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Presentation of drug-associated cues provokes craving and drug seeking,
and elimination of these associative memories would facilitate recovery from
addiction. Emotionally salient memories are maintained during retrieval, as particular
pharmacologic or optogenetic perturbations of memory circuits during retrieval, but
not after, can induce long-lasting memory impairments. For example, in rats, inhibition
of noradrenergic beta-receptors, which control intrinsic neuronal excitability, in the
prelimbic medial prefrontal cortex (PL-mPFC) can cause long-term memory impairments
that prevent subsequent cocaine-induced reinstatement. The physiologic mechanisms
that allow noradrenergic signaling to maintain drug-associated memories during
retrieval, however, are unclear. Here we combine patch-clamp electrophysiology ex vivo
and behavioral neuropharmacology in vivo to evaluate the mechanisms that maintain
drug-associated memory during retrieval in rats. Consistent with previous studies, we
find that cocaine experience increases the intrinsic excitability of pyramidal neurons in
PL-mPFC. In addition, we now find that this intrinsic plasticity positively predicts the
retrieval of a cocaine-induced conditioned place preference (CPP) memory, suggesting
that such plasticity may contribute to drug-associated memory retrieval. In further
support of this, we find that pharmacological blockade of a cAMP-dependent signaling
cascade, which allows noradrenergic signaling to elevate neuronal excitability, is
required for memory maintenance during retrieval. Thus, inhibition of PL-mPFC neuronal
excitability during memory retrieval not only leads to long-term deficits in the memory,
but this memory deficit provides protection against subsequent cocaine-induced
reinstatement. These data reveal that PL-mPFC intrinsic neuronal excitability maintains a
cocaine-associated memory during retrieval and suggest a unique mechanism whereby
drug-associated memories could be targeted for elimination.

Keywords: intrinsic excitability, memory retrieval, cocaine abuse, PKA, norepinephrine, conditioned place
preference (CPP), electrophysiology, medial prefrontal cortex (mPFC)

INTRODUCTION

Presentation of environmental stimuli that predict drug availability can drive compulsive drug
seeking and taking (Childress et al., 1986; Heather et al., 1991), making recovery from addiction
difficult. Elimination of the memories that underlie stimulus-induced drug seeking would facilitate
recovery from addiction, although the neurobiological mechanisms that maintain drug-associated
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memories are not clear. Past research reveals that the prefrontal
cortex (PFC) engages drug seeking during the presentation
of drug-associated cues. For example, in human addicts,
presentation of drug-associated cues activates the PFC, and the
level of PFC activation correlates with drug cravings (Grant
et al., 1996; Kilts et al., 2001; Griisser et al., 2004). In rodents,
activity in prelimbic medial PFC (PL-mPFC) is important for
cue-induced reinstatement of drug seeking, and particularly
activation of PL-mPFC neurons that project to the nucleus
accumbens (NAc; McFarland and Kalivas, 2001; McFarland et al.,
2003; Stefanik et al., 2013; Ma et al., 2014; Pascoli et al., 2014).
PL-mPFC cells that project to NAc are cue-responsive layer V
pyramidal neurons (Otis et al., 2017), and these neurons undergo
synaptic potentiation following drug experience (Robinson and
Kolb, 1999, 2004; Robinson et al., 2001). Furthermore, this
plasticity correlates with the acquisition of cocaine-associated
memories in vivo (Munoz-Cuevas et al., 2013). Recently, we
found that drug-associated memory and synaptic plasticity in
PL-mPFC pyramidal neurons are malleable, as inhibition of
noradrenergic signaling during retrieval of a cocaine-associated
memory not only leads to long lasting memory impairments
(Otis and Mueller, 2011, 2017; Otis et al., 2013, 2014b; Fitzgerald
et al,, 2016), but also reverses cocaine-evoked synaptic plasticity
in PL-mPFC pyramidal neurons (Otis and Mueller, 2017).
Collectively, these data reveal that synaptic plasticity in layer
V pyramidal neurons in PL-mPFC underlies drug-associated
memories; however, how intrinsic plasticity might also contribute
to drug-associated memories remains unclear.

In addition to synaptic plasticity, the activity of neural
networks can be shaped through experience-dependent changes
in intrinsic neuronal excitability (Woody and Black-Cleworth,
1973; Alkon, 1979; Disterhoft et al.,, 1986). Intrinsic plasticity
can be altered long term, through experience-dependent
modifications in ion-channel distribution and conductance, and
short term, primarily through the actions of neuromodulators
such as norepinephrine (NE) that rapidly influence ion channel
conductance (Daoudal and Debanne, 2003; Nadim and Bucher,
2014; Otis et al, 2015). These long-term and short-term
plasticity mechanisms are thought to underlie memory across
multiple paradigms and within many brain regions (Zhang
and Linden, 2003; Sehgal et al, 2013). Although not yet
tested, this may be true for drug-associated memories as drug
experience is known to cause long-term elevations in the intrinsic
excitability of PL-mPFC pyramidal neurons (Dong et al., 2005;
Nasif et al, 2005a,b, 2011; Hearing et al, 2013; Sepulveda-
Orengo et al., 2018). In addition, NE, a neuromodulator that
rapidly elevates PL-mPFC intrinsic neuronal excitability, acts in
PL-mPFC to allow retrieval of cocaine-associated memories (Otis
et al., 2013). However, how long-term and short-term intrinsic
plasticity in PL-mPFC might contribute to the maintenance of
drug-associated memories has not been determined.

Here, we evaluate how intrinsic plasticity in PL-mPFC
pyramidal neurons maintains a drug-associated memory during
retrieval. We first use patch-clamp electrophysiology to show
that cocaine place conditioning, a model of drug-associated
memory, leads to long-lasting elevations in the intrinsic
excitability of PL-mPFC pyramidal neurons. Importantly, the

long-term intrinsic plasticity correlates with conditioned place
preference (CPP) memory retrieval, suggesting that it is a
mechanism of retrieval. In addition to long-term intrinsic
plasticity, we find that NE provokes rapid elevations in intrinsic
excitability of PL-mPFC pyramidal neurons through cyclic
AMP (cAMP)-dependent slow afterhyperpolarization (sAHP)
inhibition. Furthermore, inhibition of this signaling cascade
in vivo not only prevents memory retrieval during a single test,
but also leads to long-term deficits in retrieval that prevent
subsequent cocaine-induced reinstatement of the CPP. Overall,
these data reveal that elevation of PL-mPFC intrinsic neuronal
excitability at the time of retrieval is a likely mechanism that
maintains cocaine-associated memories.

MATERIALS AND METHODS
Subjects

Male Long-Evans rats (3-5 months, Harlan Laboratories,
Indianapolis, IN, USA) were individually housed with unlimited
access to water and rat chow. Rats were maintained on a 14-h
light/10-h dark schedule (lights on at 7:00 am), and all behavioral
protocols were completed during the light cycle. Surgeries were
performed as previously described (Otis et al., 2013). Briefly,
following anesthetization (90.5 mg/kg ketamine, 10.5 mg/kg
xylazine, i.p.), a chronic indwelling double-barrel guide cannula
(Plastics One) was implanted immediately dorsal to PL-mPFC
(+2.8 mm anterior, 0.6 mm lateral, —2.9 mm ventral relative to
Bregma). Following surgery, rats were injected with an analgesic
(carprofen, 5 mg in 0.1 mL, s.c.) and antibiotic (penicillin G,
75,000 units in 0.25 mL, s.c.). Stylets remained within cannula
until microinfusions were performed to maintain patency. Rats
were allowed to recover for a minimum of 7 days before all
behavioral experiments. This study was carried out in accordance
with the recommendations of the National Institutes of Health.
The protocol was approved by the Institutional Animal Care and
Use Committee at the University of Wisconsin-Milwaukee.

Conditioning and Testing

Cocaine CPP experiments were performed as described
previously (Otis and Mueller, 2011). Briefly, the apparatus
contained three chambers wherein a small center chamber
separated two distinguishable conditioning chambers. During
CPP testing, rats had access to all three conditioning chambers
for 15 min. We tested rats prior to conditioning and confirmed
that no initial bias was present for either conditioning chamber
across groups. Next, we used an unbiased procedure wherein rats
were assigned to receive cocaine in one chamber, and saline in
the other, in a pseudorandom and counterbalanced manner. Rats
were conditioned during eight daily sessions, wherein cocaine or
saline were administered in an alternating manner immediately
before exposure to each conditioning chamber for 20-min
sessions. Two days following the final conditioning trial, rats
were given daily CPP tests, identical to tests prior to conditioning
but with injections of saline 15 min before each test. For patch-
clamp electrophysiology experiments, rats were sacrificed 1 h
after the second CPP test. For microinfusion experiments, rats
were given PL-mPFC microinfusions 30-min before the first
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CPP test, and no microinfusions during the second or third
tests. Place conditioning data were analyzed by comparing time
within each chamber across tests using three-way analysis of
variance (ANOVA; all chambers, all groups, all tests). Following
a significant main effect, two-way ANOV As for each group were
performed across tests (cocaine vs. saline chambers, all tests).
Following a significant effect of chamber, Tukey’s post hoc tests
were performed to compare time in the saline- vs. cocaine-paired
chambers for each test.

To assess cocaine-induced reinstatement, following the initial
CPP tests rats underwent further testing until extinction criterion
was met (no preference for the cocaine vs. saline-paired chamber
for each group for two consecutive tests). Rats then had a
final extinction test followed by a cocaine-induced reinstatement
test wherein a priming injection of cocaine (5 mg/kg, i.p.)
was administered 15-min before testing. Reinstatement data
were analyzed using a three-way ANOVA (all chambers, all
groups, all tests), and because a change in behavior was expected
between tests, following a significant main effect planned
comparisons were performed to compare time in the saline- vs.
cocaine-paired chambers during the reinstatement test for each

group.

Drugs and Microinfusions

Cocaine HCI was dissolved in sterile saline (0.9% NaCl) and
was systemically administered at a dose of 10 mg/kg (i.p.) for
behavioral conditioning and 5 mg/kg (i.p.) for reinstatement
testing. The inhibitor of cAMP-dependent signaling Rp-2’-O-
MB-cAMPs (BIOLOG), the sAHP inhibitor UCL-2077 (Tocris),
and the MAPK antagonist U0126 (Tocris) were dissolved in
equal parts sterile saline (0.9% NaCl) and dimethyl sulfoxide and
were infused bilaterally at 3.33 pug/0.3 ul (Ouyang et al.,, 2008),
0.67 pg/0.3 pl (Zhang et al., 2013) and 1.33 pg/0.3 pl (Schafe
etal., 2000), respectively. Following completion of microinfusion
experiments, cannulae placements were histologically verified to
be immediately dorsal to PL-mPFC (Supplementary Figure S1).

Electrophysiology

Patch-clamp electrophysiological recordings were performed as
described previously (Otis et al., 2013, 2014a). Briefly, rats were
anesthetized with pentobarbital (50 mg/kg, i.p.) and brains were
extracted and sectioned using a vibrating blade (Leica, VT1200)
in ice-cold, oxygenated 95%0,:5%CO,) artificial cerebral spinal
fluid (aCSF; in mM: 124 NaCl, 2.8 KCl, 1.25 NaH, POy, 2 MgSOy,
2 CaCl,, 26 NaHCOj3; and 20 glucose). Following sectioning,
slices were incubated in warm aCSF (32°C) for a minimum
of 1 h before electrophysiological experiments. During the
experiments, brain sections were perfused constantly in the
presence of picrotoxin (100 uM in aCSF, 32°C). Differential
interference contrast microscopy (Nikon FN-1) was used to
visualize layer V. PL-mPFC pyramidal neurons, which were
putatively identified based on shape and electrophysiological
characteristics as previously described (Otis et al., 2013). Patch-
clamp recordings were obtained using borosilicate glass pipettes
(2-5 M) containing an internal solution composed of the
following (in mM: 110 K-gluconate, 20 KCI 10 HEPES, 2 MgCl,,
2 ATP, 0.3 GTP 10 phosphocreatine, 0.2% biocytin; pH 7.3 and

mOsm 280). Data were collected using a signal amplifier
(MultiClamp 700B, Molecular Devices) and digitizer (Digidata
1440A, Molecular Devices).

Current-clamp recordings were performed to quantify the
intrinsic excitability of PL-mPFC pyramidal neurons in cocaine
place conditioned rats. After recording the resting membrane
potential of each neuron, slow polarizing current was applied
to hold the neurons at —70 mV after subtraction of the liquid-
liquid junction potential of 13 mV. Next, input resistance
and rheobase were measured by applying 1-s steps until a
single action potential was evoked (+10 pA steps, starting from
—40 pA). Action potential frequency was evaluated through
larger depolarizing steps (+50 pA steps, starting from 0 pA).
Finally, we recorded action potential amplitude attenuation by
adjusting the 1 s sweep amplitude until about 15 action potentials
were evoked. To quantify action potential amplitude attenuation,
we compared the amplitudes of the last vs. the first action
potential.

Current-clamp recordings were also used to evaluate the
mechanism whereby NE increases the intrinsic excitability
of PL-mPFC pyramidal neurons. Specifically, while neurons
were held at resting membrane potential, a 1-s current step
was applied to evoke a baseline number of action potentials
(generally 2-3 action potentials per sweep). After 2-min of stable
recordings, NE (1 wM; Tocris) was bath applied within the
aCSF for 2-min while recordings continued. For neurons in
which cAMP-dependent processes were inhibited, Rp-2’-O-MB-
cAMPs (500 pwM; BIOLOG) was included within the internal
solution of the patch pipette. Following collection, data was
analyzed using Clampfit 10.3 (Molecular Devices), and ANOVA
was used to compare data across groups. Following a significant
main effect, each group of neurons was compared using planned
comparisons.

RESULTS

Intrinsic Excitability of PL-mPFC Pyramidal
Neurons Is Elevated in Rats That Show

Cocaine-Associated Memory Retrieval

To evaluate the effects of cocaine place conditioning on intrinsic
excitability of PL-mPFC pyramidal neurons, rats were given daily
conditioning sessions wherein one chamber, but not another, was
paired with cocaine (Figure 1A). Following conditioning, rats
were given two daily CPP retrieval tests consisting of full access to
all chambers. Overall, cocaine-treated rats (cocaine, n = 11; naive,
n = 5) had heterogeneous preferences for the previously cocaine-
paired chamber vs. saline-paired chamber during these tests.
Using a mean split, we categorized rats as having high retrieval
(HR) scores (i.e., more time than average spent in the cocaine vs.
saline-paired chamber; HR) or low retrieval (LR) scores (i.e., less
time than average spent in the cocaine vs. saline-paired chamber;
LR; Figure 1B). Next, naive, LR and HR rats were sacrificed
for patch-clamp electrophysiological recordings (Figure 1C).
Recordings revealed that intrinsic excitability was increased in
PL-mPFC pyramidal neurons from HR rats (n = 22 neurons),
but not LR rats (n = 14 neurons), as compared with naive rats
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control; **p < 0.001 vs. control.
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FIGURE 1 | Intrinsic excitability of prelimbic medial prefrontal cortex (PL-mPFC) pyramidal neurons is increased in HR rats. (A) Schematic showing design of
conditioned place preference (CPP) conditioning and testing. (B) Line graphs revealing that LR rats did not express a cocaine CPP during first or second tests,
whereas HR rats did express a cocaine CPP during both tests. (C) Patch-clamp recordings of layer V pyramidal neurons in PL-mPFC were taken from rats sacrificed
1 h after the second CPP test. (D) Representative waveforms showing 500 pA depolarizing sweeps from layer V pyramidal neurons. (E) Neurons from HR rats
displayed more spikes at high depolarizing steps as compared with naive and LR rats. (F) The maximum number of spikes that were fired on average in PL-mPFC
pyramidal neurons from each rat correlated with CPP scores. Inset shows that the maximum number of action potentials that neuron would fire at any depolarizing
step was higher in HR rats vs. neurons from naive and LR rats. Line and bar graphs represent the mean + SEM. HR, high retrieval; LR, low retrieval; **p < 0.01 vs.

(n = 14 neurons; Figures 1D,E). Two-way ANOVA revealed
an input by group interaction (F(20470) = 3.535; p < 0.001),
and planned comparisons revealed that significantly more spikes
were evoked in neurons from HR rats as compared with
neurons from naive rats (sweeps between 0 pA and 150 pA,
ps > 0.10; sweeps between 200 pA and 500 pA, ps < 0.05),
whereas equivalent spikes were evoked in neurons from LR
rats as compared with naive rats (all sweeps, ps > 0.514).
Consistent with this, the maximal firing frequency was greater
in neurons from HR rats, but not LR rats, as compared with
naive (Figure 1F, inset), and this capacity for spiking correlated
with cocaine CPP scores (Figure 1F; Pearson’s Correlation:
r = 0.76, p = 0.007). One-way ANOVA revealed an effect of
group for maximal firing frequency (F247) = 8.328, p < 0.001),
and planned comparisons revealed that maximal firing frequency
was higher in neurons from HR rats as compared with neurons

from naive rats (p < 0.001), whereas equivalent spikes were
evoked in neurons from LR rats as compared with naive rats
(p = 0.964). Thus, cocaine conditioning increases the intrinsic
excitability of PL-mPFC pyramidal neurons in HR rats, but
not LR rats, although the mechanisms for these changes are
unclear.

We next evaluated the mechanism of cocaine-associated
intrinsic plasticity in PL-mPFC pyramidal neurons. We found
that the intrinsic plasticity in HR rats could not be attributed
to canonical adaptations in intrinsic excitability, as basic
membrane properties and action potential properties were
unchanged following conditioning (Supplementary Table SI).
However, a previous study found that cocaine exposure can
lead to an elevation of L-type calcium channel conductance in
PL-mPFC pyramidal neurons (Nasif et al., 2005a), and such
voltage-dependent calcium conductance has been shown to
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FIGURE 2 | Spike amplitude attenuation of PL-mPFC pyramidal neurons is reduced in HR rats and correlates with intrinsic excitability. (A) Representative waveforms
showing a current-evoked depolarizing step. (B) Current was adjusted so that roughly 15 action potentials fired per sweep. (C) The amplitude of the last, but not
first, action potential had higher amplitude in neurons from HR rats vs. neurons from naive and LR rats. (D) Spike amplitude attenuation in PL-mPFC pyramidal
neurons from each rat correlated with CPP scores. Inset shows that spike amplitude attenuation was reduced in HR rats vs. neurons from naive and LR rats.
(E-G) Spike amplitude attenuation correlated with the maximum number of action potentials fired in each neuron for naive rats (E), LR rats (F) and HR rats (G). Line
and bar graphs represent the mean + SEM. HR, high retrieval; LR, low retrieval; *p < 0.05 vs. control.

reduce spike amplitude attenuation and failure across spikes
(Klyachko et al., 2001). Thus, we evaluated spike amplitude
attenuation in PL-mPFC pyramidal neurons by evoking
~15 action potentials in each neuron using a current-adjusted
depolarizing sweep (Figures 2A,B). Recordings revealed that
the last spike, but not first spike, was of higher amplitude in
PL-mPFC pyramidal neurons from HR rats (n = 22 neurons),
but not LR rats (n = 14 neurons), as compared with naive
rats (n = 14 neurons; Figure 2C). ANOVA revealed a spike
(two spikes, first and last) by group interaction (Fp47) = 3.884,
p =0.028), and planned comparisons revealed that the amplitude
of the first action potential was not different between groups
(ps > 0.273). In contrast, the amplitude of the last action
potential was higher in neurons from HR rats as compared with
neurons from naive rats (p = 0.0251), whereas no significant
difference was present in neurons from LR rats as compared
with naive rats (p = 0.0842). Thus, there was significantly
reduced spike amplitude attenuation in neurons from HR rats
as compared with naive and LR rats (Figure 2D, inset), such
that spike amplitude attenuation correlated with cocaine CPP
scores (Figure 2D, Pearson’s Correlation: r = 0.785, p = 0.004).

One-way ANOVA revealed an effect of group for spike amplitude
attenuation (F(247) = 4.447, p = 0.017), and post hoc analysis
confirmed that spike amplitude attenuation for neurons from
HR rats was less than for neurons from naive rats (p = 0.030)
and LR rats (p = 0.008). Finally, we found that in neurons
for all groups, spike amplitude attenuation was correlated with
the maximal firing frequency (Pearson’s Correlations: naive
r =0.537, p = 0.048; LR r = 0.902, p < 0.001; HR r = 0.692,
p < 0.001; Figures 2E-G). Thus, the data suggest that the
intrinsic excitability of PL-mPFC pyramidal neurons is elevated
in HR, but not LR, rats through reduced spike amplitude
attenuation during burst firing.

Norepinephrine Enhances PL-mPFC
Neuronal Excitability via cAMP-Dependent
sAHP Inhibition

In addition to long-term experience-dependent plasticity,
intrinsic neuronal excitability could be elevated during memory
retrieval through the actions of neuromodulators which
act on a shorter timescale. For example, we previously
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FIGURE 3 | NE enhances PL-mPFC neuronal excitability via cAMP-dependent sAHP inhibition. (A) Representative waveforms showing current-evoked action
potentials before (top) and after (bottom) application of NE. (B) NE increased the number of spikes per sweep, an effect that was blocked by inhibition of
cAMP-dependent signaling. (C) Representative sSAHP waveforms before and after application of NE. (D) NE reversed the sAHP into a slow afterdepolarization, an
effect that was blocked by inhibition of cAMP-dependent signaling. Line and bar graphs represent the mean + SEM. NE, norepinephrine; cAMP ™), inhibitor of
cAMP-dependent signaling (Rp-2’-O-MB-cAMPs); sAHP, slow afterhyperpolarization; **p < 0.01 vs. control.

showed that NE rapidly increases the intrinsic excitability
of PL-mPFC pyramidal neurons (Otis et al, 2013), although
whether NE increases excitability during cue exposure to drive
drug-associated memory retrieval is unclear. To address this,
we first evaluated the signaling cascade whereby NE adjusts
the intrinsic excitability of PL-mPFC pyramidal neurons. Using
patch-clamp electrophysiology, we find that bath application of
NE rapidly elevates the firing frequency of PL-mPFC pyramidal
neurons, an effect that is blocked by Rp-2’-O-MB-cAMPs
(Figures 3A,B), the inhibitor of cAMP-dependent processes
(specifically PKA and Epac signaling). Two-way ANOVA
revealed a time by group interaction (F(11,143) = 4.028, p < 0.001),
and post hoc comparisons revealed that NE increased the
firing frequency of control neurons (n = 8; p = 0.003), but
not Rp-2’-O-MB-cAMPs-treated neurons (n = 7; p = 0.331).
Next, we evaluated the possible sources for this change in
intrinsic excitability. We found that NE reversed the post-burst
afterhyperpolarization, revealing a slow afterdepolarizing current
(Figures 3C,D) that is consistent with selective inhibition of
Ca?*-activated K channels which underlie the sSAHP (Wu et al.,
2004; Shah et al., 2006). Planned comparisons revealed that NE
increased the amplitude of the afterhyperpolarization current in
control neurons (p = 0.013), but not in Rp-2’-O-MB-cAMPs-
treated neurons (p = 0.950). In contrast, NE did not significantly
influence other canonical mechanisms of intrinsic excitability
(Supplementary Table S2). Taken together, NE increases the
intrinsic excitability of PL-mPFC pyramidal neurons through
cAMP-dependent inhibition of the sSAHP. Whether this signaling

cascade mediates cocaine-associated memory retrieval, however,
is unknown.

Disruption of cAMP-Dependent sAHP
Inhibition in PL-mPFC Persistently Impairs
Cocaine Memory Retrieval and
Subsequent Reinstatement

We tested whether cAMP-dependent sAHP inhibition is
necessary for cocaine-associated memory retrieval. Following
conditioning, rats were given repeated CPP retrieval tests
(Figure 4A), with PL-mPFC microinfusions of vehicle
(n = 17), an inhibitor of cAMP-dependent signaling (cAMP);
n = 18 rats), or co-infusions of the cAMP inhibitor and sAHP
inhibitor (CAMP)/sAHP™); n = 11 rats) before the first CPP
test only. We found that inhibition of cAMP-dependent signaling
blocked CPP memory retrieval during the infusion test, and
during subsequent infusion-free tests (Figure 4B). Furthermore,
sAHP inhibition reversed this effect (Figure 4B, right panel).
Three-way ANOVA revealed a chamber by group interaction
(F(4,86) = 3.530, p = 0.010), and post hoc testing for each group
revealed that both control and cAMP()/sAHP(™) rats spent
more time in the cocaine- vs. saline-paired chamber during the
tests (ps < 0.002), whereas cAMP) rats did not (p > 0.463).
Thus, inhibition of cAMP-dependent activity (PKA and Epac
signaling) induced a persistent deficit in cocaine-associated
memory retrieval, an effect that was reversed by simultaneous
sAHP inhibition.
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FIGURE 4 | Disruption of cAMP-dependent sAHP inhibition in PL-mPFC persistently impairs cocaine memory retrieval and subsequent reinstatement. (A) Schematic
showing design of behavioral experiments. Below, the CPP tests are shown in (B), and reinstatement is shown in (C). (B) Line graphs revealing that rats given
PL-mPFC microinfusions (red arrows) of control (left) or both the cAMP-dependent signaling inhibitor and sAHP inhibitor (right) before the first CPP test only
expressed a cocaine CPP across all tests, whereas rats treated with the cAMP inhibitor alone (middle) did not express a cocaine CPP. (C) Line graphs showing that
rats given PL-mPFC microinfusions of control (left) or the cAMP inhibitor and sAHP inhibitor (right) before the first CPP test only (shown in B) expressed
cocaine-induced reinstatement following extinction, whereas rats treated with the inhibitor of cAMP-dependent signaling alone (middle) did not express
cocaine-induced reinstatement. Line graphs represent the mean & SEM. cAMP, inhibitor of cAMP-dependent signaling (Rp-2’-O-MB-cAMPS); sSAHP™), slow
afterhyperpolarization inhibitor (UCL-2077); *p < 0.05, **p < 0.01, and **p < 0.001 vs. the saline-paired chamber.

We next examined how inhibition of cAMP-dependent
signaling and resulting memory retrieval disruption influences
subsequent cocaine-induced reinstatement of the CPP. Following
the initial retrieval tests (Figure 4B), rats continued daily CPP
tests (also known as extinction tests) until no preference for
the cocaine- vs. saline-paired chamber was apparent. Following
extinction, rats received a cocaine-induced reinstatement test
wherein systemic injections of cocaine were administered before
anormal CPP test. We found that control and cAMP(™)/sAHP (™)
rats showed cocaine-induced reinstatement of the CPP during
this test, whereas cAMP(™) rats did not (Figure 4C). ANOVA
revealed a chamber by group by test interaction (F4,36) = 2.478,
p < 0.050). Furthermore, post hoc comparisons revealed that
no groups expressed a preference for the previously cocaine vs.
saline-paired chamber during the last extinction test (ps > 0.627).
However, while control and cAMP(™)/sAHP(™) rats spent
significantly more time in the cocaine vs. saline-paired chamber

during the reinstatement test (ps < 0.019), cAMP) rats did
not (p = 0.916). Taken together, inhibition of cAMP-dependent
signaling in PL-mPFC during the first test induced a persistent
deficit in cocaine-associated memory retrieval that provided
protection against subsequent reinstatement, an effect that was
occluded by rescue of sAHP inhibition.

Disruption of MAPK Signaling in PL-mPFC
Has No Effect on Cocaine Memory

Retrieval and Subsequent Reinstatement

PL-mPFC cAMP-dependent sAHP inhibition is necessary
for maintaining cocaine-associated memory during retrieval,
but whether other kinases also maintain memory during
retrieval is unclear. Thus, we next assessed the necessity of
mitogen-activated kinase (MAPK), a well-known regulator of
synaptic plasticity and learning (English and Sweatt, 1997; Di
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Cristo et al., 2001; Mazzucchelli et al., 2002; Sweatt, 2004;
Giovannini, 2006). Following conditioning, rats were given
repeated CPP tests, with PL-mPFC microinfusions of vehicle
(control; n = 11) or a MAPK inhibitor (U0126; n = 10)
before the first test only. We found that MAPK inhibition
had no effect on CPP memory retrieval during the infusion
test or during subsequent infusion-free tests (Supplementary
Figure S2). ANOVA revealed no chamber by group by test
interaction (F4,16) = 0.669, p = 0.623) or chamber by group
interaction (F(z,18) = 1.023, p = 0.379), although there was an
effect of chamber (F15) = 32.689, p < 0.001). Next, post hoc
comparisons revealed that both control and MAPK (™ rats spent
more time in the cocaine vs. saline-paired chambers during the
tests (ps < 0.005). Thus, PL-mPFC MAPK inhibition did not
influence cocaine-associated memory retrieval.

Next, we evaluated how MAPK inhibition during the first
CPP test influenced subsequent cocaine-induced reinstatement.
Following the initial retrieval tests (Supplementary Figure S2),
rats continued daily CPP tests (also known as extinction tests)
until no preference for the cocaine vs. saline-paired chamber was
apparent. Next, rats were given a cocaine-induced reinstatement
test. We found that previous MAPK inhibition had no effect
on subsequent cocaine-induced reinstatement of the cocaine
CPP. ANOVA revealed no chamber by group by test interaction
(F2,18) = 0.253, p = 0.779), no chamber by group interaction
(F,18) = 0368, p = 0.697), although there was an effect
of chamber (F(13) = 43.215, p < 0.001). Finally, post hoc
comparisons revealed that while both groups did not express a
preference for the previously cocaine vs. saline-paired chamber
during the last extinction test (ps > 0.410), both groups expressed
a preference during the reinstatement test (ps < 0.009). Thus,
PL-mPFC MAPK inhibition during the first test had no effect
on cocaine-associated memory retrieval or subsequent cocaine-
induced reinstatement.

DISCUSSION

Here, we evaluate how long-term and short-term intrinsic
plasticity in PL-mPFC pyramidal neurons may contribute to
drug-associated memory retrieval. First, we find that rats exposed
to cocaine place conditioning have higher intrinsic excitability in
PL-mPFC pyramidal neurons, an effect associated with reduced
spike amplitude attenuation during high frequency bursts.
Furthermore, we show that both the maximal firing frequency
and lack of spike amplitude attenuation positively predict CPP
memory retrieval. Next, we find that a PL-mPFC NE-dependent
signaling cascade (NE-cAMP-sAHP), which allows short-term
enhancement of intrinsic excitability in these neurons, is
necessary for CPP memory retrieval. Importantly, inhibition
of this cascade causes long-lasting memory impairments
which provide protection against subsequent cocaine-induced
reinstatement. Taken together, these data reveal that intrinsic
plasticity in PL-mPFC pyramidal neurons maintains CPP
memory during retrieval.

Our findings reveal that long-term intrinsic plasticity
in PL-mPFC pyramidal positively  predicts
cocaine-associated memory retrieval, although one weakness

neurons

of our study is that we have not yet defined the underlying
channels that contribute to this plasticity. Despite this, previous
studies have also shown that cocaine experience results in
lasting elevations in the excitability of PL-mPFC pyramidal
neurons (Dong et al, 2005; Nasif et al, 2005a,b; Hearing
et al., 2013; Sepulveda-Orengo et al., 2018), an effect that is
related to elevations in L-type Ca** channel conductance (Nasif
et al, 2005ab), reductions in whole-cell voltage-gated K
channels (Nasif et al,, 2005b) and reduced inward-rectifying
K* channels (Dong et al., 2005; Hearing et al., 2013). Voltage-
sensitive Ca’?* channels shape K*-dependent repolarization,
afterhyperpolarization and frequency adaptation of action
potentials (Meech, 1978; Pineda et al., 1998), and in doing so
can prevent spike failure related to spike amplitude attenuation
during bursting (Klyachko et al., 2001). Thus, although the
specific channel modifications underlying reduced spike
amplitude attenuation in PL-mPFC pyramidal neurons from
cocaine-treated rats remains unclear, our data support the
previously established idea that long-term adaptations in Ca**
and K* channel conductance support high frequency firing in
PL-mPFC pyramidal neurons. Furthermore, our data suggest
that these particular channel modifications could serve as a
mechanism that controls cocaine-associated memory during
retrieval.

In addition to long-term intrinsic plasticity, our data suggest
that NE-dependent, short-term intrinsic plasticity occurs at
the time of cocaine-associated memory retrieval. NE increases
the excitability of hippocampal pyramidal neurons (Madison
and Nicoll, 1982, 1986; Pedarzani and Storm, 1993) and
mPFC pyramidal neurons (Mueller et al,, 2008; Otis et al,
2013), specifically through the inhibition of Ca*'-activated
K" channel conductance which contributes to the sAHP
(Madison and Nicoll, 1984; Pedarzani and Storm, 1993). In
addition, we previously found that inhibition of PL-mPFC
noradrenergic beta-receptors before retrieval disrupts cocaine-
associated memories (Otis et al., 2013), identical to what
occurs following inhibition of cAMP-dependent signaling
(current findings). These data suggest that NE activates
beta-receptor dependent cAMP signaling during memory
retrieval, leading to elevated intrinsic excitability through
inhibition of Ca?*-activated K* channel conductance. In further
support of this, we now find that rescue of sAHP inhibition,
specifically through blockade of Ca?*-activated K+ channel
currents, prevents inhibition of cAMP-dependent signaling from
impairing memory retrieval. Collectively, these data reveal
that NE-dependent, short-term elevation of PL-mPFC intrinsic
neuronal excitability maintains cocaine-associated memories
during retrieval.

We find that, at the time of cocaine-associated memory
retrieval, PL-mPFC pyramidal neurons have enhanced intrinsic
excitability due to both long-term plasticity (reduced spike
amplitude attenuation) and short-term plasticity (cAMP
signaling). This plasticity is likely to cause adaptations in the
activity dynamics of distinct PL-mPFC output neurons, which
would lead to circuit-specific changes in downstream neurons.
One likely PL-mPFC output circuit is to the NAc core (NAcc),
as this pathway is activated by reward-predictive cues, and

Frontiers in Behavioral Neuroscience | www.frontiersin.org

June 2018 | Volume 12 | Article 119


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Otis et al.

Prefrontal Excitability Maintains Cocaine Memory

optogenetic inhibition of this activity reduces conditioned
reward-seeking behavior (Otis et al., 2017). In addition, cocaine
self-administration leads to an enhancement in PL-mPFC
excitatory synaptic drive onto NAcc neurons, and optogenetic
inhibition of this plasticity prevents incubation of cocaine
seeking (Ma et al., 2014). Additionally, inactivation of PL-mPFC
prevents drug-associated cues from driving glutamate release
in the NAcc (LaLumiere and Kalivas, 2008), and inhibition of
glutamate receptors in NAcc prevents cue-induced reinstatement
of drug seeking (Di Ciano and Everitt, 2001; LaLumiere and
Kalivas, 2008). Finally, optogenetic inhibition of PL-mPFC
cell bodies, NAcc cell bodies, or PL-mPFC terminals in NAcc
prevents cue- and cocaine-induced reinstatement of cocaine
seeking (Stefanik et al., 2013). Thus, our data showing cocaine-
evoked intrinsic plasticity in PL-mPFC pyramidal neurons
suggests that PL-mPFC projection neurons, possibly those that
innervate the NAcc, are modified following drug experience.
However, future studies are needed to identify how drug
experience causes intrinsic and synaptic plasticity within precise
PFC output circuits to control drug-associated memories.

Our data support a growing body of literature showing
that memory can be persistently impaired during retrieval. In
rodents, our laboratory has found that one-time systemic,
hippocampal, or PL-mPFC injections of noradrenergic
beta-receptor antagonists before retrieval persistently impairs
cocaine CPP memory retrieval and subsequent reinstatement
(Otis and Mueller, 2011; Otis et al., 2013, 2014b; Fitzgerald et al.,
2016). In contrast, noradrenergic beta-receptor blockade in
these regions after retrieval do not produce persistent retrieval
impairments. Furthermore, optogenetic inhibition of PFC
output circuits during retrieval can also persistently impair
cue-induced fear, whereas inhibition after retrieval has no effects
(Do-Monte et al., 2015). Similarly, in humans, studies reveal that
beta-receptor blockade disrupts recall of visual memories and
emotional words in normal subjects (Kroes et al., 2010, 2016),
and heroin-associated words among human heroin addicts
(Zhao et al,, 2010). These effects are seemingly long lasting and
are irreversible (Kroes et al., 2010, 2016), suggesting a persistent
memory retrieval disruption. Furthermore, these studies show
that even a single dose of propranolol not only persistently
reduces the expression of conditioned fear in humans, but also
persistently abolishes fear conditioned responses in the dorsal
medial PFC (rodent homolog is PL-mPFC) and hippocampus
(Kroes et al., 2016). Thus, work from both human and rodent
experiments have striking overlap, supporting the idea that
emotional memory expression (i.e., drug and fear memories)

REFERENCES

Alkon, D. L. (1979). Voltage-dependent calcium and potassium ion conductances:
a contingency mechanism for an associative learning model. Science 205,
810-816. doi: 10.1126/science.223244

Childress, A. R., McLellan, A. T., and O’Brien, C. P. (1986). Role of conditioning
factors in the development of drug dependence. Psychiatr. Clin. North Am. 9,
413-425.

Daoudal, G., and Debanne, D. (2003). Long-term plasticity of intrinsic excitability:
learning rules and mechanisms. Learn. Mem. 10, 456-465. doi: 10.1101/lm.
64103

can be persistently impaired through inhibition of noradrenergic
signaling during retrieval. The data presented here now
extend this work and suggest that persistent memory retrieval
impairments are related to the inhibition of intrinsic plasticity in
PL-mPFC at the time of memory retrieval.

We find that intrinsic plasticity in PL-mPFC controls and
maintains cocaine-associated memory retrieval, which could
support long-term synaptic plasticity. In support of this,
intrinsic excitability allows synaptic signal amplification such
that excitatory synaptic events during retrieval will cause elevated
spiking in PL-mPFC pyramidal neurons. Conversely, reducing
PL-mPFC intrinsic plasticity could block postsynaptic activity
during retrieval-related synaptic events, and such asynchrony
leads to a form of synaptic depression (spike-timing dependent
synaptic depression; Markram et al., 1997; Froemke et al,
2005) that is controlled by noradrenergic signaling (Seol et al.,
2007; Huang et al, 2013). Collectively, our data suggest that
PL-mPFC intrinsic plasticity allows signal amplification which
maintains cocaine-associated synaptic plasticity and memory
during retrieval.

AUTHOR CONTRIBUTIONS

JO and DM designed experiments, interpreted the data and
wrote the manuscript. JO, MF, HY, JB and MD performed the
experiments. JO, MF and HY analyzed the data.

FUNDING

This study was supported by National Institute on Drug Abuse,
National Institutes of Health (NIH) R01-DA038042 (DM), NIH
F32-DA041184 (JO), a grant (00044) from the Puerto Rico
Science, Technology and Research Trust (DM) and National
Institute on Minority Health and Health Disparities, NIH RCMI
Program grant G12MD007579.

ACKNOWLEDGMENTS

We are grateful to James R. Moyer Jr., Ph.D. and Megha Sehgal,
Ph.D. for use of supplies and technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnbeh.2018.
00119/full#supplementary-material

Di Cristo, G., Berardi, N., Cancedda, L., Pizzorusso, T., Putignano, E., Ratto, G. M.,
et al. (2001). Requirement for ERK activation for visual cortical plasticity.
Science 292, 2337-2340. doi: 10.1126/science.1059075

Di Ciano, P., and Everitt, B. J. (2001). Dissociable effects of antagonism of NMDA
and AMPA/KA receptors in the nucleus accumbens core and shell on cocaine-
seeking behavior. Neuropsychopharmacology 25, 341-360. doi: 10.1016/s0893-
133x(01)00235-4

Disterhoft, J. F., Coulter, D. A, and Alkon, D. L. (1986). Conditioning-
specific membrane changes of rabbit hippocampal neurons measured
in vitro. Proc. Natl. Acad. Sci. U S A 83, 2733-2737. doi: 10.1073/pnas.83.
8.2733

Frontiers in Behavioral Neuroscience | www.frontiersin.org

June 2018 | Volume 12 | Article 119


https://www.frontiersin.org/articles/10.3389/fnbeh.2018.00119/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnbeh.2018.00119/full#supplementary-material
https://doi.org/10.1126/science.223244
https://doi.org/10.1101/lm.64103
https://doi.org/10.1101/lm.64103
https://doi.org/10.1126/science.1059075
https://doi.org/10.1016/s0893-133x(01)00235-4
https://doi.org/10.1016/s0893-133x(01)00235-4
https://doi.org/10.1073/pnas.83.8.2733
https://doi.org/10.1073/pnas.83.8.2733
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Otis et al.

Prefrontal Excitability Maintains Cocaine Memory

Do-Monte, F. H., Quifiones-Laracuente, K., and Quirk, G. J. (2015). A temporal
shift in the circuits mediating retrieval of fear memory. Nature 519, 460-463.
doi: 10.1038/nature14030

Dong, Y., Nasif, F. J., Tsui, J. J., Ju, W. Y., Cooper, D. C.,, Hu, X.-T., et al. (2005).
Cocaine-induced plasticity of intrinsic membrane properties in prefrontal
cortex pyramidal neurons: adaptations in potassium currents. J. Neurosci. 25,
936-940. doi: 10.1523/JNEUROSCI.4715-04.2005

English, J. D., and Sweatt, J. D. (1997). A requirement for the mitogen-activated
protein kinase cascade in hippocampal long term potentiation. J. Biol. Chem.
272,19103-19106. doi: 10.1074/jbc.272.31.19103

Fitzgerald, M. K., Otis, J. M., and Mueller, D. (2016). Dissociation of f1- and p2-
adrenergic receptor subtypes in the retrieval of cocaine-associated memory.
Behav. Brain Res. 296, 94-99. doi: 10.1016/j.bbr.2015.08.030

Froemke, R. C., Poo, M.-M,, and Dan, Y. (2005). Spike-timing-dependent synaptic
plasticity depends on dendritic location. Nature 434, 221-225. doi: 10.1038/
nature03366

Giovannini, M. G. (2006). The role of the extracellular signal-regulated kinase
pathway in memory encoding. Rev. Neurosci. 17, 619-634. doi: 10.1515/
revneuro.2006.17.6.619

Grant, S., London, E. D., Newlin, D. B, Villemagne, V. L, Liu, X., Contoreggi, C.,
et al. (1996). Activation of memory circuits during cue-elicited cocaine
craving. Proc. Natl. Acad. Sci. U S A 93, 12040-12045. doi: 10.1073/pnas.93.
21.12040

Griisser, S. M., Wrase, J., Klein, S., Hermann, D., Smolka, M. N., Ruf, M., et al.
(2004). Cue-induced activation of the striatum and medial prefrontal cortex is
associated with subsequent relapse in abstinent alcoholics. Psychopharmacology
175, 296-302. doi: 10.1007/s00213-004-1828-4

Hearing, M., Kotecki, L., Marron Fernandez de Velasco, E., Fajardo-Serrano, A.,
Chung, H. J., Lujan, R, et al. (2013). Repeated cocaine weakens GABAg-Girk
signaling in layer 5/6 pyramidal neurons in the prelimbic cortex. Neuron 80,
159-170. doi: 10.1016/j.neuron.2013.07.019

Heather, N, Stallard, A., and Tebbutt, J. (1991). Importance of substance cues
in relapse among heroin users: comparison of two methods of investigation.
Addict. Behav. 16, 41-49. doi: 10.1016/0306-4603(91)90038-j

Huang, S., Huganir, R. L., and Kirkwood, A. (2013). Adrenergic gating of Hebbian
spike-timing-dependent plasticity in cortical interneurons. J. Neurosci. 33,
13171-13178. doi: 10.1523/INEUROSCI.5741-12.2013

Kilts, C. D., Schweitzer, J. B., Quinn, C. K, Gross, R. E., Faber, T. L.,
Muhammad, F., et al. (2001). Neural activity related to drug craving in
cocaine addiction. Arch. Gen. Psychiatry 58, 334-341. doi: 10.1001/archpsyc.
58.4.334

Klyachko, V. A., Ahern, G. P, and Jackson, M. B. (2001). cGMP-
mediated facilitation in nerve terminals by enhancement of the spike
afterhyperpolarization. Neuron 31, 1015-1025. doi: 10.1016/s0896-6273(01)
00449-4

Kroes, M. C. W., Strange, B. A, and Dolan, R. J. (2010). B-adrenergic
blockade during memory retrieval in humans evokes a sustained reduction
of declarative emotional memory enhancement. J. Neurosci. 30, 3959-3963.
doi: 10.1523/JNEUROSCI.5469-09.2010

Kroes, M. C. W., Tona, K.-D., den Ouden, H. E. M., Vogel, S., van Wingen, G. A,,
and Ferndndez, G. (2016). How administration of the B-blocker propranolol
before extinction can prevent the return of fear. Neuropsychopharmacology 41,
1569-1578. doi: 10.1038/npp.2015.315

LaLumiere, R. T., and Kalivas, P. W. (2008). Glutamate release in the nucleus
accumbens core is necessary for heroin seeking. J. Neurosci. 28, 3170-3177.
doi: 10.1523/JNEUROSCI.5129-07.2008

Ma, Y.-Y,, Lee, B. R, Wang, X, Guo, C, Liu, L, Cui, R, et al. (2014).
Bidirectional modulation of incubation of cocaine craving by silent synapse-
based remodeling of prefrontal cortex to accumbens projections. Neuron 83,
1453-1467. doi: 10.1016/j.neuron.2014.08.023

Madison, D. V., and Nicoll, R. A. (1982). Noradrenaline blocks accommodation
of pyramidal cell discharge in the hippocampus. Nature 299, 636-638.
doi: 10.1038/299636a0

Madison, D. V., and Nicoll, R. A. (1984). Control of the repetitive discharge
of rat CA 1 pyramidal neurones in vitro. J. Physiol. 354, 319-331.
doi: 10.1113/jphysiol.1984.sp015378

Madison, D. V., and Nicoll, R. A. (1986). Actions of noradrenaline recorded
intracellularly in rat hippocampal CA1 pyramidal neurones, in vitro. J. Physiol.
372, 221-244. doi: 10.1113/jphysiol.1986.sp016006

Markram, H., Liibke, J., Frotscher, M., and Sakmann, B. (1997). Regulation of
synaptic efficacy by coincidence of postsynaptic APs and EPSPs. Science 275,
213-215. doi: 10.1126/science.275.5297.213

Mazzucchelli, C., Vantaggiato, C., Ciamei, A., Fasano, S., Pakhotin, P., Krezel, W.,
et al. (2002). Knockout of ERK1 MAP kinase enhances synaptic plasticity in
the striatum and facilitates striatal-mediated learning and memory. Neuron 34,
807-820. doi: 10.1016/s0896-6273(02)00716-x

McFarland, K., and Kalivas, P. W. (2001). The circuitry mediating cocaine-
induced reinstatement of drug-seeking behavior. J. Neurosci. 21, 8655-8663.
doi: 10.1523/J]NEUROSCI.21-21-08655.2001

McFarland, K., Lapish, C. C., and Kalivas, P. W. (2003). Prefrontal glutamate
release into the core of the nucleus accumbens mediates cocaine-induced
reinstatement of drug-seeking behavior. J. Neurosci. 23, 3531-3537.
doi: 10.1523/JNEUROSCI.23-08-03531.2003

Meech, R. W. (1978). Calcium-dependent potassium activation in nervous tissues.
Annu. Rev. Biophys. Bioeng. 7, 1-18. doi: 10.1146/annurev.bb.07.060178.
000245

Mueller, D., Porter, J. T., and Quirk, G. J. (2008). Noradrenergic signaling in
infralimbic cortex increases cell excitability and strengthens memory for fear
extinction. J. Neurosci. 28, 369-375. doi: 10.1523/JNEUROSCI.3248-07.2008

Munoz-Cuevas, F. J., Athilingam, J., Piscopo, D., and Wilbrecht, L. (2013).
Cocaine-induced structural plasticity in frontal cortex correlates with
conditioned place preference. Nat. Neurosci. 16, 1367-1369. doi: 10.1038/
nn.3498

Nadim, F., and Bucher, D. (2014). Neuromodulation of neurons and synapses.
Curr. Opin. Neurobiol. 29, 48-56. doi: 10.1016/j.conb.2014.05.003

Nasif, F. J., Hu, X.-T., Ramirez, O. A., and Perez, M. F. (2011). Inhibition of
neuronal nitric oxide synthase prevents alterations in medial prefrontal cortex
excitability induced by repeated cocaine administration. Psychopharmacology
218, 323-330. doi: 10.1007/s00213-010-2105-3

Nasif, F. J., Hu, X.-T., and White, F. J. (2005a). Repeated cocaine administration
increases voltage-sensitive calcium currents in response to membrane
depolarization in medial prefrontal cortex pyramidal neurons. J. Neurosci. 25,
3674-3679. doi: 10.1523/JNEUROSCI.0010-05.2005

Nasif, F. J., Sidiropoulou, K., Hu, X.-T., and White, F. J. (2005b). Repeated
cocaine administration increases membrane excitability of pyramidal neurons
in the rat medial prefrontal cortex. J. Pharmacol. Exp. Ther. 312, 1305-1313.
doi: 10.1124/jpet.104.075184

Otis, J. M., Dashew, K. B., and Mueller, D. (2013). Neurobiological dissociation
of retrieval and reconsolidation of cocaine-associated memory. J. Neurosci. 33,
1271a-1281a. doi: 10.1523/JNEUROSCI.3463-12.2013

Otis, J. M., Fitzgerald, M. K., and Mueller, D.
BDNF/TrkB enhancement of GluN2B
of a cocaine-conditioned place preference. J. Neurosci. 34, 6057-6064.
doi: 10.1523/JNEUROSCI.4980-13.2014

Otis, J. M., Fitzgerald, M. K., and Mueller, D. (2014b). Inhibition of
hippocampal B-adrenergic receptors impairs retrieval but not reconsolidation
of cocaine-associated memory and prevents subsequent reinstatement.
Neuropsychopharmacology 39, 303-310. doi: 10.1038/npp.2013.187

Otis, J. M., and Mueller, D. (2011). Inhibition of B-adrenergic receptors induces
a persistent deficit in retrieval of a cocaine-associated memory providing
protection against reinstatement. Neuropsychopharmacology 36, 1912-1920.
doi: 10.1038/npp.2011.77

Otis, J. M., and Mueller, D. (2017). Reversal of cocaine-evoked synaptic
plasticity in prefrontal cortex and elimination of memory retrieval.
Neuropsychopharmacology 42, 2000-2010. doi: 10.1038/npp.2017.90

Otis, J. M., Namboodiri, V. M. K., Matan, A. M., Voets, E. S., Mohorn, E. P.,
Kosyk, O., et al. (2017). Prefrontal cortex output circuits guide reward
seeking through divergent cue encoding. Nature 543, 103-107. doi: 10.1038/
nature21376

Otis, J. M., Werner, C. T., and Mueller, D. (2015). Noradrenergic regulation of
fear and drug-associated memory reconsolidation. Neuropsychopharmacology
40, 793-803. doi: 10.1038/npp.2014.243

Ouyang, M., Zhang, L., Zhu, J. J., Schwede, F., and Thomas, S. A. (2008). Epac
signaling is required for hippocampus-dependent memory retrieval. Proc. Natl.
Acad. Sci. US A 105, 11993-11997. doi: 10.1073/pnas.0804172105

Pascoli, V., Terrier, J., Espallergues, J., Valjent, E., O’Connor, E. C., and Liischer, C.
(2014). Contrasting forms of cocaine-evoked plasticity control components of
relapse. Nature 509, 459-464. doi: 10.1038/nature13257

(2014a).
facilitates

Infralimbic

currents extinction

Frontiers in Behavioral Neuroscience | www.frontiersin.org

June 2018 | Volume 12 | Article 119


https://doi.org/10.1038/nature14030
https://doi.org/10.1523/JNEUROSCI.4715-04.2005
https://doi.org/10.1074/jbc.272.31.19103
https://doi.org/10.1016/j.bbr.2015.08.030
https://doi.org/10.1038/nature03366
https://doi.org/10.1038/nature03366
https://doi.org/10.1515/revneuro.2006.17.6.619
https://doi.org/10.1515/revneuro.2006.17.6.619
https://doi.org/10.1073/pnas.93.21.12040
https://doi.org/10.1073/pnas.93.21.12040
https://doi.org/10.1007/s00213-004-1828-4
https://doi.org/10.1016/j.neuron.2013.07.019
https://doi.org/10.1016/0306-4603(91)90038-j
https://doi.org/10.1523/JNEUROSCI.5741-12.2013
https://doi.org/10.1001/archpsyc.58.4.334
https://doi.org/10.1001/archpsyc.58.4.334
https://doi.org/10.1016/s0896-6273(01)00449-4
https://doi.org/10.1016/s0896-6273(01)00449-4
https://doi.org/10.1523/JNEUROSCI.5469-09.2010
https://doi.org/10.1038/npp.2015.315
https://doi.org/10.1523/JNEUROSCI.5129-07.2008
https://doi.org/10.1016/j.neuron.2014.08.023
https://doi.org/10.1038/299636a0
https://doi.org/10.1113/jphysiol.1984.sp015378
https://doi.org/10.1113/jphysiol.1986.sp016006
https://doi.org/10.1126/science.275.5297.213
https://doi.org/10.1016/s0896-6273(02)00716-x
https://doi.org/10.1523/JNEUROSCI.21-21-08655.2001
https://doi.org/10.1523/JNEUROSCI.23-08-03531.2003
https://doi.org/10.1146/annurev.bb.07.060178.000245
https://doi.org/10.1146/annurev.bb.07.060178.000245
https://doi.org/10.1523/JNEUROSCI.3248-07.2008
https://doi.org/10.1038/nn.3498
https://doi.org/10.1038/nn.3498
https://doi.org/10.1016/j.conb.2014.05.003
https://doi.org/10.1007/s00213-010-2105-3
https://doi.org/10.1523/JNEUROSCI.0010-05.2005
https://doi.org/10.1124/jpet.104.075184
https://doi.org/10.1523/JNEUROSCI.3463-12.2013
https://doi.org/10.1523/JNEUROSCI.4980-13.2014
https://doi.org/10.1038/npp.2013.187
https://doi.org/10.1038/npp.2011.77
https://doi.org/10.1038/npp.2017.90
https://doi.org/10.1038/nature21376
https://doi.org/10.1038/nature21376
https://doi.org/10.1038/npp.2014.243
https://doi.org/10.1073/pnas.0804172105
https://doi.org/10.1038/nature13257
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Otis et al.

Prefrontal Excitability Maintains Cocaine Memory

Pedarzani, P., and Storm, J. F. (1993). PKA mediates the effects of monoamine
transmitters on the KT current underlying the slow spike frequency
adaptation in hippocampal neurons. Neuron 11, 1023-1035. doi: 10.1016/0896-
6273(93)90216-¢

Pineda, J. C., Waters, R. S., and Foehring, R. C. (1998). Specificity in the interaction
of HVA Ca?* channel types with Ca>*-dependent AHPs and firing behavior in
neocortical pyramidal neurons. J. Neurophysiol. 79, 2522-2534. doi: 10.1152/jn.
1998.79.5.2522

Robinson, T. E., and Kolb, B. (1999). Alterations in the morphology of dendrites
and dendritic spines in the nucleus accumbens and prefrontal cortex following
repeated treatment with amphetamine or cocaine. Eur. J. Neurosci. 11,
1598-1604. doi: 10.1046/j.1460-9568.1999.00576.x

Robinson, T. E., and Kolb, B. (2004). Structural plasticity associated with exposure
to drugs of abuse. Neuropharmacology 47, 33-46. doi: 10.1016/j.neuropharm.
2004.06.025

Robinson, T. E., Gorny, G., Mitton, E., and Kolb, B. (2001). Cocaine
self-administration alters the morphology of dendrites and dendritic spines in
the nucleus accumbens and neocortex. Synapse 39, 257-266. doi: 10.1002/1098-
2396(20010301)39:3<257::aid-syn1007>3.3.c0;2-t

Schafe, G. E., Atkins, C. M., Swank, M. W., Bauer, E. P., Sweatt, J. D., and
LeDoux, J. E. (2000). Activation of ERK/MAP kinase in the amygdala is
required for memory consolidation of pavlovian fear conditioning. J. Neurosci.
20, 8177-8187. doi: 10.1523/J]NEUROSCI.20-21-08177.2000

Sehgal, M., Song, C. Ehlers, V. L., and Moyer, J. R. (2013). Learning to
learn - intrinsic plasticity as a metaplasticity mechanism for memory
formation. Neurobiol. Learn. Mem. 105, 186-199. doi: 10.1016/j.nlm.
2013.07.008

Seol, G. H., Ziburkus, J., Huang, S., Song, L., Kim, I. T., Takamiya, K., et al. (2007).
Neuromodulators control the polarity of spike-timing-dependent synaptic
plasticity. Neuron 55, 919-929. doi: 10.1016/j.neuron.2007.08.013

Sepulveda-Orengo, M. T., Healey, K. L, Kim, R., Auriemma, A. C,
Rojas, J., Woronoff, N., et al. (2018). Riluzole impairs cocaine
reinstatement and restores adaptations in intrinsic excitability and
GLT-1 expression. Neuropsychopharmacology 43, 1212-1223. doi: 10.1038/
npp.2017.244

Shah, M. M., Javadzadeh-Tabatabaie, M., Benton, D. C., Ganellin, C. R,
and Haylett, D. G. (2006). Enhancement of hippocampal pyramidal cell

excitability by the novel selective slow-afterhyperpolarization channel blocker
3-(triphenylmethylaminomethyl)pyridine (UCL2077). Mol. Pharmacol. 70,
1494-1502.doi: 10.1124/mol.106.026625

Stefanik, M. T., Moussawi, K., Kupchik, Y. M., Smith, K. C., Miller, R. L.,
Huff, M. L., et al. (2013). Optogenetic inhibition of cocaine seeking in rats.
Addict. Biol. 18, 50-53. doi: 10.1111/j.1369-1600.2012.00479.x

Sweatt, J. D. (2004). Mitogen-activated protein kinases in synaptic plasticity and
memory. Curr. Opin. Neurobiol. 14, 311-317. doi: 10.1016/j.conb.2004.04.001

Woody, C. D., and Black-Cleworth, P. (1973). Differences in excitability of cortical
neurons as a function of motor projection in conditioned cats. J. Neurophysiol.
36, 1104-1116. doi: 10.1152/jn.1973.36.6.1104

Wu, W. W., Chan, C. S., and Disterhoft, J. F. (2004). Slow afterhyperpolarization
governs the development of NMDA receptor-dependent afterdepolarization
in CAl pyramidal neurons during synaptic stimulation. J. Neurophysiol. 92,
2346-2356. doi: 10.1152/jn.00977.2003

Zhang, W., and Linden, D. J. (2003). The other side of the engram: experience-
driven changes in neuronal intrinsic excitability. Nat. Rev. Neurosci. 4, 885-900.
doi: 10.1038/nrn1248

Zhang, L., Ouyang, M. Ganellin, C. R, and Thomas, S. A. (2013). The
slow afterhyperpolarization: a target of pl-adrenergic signaling
hippocampus-dependent memory retrieval. J. Neurosci. 33, 5006-5016.
doi: 10.1523/JNEUROSCI.3834-12.2013

Zhao, L.-Y., Shi, J., Zhang, X.-L., Epstein, D. H., Zhang, X.-Y., Liu, Y., et al. (2010).
Stress enhances retrieval of drug-related memories in abstinent heroin addicts.
Neuropsychopharmacology 35, 720-726. doi: 10.1038/npp.2009.179

in

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Otis, Fitzgerald, Yousuf, Burkard, Drake and Mueller. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org

11

June 2018 | Volume 12 | Article 119


https://doi.org/10.1016/0896-6273(93)90216-e
https://doi.org/10.1016/0896-6273(93)90216-e
https://doi.org/10.1152/jn.1998.79.5.2522
https://doi.org/10.1152/jn.1998.79.5.2522
https://doi.org/10.1046/j.1460-9568.1999.00576.x
https://doi.org/10.1016/j.neuropharm.2004.06.025
https://doi.org/10.1016/j.neuropharm.2004.06.025
https://doi.org/10.1002/1098-2396(20010301)39:3<257::aid-syn1007>3.3.co;2-t
https://doi.org/10.1002/1098-2396(20010301)39:3<257::aid-syn1007>3.3.co;2-t
https://doi.org/10.1523/JNEUROSCI.20-21-08177.2000
https://doi.org/10.1016/j.nlm.2013.07.008
https://doi.org/10.1016/j.nlm.2013.07.008
https://doi.org/10.1016/j.neuron.2007.08.013
https://doi.org/10.1038/npp.2017.244
https://doi.org/10.1038/npp.2017.244
https://doi.org/10.1124/mol.106.026625
https://doi.org/10.1111/j.1369-1600.2012.00479.x
https://doi.org/10.1016/j.conb.2004.04.001
https://doi.org/10.1152/jn.1973.36.6.1104
https://doi.org/10.1152/jn.00977.2003
https://doi.org/10.1038/nrn1248
https://doi.org/10.1523/JNEUROSCI.3834-12.2013
https://doi.org/10.1038/npp.2009.179
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

	Prefrontal Neuronal Excitability Maintains Cocaine-Associated Memory During Retrieval
	INTRODUCTION
	MATERIALS AND METHODS
	Subjects
	Conditioning and Testing
	Drugs and Microinfusions
	Electrophysiology

	RESULTS
	Intrinsic Excitability of PL-mPFC Pyramidal Neurons Is Elevated in Rats That Show Cocaine-Associated Memory Retrieval
	Norepinephrine Enhances PL-mPFC Neuronal Excitability via cAMP-Dependent sAHP Inhibition
	Disruption of cAMP-Dependent sAHP Inhibition in PL-mPFC Persistently Impairs Cocaine Memory Retrieval and Subsequent Reinstatement
	Disruption of MAPK Signaling in PL-mPFC Has No Effect on Cocaine Memory Retrieval and Subsequent Reinstatement

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	SUPPLEMENTARY MATERIAL
	REFERENCES


