, p = 0.66).
Together these results indicate that reduced freezing after block-
ing M-type K™ channels in IL is not attributable to changes in
locomotion or general anxiety levels.

Stimulation of M-type K* channels reduced the number of
evoked spikes and burst firing in IL pyramidal neurons

The results described above show that blockade of M-type K™
channels in IL resulted in reduced conditioned freezing and fa-
cilitation of extinction. In the following experiments, we exam-
ined whether activation of M-type K™ channels would produce
the opposite results, i.e., enhance fear expression and impair ex-
tinction. To test this, we used the M-type K* channel agonist
flupirtine to decrease neuronal excitability. Figure 4A—C show
that bath application of flupirtine (30 uM) reduced the number of
evoked action potentials in IL neurons. One-way ANOVA re-
vealed a significant main effect of drug (F,,,) = 35.92, p <
0.001), and post hoc comparisons indicated that flupirtine re-
duced the number of evoked action potentials (16 = 3% of base-
line; p < 0.001). This effect did not reverse during washout
recordings (washout = 49 * 12% of baseline; p = 0.01). Flupir-
tine also significantly increased the first interspike interval indi-
cating that stimulation of M-type K™ channels reduced bursting
firingin IL (Fig. 4 D) (251 * 63% of baseline; t = 2.79,df = 5,p =
0.03). Flupirtine also reduced the input resistance (87% of base-
line; t = 8.2,df = 5, p = 0.001) consistent with opening of M-type
K™ channels.

Stimulation of M-type K™ channels in IL enhanced fear
expression and delayed extinction
To determine whether reducing IL intrinsic excitability and
bursting affects fear expression and extinction, we repeated the
behavioral experiments and infused flupirtine (30 um) into IL on
day 2 before extinction training (Fig. 5A, B). Both groups of rats
showed similar levels of conditioned freezing on day 1 (vehicle:
51% = 4.2, Flu: 51% = 5.1; p = 0.19). However, on day 2 Flu-
infused rats showed significantly higher levels of conditioned
freezing compared to vehicle rats, indicating that reducing IL
excitability facilitated the expression of conditioned fear.
Repeated-measures ANOVA across the extinction phase on day 2
revealed a main effect of group (F(, 39 = 5.9, p = 0.02) and a
significant trial by group interaction (Fs ;50) = 2.8, p < 0.05).
Post hoc comparisons indicated Flu-infused rats froze signifi-
cantly more than vehicle-infused rats during the first four trial
blocks ( p < 0.05). Although, no significant difference was ob-
served between the groups on day 3, flupirtine significantly
enhanced fear expression on days4 and 5 ( p < 0.05). Together
these findings indicate that reducing the intrinsic excitability
and bursting of IL neurons enhances the expression of condi-
tioned fear.

To test whether the effects of flupirtine were due to reduced
locomotion or enhanced general anxiety independent of the con-
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Figure3. Infusions of XE-991into IL before, but not after, extinction training reduced fear expression and facilitated extinction.
A, Diagram showing the location of the cannula tips in IL for the vehicle (white circles) and XE-991 (black circles) groups for the
preextinction infusion experiment. B, Percentage freezing to the tone for vehicle-infused rats (n = 12) and rats infused with
XE-991(10 wm, n = 12) into IL before extinction training. XE-infused rats showed reduced fear expression on days 2— 4. C, Diagram
showing the location of the cannula tips in IL for the vehicle (white circles) and XE-991 (black circles) groups for the postextinction
infusion experiment. D, Percentage freezing to the tone for vehicle-infused rats (n = 8) and rats infused with XE-991 (10 um, n =
12) into IL immediately after extinction training (day 2). No difference was observed between vehicle-treated and XE-treated rats
in the levels of conditioned freezing on day 3. Arrows indicate the time of the infusion. (*p << 0.01).
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Figure4. Stimulation of M-typeK * channels with flupirtine reduced the intrinsic excitability of IL pyramidal neurons. 4, Traces
showing the number of spikes evoked by a current pulse during baseline, perfusion with the M-type K * channel agonist (flupir-
tine, 30 um) and washout. B, €, Time course and bar graph showing that flupirtine application decreased the number of evoked
spikes in IL pyramidal neurons (n = 6). D, Flupirtine also increased the interspike intervals, consistent with reduced bursting in IL.
(**p < 0.001).

ditioned fear memory, rats were infused into IL with vehicle (n =
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time that the rats spent in the center of the
field (vehicle: 4.4 = 1.3 s, Flu: 4.4 = 1.4s;
t = 0.01, df = 10, p = 0.99). Therefore,
flupirtine did not enhance fear expression
by decreasing locomotion or anxiety levels.

Stimulation of M-type K* channels in
PL reduced fear expression, but had no
effect on fear extinction

Since the inhibition of IL neuronal activ-
ity with tetrodotoxin (Sierra-Mercado et
al., 2006) or the GABA , agonist muscimol
(Laurent and Westbrook, 2009) did not
increase fear expression, we were sur-
prised to find that reducing IL neuronal
excitability with flupirtine enhanced fear
expression. Studies have shown that, in
contrast to IL, the prelimbic subregion of
the mPFC (PL) facilitates fear expression
(Vidal-Gonzalez et al., 2006; Corcoran
and Quirk, 2007; Burgos-Robles et al,,
2009). Therefore, to rule out the possibility
that flupirtine increased fear expression by
affecting PL, we examined the effects of flu-
pirtine on fear conditioning and extinction
in an additional group of rats implanted
with cannulas aimed toward PL (Fig. 6 A).
Rats were fear conditioned and, 24 h later,
flupirtine (30 wMm) was infused into PL be-
fore extinction training. As shown in Fig-
ure 6B, Flu-infused rats showed lower
levels of conditioned freezing compared
to vehicle-infused animals during the first
two trials of the extinction session (vehi-
cle: 80% * 6.2, n = 6; Flu: 49% * 10.6,
n = 6; p < 0.05). However, both groups
extinguished to the same levels by the end
of the extinction phase. In addition, no
difference between the groups was ob-
served during recall of extinction the fol-
lowing day (vehicle: 57 = 16%, Flu: 49 =
17%; p = 0.13). Therefore, decreasing PL
intrinsic excitability resulted in reduced
fear expression but had no effect on ex-
tinction learning or recall.

Discussion

Our results show that direct pharmaco-
logical manipulation of the intrinsic ex-
citability and bursting of IL neurons
modulates the expression of condi-
tioned fear. Enhancing the excitability
and bursting of IL neurons by blocking
M-type K™ channels reduced fear expres-
sion and facilitated extinction recall. In
contrast, stimulation of M-type K™ chan-
nels on IL neurons reduced neuronal ex-
citability and bursting and enhanced the
expression of conditioned fear. Thus, fear

6) or flupirtine (n = 6) and allowed to explore an open field for 5  expression can be bidirectionally modified by manipulating the
min. There was no significant difference between the groups in  intrinsic excitability of IL neurons.

terms of total distance moved (vehicle: 6750 = 282 cm, Flu: How can M-type K™ channels modulate fear expression?
6293 * 1204 cm; t = 0.37, df = 10, p = 0.72) or the amount of ~ Consistent with results from the hippocampus (Yue and Yaari,
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Figure5. Infusions of flupirtine into IL before extinction training enhanced fear expression.

A, Diagram showing the location of the cannula tips in IL for the vehicle (white circles) and
flupirtine (black circles) groups. B, Freezing to the tone for vehicle-infused rats (n = 16) and
rats infused with flupirtine (30 wm, n = 16). Flupirtine enhanced fear expression on days 2, 4,
and 5. The arrow indicates the time of the infusion. *p << 0.05.
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Figure 6.  Infusions of flupirtine into the PL before extinction training reduced fear expres-
sion. A, Diagram showing the location of the cannula tips in PL for the vehicle (white circles) and
flupirtine (black circles) groups. B, Freezing to the tone for vehicle-infused rats (n = 6) and rats
infused with flupirtine (30 wum, n = 6). Flupirtine-infused rats showed reduced fear expression
on day 2. No significant difference between the groups was observed on days 3-5. The arrow
indicates the time of the infusion. *p << 0.05.

2004; Gu et al., 2005), blocking M-type K ¥ channels increased
the number of evoked spikes in response to a depolarizing cur-
rent pulse and shortened the first ISI indicating an enhanced
ability to fire bursts of action potentials. We recently showed that
neurons from fear extinguished animals, showing low fear ex-
pression at test, fired spikes with shorter first ISIs in brain slices
(Santini et al., 2008). In line with this, IL bursting in vivo corre-
lates with low fear expression (Burgos-Robles et al., 2007). There-
fore, XE-991 may have decreased fear expression by increasing IL
bursting during extinction. In addition, blocking M-type K™

Santini and Porter e Fear Regulation and M-Type K™ Channels in IL

channels depolarized the neurons, thereby bringing them closer
to threshold, and increased the input resistance, which would
enhance depolarization and summation of synaptic inputs. Since
blocking M-channels in slices (Lampe et al., 1997; Fontén-
Lozano etal., 2009) and in vivo (Fontan-Lozano et al., 2009; Song
et al., 2009) lowers the threshold for inducing long-term poten-
tiation, the enhanced IL excitability may have facilitated synaptic
plasticity to increase the long-term stabilization of the extinction
memory. Although the lack of effect of postextinction infusions
of XE-991 on extinction recall suggests that XE-991 did not affect
consolidation of fear extinction, the XE-mediated increase in IL
excitability may need to occur during presentations of the tone to
facilitate recall of extinction the following day. Consistent with
this, previous studies have shown that brief electrical stimulation
in IL during extinction facilitates extinction recall 24 h later only
when the stimulation is given 0.1 s after tone onset (Milad and
Quirk, 2002; Milad et al., 2004). Therefore, increasing IL excit-
ability might facilitate long-term extinction memory only if the
increase in excitability occurs during extinction training.

We observed that intra-IL blockade of M-type K™ channels
with XE-991 reduced conditioned freezing even to the first tone-
alone trial, before extinction learning. Since XE-991 increased the
number of evoked spikes in response to a depolarizing current
pulse and shortened the first ISI in IL neurons in slices, the infu-
sion of XE-991 presumably increased the firing of IL neurons in
response to synaptic inputs and enhanced bursting. Similarly,
enhancing IL activity via electrical stimulation also reduced fear
expression before extinction learning (Milad et al., 2004). Phar-
macological or electrical stimulation of IL activity may reduce
fear expression by activating glutamatergic projections from IL to
GABAergic intercalated cells (Vertes, 2004; Gabbott et al., 2005;
Likhtik et al., 2008), resulting in decreased activity in the central
nucleus of the amygdala that controls fear expression (Quirk et
al., 2003; Likhtik et al., 2005).

Enhancing M-type K™ channel activity with localized infu-
sions of flupirtine into IL increased conditioned freezing to the
first extinction tone. Since fear conditioning does not enhance
the activity of IL neurons (Milad and Quirk, 2002), our results
suggest that basal IL activity modulates conditioned fear. Consis-
tent with this idea, we previously observed that after fear condi-
tioning when fear expression is increased the intrinsic excitability
and bursting of IL neurons is reduced (Santini et al., 2008). Al-
though numerous studies indicate that IL plays a critical role in
extinction recall (Quirk et al., 2006), our data suggest that IL
activity is important for modulating conditioned fear even before
fear extinction. In contrast to our results, infusion of tetrodo-
toxin (Sierra-Mercado et al., 2006) or muscimol (Laurent and
Westbrook, 2009) into IL before fear extinction did not enhance
fear expression. One possible explanation for this discrepancy
that the concentrations of tetrodotoxin (63 um) and muscimol
(220 uMm) infused into IL reached PL at concentrations sufficient
to inhibit PL activity, which has been shown to be important for
fear expression (Laurent and Westbrook, 2009). In brain slices,
tetrodotoxin inhibits sodium channels at a concentration of 1 um
(Stuart etal., 1997) and 10 uM muscimol silences firing (Gribkoff
etal., 2003). Therefore it is possible that, even after being diluted by
diffusion away from the site of infusion, the tetrodotoxin and mus-
cimol may have reached PL at a concentration sufficient to inhibit PL
activity. We infused 30 uMm flupirtine, which causes a submaximal
activation of M-type K™ currents in brain slices (Wladyka and
Kunze, 2006). Therefore, flupirtine would more quickly reach inef-
fective concentrations as it diffused from the infusion site, thereby
restricting the region in which mPFC neurons were inhibited.
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Recent work has shown that, in contrast to IL, PL facilitates
fear expression (Vidal-Gonzalez et al., 2006; Corcoran and
Quirk, 2007; Laurent and Westbrook, 2009). In further support
of this, we observed that rats infused with flupirtine into PL
showed lower levels of conditioned fear. This effect is likely due to
the activation of M-type K™ channels in PL, which would hyper-
polarize the cells and thereby reduce their excitability and prevent
the sustained neuronal responses to the tone (Burgos-Robles et
al., 2009). As flupirtine infused into PL and IL enhanced and
reduced fear expression, respectively, these data further sup-
port the view that IL and PL play opposite roles during the
expression of conditioned fear responses (Vidal-Gonzalez et al.,
2006; Corcoran and Quirk, 2007). Inhibiting PL neuronal excit-
ability with flupirtine parallels the findings of a recent study
showing that inactivation of PL with muscimol reduced the ex-
pression of fear responses but had no effects on long-term fear
extinction (Laurent and Westbrook, 2009).

The fact that pharmacological modulation of M-type K™ chan-
nels altered fear extinction does not mean that fear extinction in-
duces changes in the expression of the M-type K* channels. Our
finding that extinction recall was enhanced 24 h later when the
XE-991 should be no longer present suggests that a prolonged
reduction in M-type K™ currents is not needed to enhance recall
of extinction. Therefore, we propose that a temporary reduction
in M-type K" channel activity during extinction training is suf-
ficient to facilitate extinction recall.

Since muscarinic receptors in other structures inhibit M-type
K™ channels (Brown and Passmore, 2009) and acetylcholine
modulates various types of learning (Power et al., 2003a,b; Boccia
etal., 2009), during fear extinction cholinergic projections to IL
may release acetylcholine to activate muscarinic receptors caus-
ing inhibition of M-type K™ channels. It is also possible that
endocannabinoids produced in IL during extinction (Lin et al.,
2008, 2009) may inhibit M-type K™ channels (Schweitzer, 2000;
Kano et al., 2009). The inhibition of M-type K™ channels depo-
larizes the neurons and increases their membrane resistance to
increase the probability that the IL neurons will fire spikes during
the tone. Fewer active M-type K™ channels will also allow the
neurons to fire bursts of action potentials, which will strengthen
the activation of downstream targets such as the inhibitory neu-
rons in the amygdala to reduce fear expression (Vertes, 2004;
Gabbott et al., 2005; Likhtik et al., 2008). The enhanced IL burst-
ing may also facilitate the potentiation of synaptic inputs neces-
sary to suppress fear by enhancing calcium spikes in the IL
dendrites (Schiller etal., 1998; Schiller and Schiller, 2001; Burgos-
Robles et al., 2007).

Over the last decade, the interest in understanding the neuro-
biology of fear extinction has grown (Myers and Davis, 2002). It
has been suggested that PTSD patients are deficient in their abil-
ity to form strong extinction memories (Charney and Deutch,
1996; Bechara et al., 1999; Rothbaum and Davis, 2003; Milad et
al., 2006, 2008, 2009). Even though extinction-based exposure
therapy is being used to treat PTSD patients, relapse accompanied by
exaggerated fear responses is commonly observed (Pitman et al.,
2001; van Minnen and Hagenaars, 2002; Davis et al., 2006; Rauch et
al., 2006). M-type K * channel antagonists might be used in combi-
nation with exposure therapy to reduce the inappropriate expression
of fear responses observed in PTSD patients.
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