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Abstract

Background—Hippocampal long term potentiation (LTP) is impaired following repeated
morphine administration paired with a novel context. This procedure produces locomotor
sensitization that can be abolished by blocking Ca?*-permeable 2-amino-3-(3-hydroxy-5-methyl-
isoxazol-4-yl) propanoic acid receptors (AMPARS) in the hippocampus. However, the
mechanisms underlying LTP impairment remain unclear. Here, we investigate the role of N-
methyl-D-aspartate receptors (NMDARSs), AMPARs and small conductance Ca2*-activated
potassium type 2 (SK2) channels in LTP induction after context-dependent sensitization to
morphine.

Methods—Mice were treated with saline or escalating doses of morphine (5, 8, 10 and 15 mg/kg)
every 12 hours in a locomotor activity (LMA) chamber and a challenge dose of 5mg/kg morphine
was given one week later. After the challenge the hippocampi were removed to assay phosphatase
2A (PP2A) activity, NMDAR and SK2 channel synaptic expression or to perform
electrophysiological recordings.

Results—Impaired hippocampal LTP, which accompanied morphine-induced context-dependent
sensitization, could not be restored by blocking Ca%*-permeable AMPARs. Context-dependent
sensitization to morphine altered hippocampal NMDAR subunit composition and enhanced the
SK2 channel-mediated negative feedback on NMDAR. Increased PP2A activity observed
following context-dependent sensitization suggests that the potentiated SK2 channel effect on
NMDAR was mediated by increased SK2 sensitivity to Ca2*. Finally, inhibition of SK2 channel
or PP2A activity restored LTP.
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Conclusions—Our studies demonstrate that the SK2 channel-NMDAR feedback loop plays a
role in opiate-induced impairment of hippocampal plasticity and that the positive modulation of
SK2 channels occurs via increases in PP2A activity. This provides further evidence that SK
channels play a role in drug-induced plasticity.
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Introduction

Long lasting associations between drugs of abuse and the context in which they are taken
often result in cravings leading to addiction relapse (1). Using rodent models of locomotor
sensitization, a measure of how consistent use of a drug such as morphine produces
enhanced craving (2), brain areas and molecular mechanisms involved in producing drug
craving can be determined. Previously, we have demonstrated that context-dependent
morphine treatment produces locomotor sensitization. This behavior is dependent on
increased insertion of GluAl-containing (Ca%*-permeable) AMPARSs in the hippocampus
and is accompanied by impaired long-term potentiation (LTP) (3). Several studies
demonstrate that chronic morphine alters hippocampal LTP and long-term depression (LTD)
(4-10), however, none of the studies have established the mechanisms underlying this
impairment.

Drugs of abuse target neural circuitry involved in learning and memory forming long lasting
drug associations and alter the signaling machinery involved in synaptic plasticity (11, 12).
Context-dependent morphine may particularly impact hippocampal plasticity as the
hippocampus is responsible for processing contextual information (13-16). Moreover,
morphine-induced impairments in LTP may contribute to relapse by making it difficult to
unlearn associations that drive cravings. Therefore, understanding the mechanism
underlying LTP impairment may reveal therapeutic targets that can be used to prevent
relapse. LTP is induced by NMDAR mediated Ca2* influx and insertion of new AMPARS
resulting in enhanced synaptic signaling (17-19). Previous studies have reported increased
Ca?*-permeable AMPARS in the nucleus accumbens and hippocampus following
withdrawal from cocaine self-administration and context-dependent morphine, respectively
(3, 20, 21). However, none of these studies examined the role of individual NMDAR
subunits in terms of context-dependent morphine.

There are pathways involved in the modulation and maintenance of LTP. In particular, SK
channels modulate NMDAR activity via a negative feedback loop where Ca2* entry via
NMDARs activates SK channels and K* flux then hyperpolarizes the membrane resulting in
NMDAR inactivation (22). Of the three types of SK, SK1 and SK2 subunits are expressed in
CAL1 pyramidal neurons (23). SK2 channel internalization from the postsynaptic density
(PSD) is involved in LTP at CA1 synapses (24) and SK2 channel overexpression impacts
synaptic plasticity and memory in the hippocampus (25). In terms of drug abuse, increases
in neuronal excitability following alcohol withdrawal, mediated by apamin-sensitive SK
channels, occur in ventral tegmental area dopaminergic neurons. Similarly, SK2 and SK3
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channels in nucleus accumbens core neurons and SK2 channels in hippocampal CA1
pyramidal neurons, were shown to be involved in alcohol-associated plasticity (26-28).
Additionally, SK channels regulate excitability after cocaine withdrawal and cannabinoid
tolerance (29, 30). To date, no study has investigated SK2-mediated inhibition of NMDARs
in terms of drugs of abuse or the role of SK2 channels in opiate dependence. Our studies are
the first to demonstrate increased SK2 channel-mediated inhibition of NMDAR after
context-dependent morphine, leading to LTP impairment in the hippocampus. These
findings highlight a role for SK2 channels in the modulation of abnormal synaptic plasticity
induced by opiates and introduce new targets for treatment strategies to promote opiate
abstinence. They further emphasize SK channels as key players in drug-induced plasticity in
the brain.

Materials and Methods

Animals and morphine treatment

Protocols were approved by the IACUC at Columbia University, according to NIH's Guide
for the Care and Use of Laboratory Animals. Adult (6-8 weeks) male C57BL/6 mice
(Harlan) were maintained on a 12 hour light/dark cycle. Mice randomly assigned into groups
received morphine or saline paired with a novel context (a 41.5 x 41.5 x 30 cm LMA
chamber equipped with photobeams (AccuScan Instruments)). Sixty minutes before
morphine administration mice received an intraperitoneal (IP) injection of saline in the LMA
chamber to habituate. Next, IP injections of saline or escalating doses of morphine (5, 8, 10
and 15 mg/kg) were given and LMA was recorded for 90 minutes. Doses were given every
12 hours. One week later mice received the 5mg/kg challenge dose in the LMA chamber.
After measuring sensitization, hippocampi were harvested for electrophysiological or
subcellular fractionation experiments.

Biochemistry

Standard western blotting procedures were used to determine receptor expression in
homogenate and post synaptic density (PSD) fractions. PP2A activity was measured using
the PP2A immunoprecipitation phosphatase assay kit (Millipore, Temecula, CA). Detailed
methods can be found in Methods and Materials section of Supplement 1.

Electrophysiology

Mice were euthanized by decapitation and brains were submerged in an ice-cold cutting
solution containing (mM) sucrose 175, MgCl, 7, KCI 2.5, NaH,PO4 1.2, CaCl, 0.5,
NaHCO3 26, and glucose 25 (3). 350-400 um brain slices were held in ACSF for 60 min
then transferred to the recording chamber. Solutions were bubbled with 95% O,/5% CO,
continuously during dissection, incubation, and recording.

A concentric bipolar stimulating electrode placed in the Schaffer collateral (SC) pathway
was used to evoke synaptic responses and a glass Ag/AgCl electrode filled with ACSF
recorded extracellular field excitatory postsynaptic potentials (fFEPSP) in the stratum
radiatum of CAL. Initially, a stimulus—response curve was constructed by recording fEPSPs
after stimulating the slice with increasing intensities. Next, baseline synaptic responses were
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recorded for 20 min. LTP was induced by two high-frequency stimulation trains (HFS; 100
Hz for 1 s) separated by a 20 s inter-train interval. During LTP recording, pulses at an
intensity eliciting 50% of a maximum slope were used. In pharmacological experiments,
either 100 uM NASPM, 50 nm okadaic acic or 100 nm apamin was applied after obtaining a
stable recording and incubated for 10 min prior to applying HFS.

Visualized whole-cell patch-clamp recordings were made from CA1 or CA3 area with
recording pipettes containing (mM): Cs-methylsulphonate 130, Na-methylsulphonate 10,
EGTA 10, CaCl, 1, HEPES 10, QX-314-Cl 5, spermine tetrahydrochloride 0.1, Mgz+-ATP
2. Osmolarity was adjusted to 280-290 osmol I~ and pH to 7.35-7.4 with CsSOH. Open
pipette resistance was 2—-4 MQ, and access resistance during recordings was <20 MQ.
Evoked excitatory postsynaptic currents (EPSCs) were recorded using Axopatch 200B,
(Axon Instruments, Union City, CA). To isolate NMDA-mediated responses the
experiments were performed in the presence of AMPA/kainate, GABAp and GABAg
receptor antagonists: 20 UM 6,7-Dinitroquinoxaline-2,3-dione (DNQX), 100 uM picrotoxin
(PTX) and 2uM (2S)-3-[[(1S)-1-(3,4-dichlorophenyl)ethylJamino-2-hydroxypropyl]
(phenylmethyl)phosphinic acid hydrochloride (CGP55845) and the cells were held at + 40
mV. Medium after hyper polarization (mAHP) currents were recorded in CA1 neurons
voltage clamped at holding potentials =55 mV following 80 ms voltage steps to —10 mV
applied every 20 s, with recording pipettes containing (mM): potassium methylsulphate 150,
KCI 10, HEPES 10, NaCl 4, Mg,ATP 4, and NayGTP 0.4 (31). In these experiments, the
mAHP current was studied in isolation following block of slow AHP currents by inclusion
of 100 uM 8Br-cAMP in the electrode. The records were filtered at 1 kHz. Data acquisition
and analysis were performed using Clampex and Clampfit 10 (Axon Instruments).

Data Analysis

Results

Data was analyzed by unpaired t-test except in the LTP studies with NASPM, okadaic acid
and apamin which were analyzed by one-way ANOVA followed by Tukey post hoc tests.
All data are represented as mean + S.E.M.

Blockade of Ca?*-permeable AMPARs does not restore LTP impaired following morphine-
induced context-dependent sensitization

Previously, we demonstrated that increased Ca?*-permeable AMPARSs in the hippocampus
mediate context-dependent locomotor sensitization to morphine (3). Furthermore, we
showed that LTP impairment in sensitized mice. Here, we examined whether LTP
impairment at the SC-CA1 synapse is mediated by an increase in Ca?*-permeable AMPARSs.
In the morphine paired condition, where mice received morphine (5, 8, 10 and 15mg/kg) in
the LMA chamber context every 12 hours (Figure 1A), mice had LMA increases after the 10
and 15 mg/kg doses (Figure 1B). In one week a 5mg/kg challenge of morphine produced
LMA equal to the 15mg/kg dose one week earlier (Figure 1B). As described previously (3),
in the morphine unpaired condition, where administration was not paired with the LMA
chambers, mice showed no changes in LMA (Supplement: Figure S1) indicating that
locomotor sensitization to morphine was context-dependent.
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LTP is impaired in mice that received morphine paired with the LMA chamber (Figure 1C).
As Ca2*-permeable AMPARS saturation at the synapse may occlude LTP induction, to
determine if increases in Ca2*-permeable AMPARS underlie LTP impairment hippocampal
slices were treated with the Ca2*-permeable AMPAR antagonist NASPM (100 puM) for 10
minutes prior to LTP induction. Blocking Ca?*-permeable AMPARs did not alter LTP
(Figure 1 C—- D) demonstrating that these receptors do not play a role in LTP impairment
following context-dependent morphine.

Context-dependent administration of morphine affects NMDAR subunit composition

Next, we investigated NMDARSs following context-dependent sensitization to morphine
given their role in LTP induction (17-19). We performed subcellular fractionation on
hippocampal tissue to determine NMDAR composition in total homogenate and PSD
fractions. NMDAR subunit, NR1, NR2A and NR2B, expression was determined in mice
that received morphine or saline paired with the LMA chambers followed by 5mg/kg
morphine challenge one week later (M+M and S+M, respectively). In M+M mice there were
increased NR1 levels in the homogenates compared to S+M mice and no changes in NR2A
or NR2B (Figure 2A). In PSD fractions, there were decreased NR1 and NR2B levels and
increased NR2A levels in M+M compared to S+M mice (Figure 2A). A decrease in the NR1
subunit suggests an overall decrease in NMDARSs at the PSD since this subunit is necessary
for NMDAR formation, while changes in NR2A and NR2B subunits imply a change in the
configuration of NMDAR, such as an increase in NR2A-NR1 tetramers at the synapse.

To determine if the alterations in NMDAR subunit expression are due to an association with
context-dependent morphine or morphine treatment alone, subcellular fractionation was
performed in a morphine unpaired group. Here, we found that in addition to not developing
locomotor sensitization (Supplement: Figure S1) there was no change in NMDAR subunit
expression in either total homogenate or PSD fractions (Figure 2B) indicating that changes
in NMDAR subunits are driven by the combination of pairing escalating doses of morphine
with a specific context. Additionally, a saline or an acute morphine challenge does not alter
NMDAR subunit expression in the PSD (Supplement: Figure S2) indicating that NMDAR
subunit composition is affected by both prior morphine associations and the sensitized
response that occurs after the morphine challenge.

Next, we investigated functional changes in NMDARs, using whole-cell patch-clamp
recordings from CA1 pyramidal neurons. Pharmacologically isolated NMDAR-mediated
EPSCs were recorded from hippocampal slices in the presence of either 0.5uM RO 25-6981
or 0.4pM NVP (NR2B and NR2A antagonists, respectively). In support of our expression
data, inhibition of NMDAR currents by NR2A antagonist NVP was increased in M+M
compared to S+M mice (Figure 3A and B) indicating that there were more NR2A containing
NMDARs. Furthermore, NMDAR currents from M+M mice were less sensitive to RO
25-6981 (Figure 3C-D) indicating that there were less NR2B containing NMDARs in M+M
mice compared to S+M. Slow washout of both NVP and RO 25-6981 in slices was
described before (32). To examine the specificity of each antagonist effect on NMDAR-
EPSCs in CA1 neurons we performed occlusion experiments in naive mice. When NVP
application was followed by RO 25-6981, initial 50% decrease in NMDAR-EPSCs
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produced by NVP was reduced by subsequent application of RO 25-6981 by additional 20%
(Figure 3E). In a separate set of experiments, 30% inhibition by RO 25-6981 was further
reduced after subsequent application of NVP by 30 % (Figure 3F). Maximal inhibition by
both antagonists was obtained within five minutes of application (Figure 3 A-B). These
experiments demonstrated that the occlusion is minimal, and therefore, the effect of each
blocker reflects inhibition of respective subunit). To determine if this effect was regionally
specific we examined the effects of NVP and RO 25-6981 on NMDAR-EPSCs in CA3
pyramidal neurons. We found no significant difference between S+M and M+M
(Supplement: Figure S4A-B). Although in CAL there were significant changes in sensitivity
to NR2A and NR2B antagonists, current-voltage relationships (I-V curves) of NMDAR-
EPSCs were not different in M+M verses S+M neurons (Figure 3G). This result was
consistent with the observation that single cell deletion of either NR2A or NR2B subunits
did not affect I-V curves of NMDAR EPSCs (33).

NMDAR subunit composition regulates SK2 channel-mediated mAHP currents

Our data indicate that context-dependent sensitization to morphine triggers an increase in
NR2A-containing NMDARs. However, NR2A has been implicated in LTP induction and
not LTP impairment (34, 35). One possibility is that other proteins that modulate NMDARs
may impair LTP following context-dependent morphine. Previous studies have
demonstrated that dendritic NMDARSs are regulated by SK2 channels in the hippocampus
via a negative feedback loop (Figure 4A; (22)) and that SK2 channels are involved in LTP
induction (24). Our current studies demonstrate that NR2A subunits are increased after
context-dependent sensitization. However, no studies have examined whether changes in
NMDAR composition impacts SK2 channel function. To determine if NR2A and NR2B
subunits differentially activate SK2 channels, we measured mAHP currents in the presence
of NMDA plus NR2A antagonist NVP or NR2B antagonist RO 25-6981. In the presence of
NMDA alone mAHP currents were enhanced (Figure 4B, p<0.05) confirming that
NMDARSs activate SK2 channels. This enhancement was blocked by NPV and remained
intact in the presence of Ro 25-6981 (Figure 4B, p<0.05). Therefore, our data demonstrate
that SK2 channels were preferentially activated by NR2A containing NMDARSs.

SK2-mediated negative feedback on NMDAR is enhanced following context-dependent
sensitization

We investigated whether context-dependent sensitization to morphine alters the SK2-
NMDAR feedback loop. NMDAR-EPSCs were evoked in CAL pyramidal cells by
stimulation of SCs and were pharmacologically isolated by applying AMPA/kainate,
GABA, and GABAg receptor antagonists. Bath application of SK2 channel antagonist
apamin (100 nm) potentiated NMDAR-mediated synaptic transmission which is consistent
with previous studies (22). In M+M mice this effect was significantly increased compared S
+M (Figure 5A-B). The summary plot shows the effect of apamin, and the specific
NMDAR antagonist APV (50 pM) confirms SK2-NMDAR feedback loop activation (Figure
5A), indicating potentiated negative feedback of SK2 channel on NMDAR function
following context-dependent sensitization to morphine.
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To determine whether the increased effect of SK2 channel on NMDAR function is related to
increased SK2 expression at the synapse, we performed subcellular fractionation. In the
homogenates of M+M mice SK2 channel expression was increased compared to S+M
(Figure 5C). However, acute morphine decreased SK2 expression (S+S vs S+M) and there
was no significant difference in SK2 expression between the S+S and M+M treated groups
(Supplement: Figure S4A). Therefore, the increased expression between M+M and S+M
groups may reflect a decrease caused by acute morphine. In fact, in the PSD fraction SK2
levels are decreased in M+M compared S+M mice (Figure 5C). Morphine treatment alone
does not change the expression of SK2 channels since there were no changes in the unpaired
group (Supplement: Figure S4B). These data indicate that enhancement of the SK2 channel
effect on NMDAR-mediated synaptic transmission was not driven by increases in the
expression of SK2 channels.

It has been shown that SK2 channel Ca2* sensitivity is modulated by phosphorylation and
dephosphorylation by casein kinase 2 and PP2A, respectively. In the latter case,
dephosphorylation by PP2A increases SK2 channels Ca2* sensitivity and therefore increases
SK2 channel activation (36, 37). To determine whether SK2 channels may be overactivated
via increased dephosphorylation by PP2A, we investigated PP2A activity in M+M and S+M
mice. Following context-dependent sensitization to morphine PP2A activity in hippocampal
extracts was increased (Figure 5D, n=6-8/group, p<0.05). Therefore, dephosphorylation by
PP2A may enhance SK2 channel activity in the hippocampus of M+M mice.

SK2 channels mediate LTP impairment following context-dependent sensitization via
increased PP2A activity

SK2 channel overexpression impairs synaptic plasticity and hippocampal memory formation
(25). We have demonstrated that the SK2 channel modulation of NMDAR currents and
PP2A activity are increased after context-dependent sensitization to morphine. These data
suggest that SK2 channel activity may underlie LTP impairment in CA1 observed in our
experiments. LTP was investigated following ten minute incubation with SK2 channel
antagonist apamin (100 nM), PP2A inhibitor okadaic acid (OA, 50nM) or in the presence of
both drugs in hippocampal slices from M+M and S+M mice. LTP in M+M slices was
restored by apamin (Figure 6A-B), OA (Figure 6B— C) or apamin plus OA (Figure 6E- F)
treatment. The % increase from baseline after HFS was similar in the three groups (208.8+
20.3 % in the M+M apamin group, 177.6+£15.52 % in the M+M OA group, and
190.8+36.88% in the M+M apamin plus OA group). This suggests that OA and apamin are
likely to be acting on the same target. Therefore, we conclude that enhanced SK2 channel
control over NMDAR contributes to LTP impairment via increased PP2A activity following
context-dependent sensitization to morphine.

Discussion

The development of drug craving due to environmental cues is driven by neuroplastic
changes in brain areas that process drug cues and reward (38). The current study describes a
novel role for NMDAR subunits and SK2 channels in hippocampal LTP impairment in mice
that express context-dependent sensitization to morphine. Morphine induced LTP
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impairment may have consequences in drug dependence and craving since contextual driven
memories have been associated with drug craving in abstinent opiate abusers (1). Here, we
demonstrate that there is an increase in NR2A-containing NMDARSs in the hippocampus
observed only after context dependent-sensitization to morphine. Additionally, we show that
NR2A-containing NMDARSs activate SK2-mediated mAHP currents, and that negative
feedback regulation by SK2 channels on NMDAR is enhanced after context-dependent
sensitization to morphine. Moreover, PP2A activity is increased which may contribute to
enhanced SK2 channel activity. Finally, SK2 channel and PP2A antagonists restore
hippocampal LTP in the slices from morphine sensitized mice.

Previously (3), we demonstrated that locomotor sensitization is not a general effect of
morphine alone, but only occurs when morphine administration is paired with a novel
context. In fact, others have reported that contextual cues such as olfactory and auditory
cues can determine the degree of locomotor sensitization resulting from repeated morphine
treatment (39, 40). The present studies further this concept by demonstrating that context-
dependent sensitization to morphine alters SK2 channels and NMDAR subunits in the
hippocampus, which does not occur when the same morphine treatments are not paired with
a novel context. Additionally, our previous study showed a similar effect for the AMPAR
GIluA1 subunit which was increased when morphine was paired with LMA chambers and
unaltered in the unpaired group (3).

Previously, we have shown that overexpression of a GIuA1 S845 mutant in the hippocampus
attenuates locomotor sensitization, indicating that GIuAl trafficking plays a role in the
development of locomotor sensitization. However, in the present study inhibition of Ca?*-
permeable AMPARS does not restore the LTP impairment observed following sensitization.
In an attempt to elucidate the mechanisms underlying LTP impairment, we implemented
studies to characterize NMDAR subunit expression and function in the hippocampus
following context-dependent sensitization to morphine and found that NR1 and NR2B
subunits are decreased and NR2A subunits increased. Since NR2A subunits are more highly
expressed in the adult hippocampus (41-43) this increase may reflect decreases in the
number of NR2B-NR2B homomers and NR2A-NR2B heteromers and an increase in NR2A-
NR2A homomers (44). Additionally, increases in NR2A subunits may contribute to the
development of locomotor sensitization since NR2A inhibition has been reported to blunt
locomotor sensitization to cocaine (45). Our whole-cell patch-clamp experiments confirmed
an increase in NR2A contribution to EPSCs in M+M mice and indicated that this increase
occurred in the CA1 area of hippocampus, but not in the CA3.

Previous studies have shown that NR2A and NR2B subunits play different roles in the
mechanisms underlying neuroplasticity with the NR2A subunit being critical for LTP
induction (34, 35). Based on this evidence an increase in NR2A containing receptors found
in the present study would not impair LTP induction, therefore, it appears that additional
mechanisms are playing a role in the observed LTP impairment.

SK2 channels modulate learning and memory such that consequent to LTP induction, SK2
channels are removed from the PSD in a PKA dependent manner (24) and SK2
overexpression impairs spatial learning and LTP (25). It has been shown that an increase in
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PKA activity occurs in the hippocampus after chronic morphine treatment (7) and in our
previous studies we have demonstrated an increase in GIuA1 phosphorylation at the PKA
site (3) following context-dependent locomotor sensitization. PKA dependent GluAl and
SK2 phosphorylation has opposing effects, such that PKA-dependent phosphorylation
increases GluAlexocytosis and promotes SK2 endocytosis (46). Our previous studies
demonstrated that context-dependent sensitization increases GluAl trafficking to the PSD
(3) and our current studies indicate that SK2 channels are removed from the PSD. Therefore,
itis likely that escalating doses of morphine result in increased PKA activity leading to the
insertion of GIuAl as well as removal of SK2 channels from the PSD.

SK2 channels form a negative feedback loop with NMDARs and increased SK2 channel
activation regulates LTP induction (22). In the present study, we find increased SK2
regulation of NMDARs following context-dependent morphine resulting in LTP
impairment. This increase occurs despite a decrease in SK2 expression in the PSD. One
possible explanation for this discrepancy is that the patch-clamp experiments were
performed in the CA1 while the whole hippocampus was used to measure SK2 expression,
so it is possible that SK2 channels may be increased at the PSD in the CA1 pyramidal cell
layer of the hippocampus since small changes in one particular cell type would not be
detected by western blot analysis. Additionally, these differences may be explained by the
fact that SK2 channel activation can be modulated by kinases and phosphatases that
modulate the SK2 channel's Ca2* sensitivity. While phosphorylation by CK2 results in SK2
channel inactivation by decreasing its CaZ* sensitivity, dephosphorylation of SK2 channel
by PP2A increases its CaZ* sensitivity thus increasing its activity (37). Previous studies have
shown an increase in phosphatase activity after chronic morphine treatment that was blocked
by a PP2A inhibitor (47). Therefore, increased PP2A activity would result in increased
activation of SK2 channels. We show that PP2A activity is increased following context-
dependent sensitization to morphine and that blocking PP2A with OA restores LTP to
normal levels. Moreover, LTP impairment is restored by treatment with the SK2 antagonist
apamin further demonstrating that context-dependent sensitization to morphine overactivates
the SK2-NMDAR feedback via increased PP2A activity and is responsible for LTP
impairment. This idea is further corroborated by our data showing that the blockade of SK2
channels with apamin fully restores LTP to the extent observed in saline paired controls.

To test whether overall induction of synaptic plasticity was impaired after context-dependent
morphine we performed additional experiments where we applied metabotropic glutamate
receptor (mGIuR) agonist DHPG (50 uM) known to induce LTD in hippocampal CA1. We
found that mGIuR1/5 dependent LTD was not impaired, but was significantly reduced after
context-dependent morphine (Supplement: Figure S5.) This could be explained by
internalization of Ca2*-impermeable AMPARSs that were reported previously in morphine-
sensitized mice (3). Additionally, it could be triggered by Ca2*-dependent PKC activation
induced by mGIluRs. Overactivation of SK2 channels could also contribute to regulation of
intracellular Ca%* levels via negative feedback on L-type voltage-gated Ca2* channels (48,
49). Further studies, including Ca2* imaging, are needed to fully characterize underlying
changes in intracellular Ca?*.
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Conclusion

Long lasting associations between drugs of abuse and the context in which they are taken
often result in cues that lead to drug craving and ultimately relapse. Our research attempts to
define the key signaling components that are critical for synaptic plasticity and that are
altered after associations between morphine and context are formed. We have demonstrated
that context-dependent sensitization to morphine enhances the feedback effect of SK2-
channels on NMDARs in the hippocampus. This mechanism has been shown to modulate
synaptic plasticity and therefore is a potential target to prevent abnormal opiate-induced
plasticity. These alterations in synaptic plasticity may be the first step in a cascade leading to
long-lasting modifications in brain function that could consequently control drug-related
behaviors. In fact, our data demonstrates that inhibition of the SK2 channel function can
restore LTP impairment that occurs following context-dependent sensitization to morphine.
By understanding these mechanisms therapies can be developed to prevent drug relapse
triggered by contextual cues associated with previous drug use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Locomotor sensitization to morphine is associated with impaired LTP that cannot be reversed by blocking Ca?* permeable

AMPARSs. A) LMA is measured after mice receive escalating doses of 5, 8, 10 and 15mg/kg of morphine or saline in a LMA
chamber every 12 hours. One week later the morphine paired and saline paired mice are given a challenge dose of 5 mg/kg
morphine (M+M and S+M, respectively). B) Paired M+M mice have an increase in LMA at the 10 and 15mg/kg dose of
morphine compared to paired S+M (n=15-20/group, unpaired t-test, p<0.01 and p<0.0001, respectively). Significant increases
in LMA occur when paired M+M mice received a low challenge dose of 5mg/kg morphine one week later (n=15-20/group,
unpaired t-test p<0.0001). C) Summary plot of EPSP slope relative to baseline before and after HFS (2x- 100Hz, 1s duration
separated by 20s). D) Bar graph representing normalized EPSP slope during the final 10 minutes of recording indicating that in
paired M+M mice there is impaired LTP at the SC-CAL synapses compared to saline paired mice (S+M). Impairment in LTP is
not restored by bath application of Ca2* permeable AMPAR antagonist 100uM NASPM (n=3-6/group, One-way ANOVA
p<0.001, Tukey post-hoc test, S+M vs M+M p<0.001, S+M vs M+M NASPM p<0.0001). Error bars are mean + SEM.
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Figure 2.

Expression of NMDAR subunits is altered in the total homogenate and PSD fractions from paired M+M mice, but not in the
unpaired M+M group. A) (Left panel) Representative western blots of NMDAR subunits in total homogenate and PSD fractions
from hippocampus of paired S+M and paired M+M mice. (Right panel) Summary graphs representing the % of saline treatment

as the mean £SEM. There is an increase in NR1 expression in the total homogenate fraction from paired M+M compared to

paired S+M mice (n=10-15/group, p<0.001). In the PSD fraction there is a decrease in NR1, an increase in NR2A and a
decrease in NR2B expression in paired M+M mice compared to S+M (n=10/group, p<0.05, n=10/group, p<0.01 and n=8/group,
p<0.05 respectively). B) (Left panel) Representative western blots of NMDAR subunits in total homogenate and PSD fractions
from hippocampus of unpaired S+M and unpaired M+M mice. (Right panels) Summary graphs representing the % of saline
treatment as the mean £SEM. There is no significant change in NMDAR subunits in the hippocampi from the unpaired M+M
mice (n=4/group). Data were analyzed by comparing the morphine to saline groups using an unpaired t-test.
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Figure 3.
NMDAR currents are altered in mice that display context-dependent sensitization to morphine. A) (Upper panel) Representative

traces and (lower panel) time course of % inhibition of NMDAR EPSCs by NVP in CA1 pyramidal cells from paired S+M and
paired M+M mice. B) Summary of % inhibition of EPSCs indicating that neurons recorded in the slices from M+M mice are

more sensitive to NR2A subunit antagonist NVP (n=5/group, p<0.05). C) (Upper panel) Representative traces and (lower panel)

time course of % inhibition of NMDAR EPSCs by RO 25-6921. D) Summary of % inhibition of EPSCs indicating that neurons
from paired M+M mice are less sensitive to RO 25-6921 compared to S+M (n=5/group, p<0.05). E) Average time course of

NMDA-EPSCs during the application of NVP followed by RO 25-6981(n=4/group). F) Average time course of NMDA-EPSCs

during the application of RO 25-6981 followed by NVP (n=4/group). G) I1-V curves and representative traces of NMDAR
EPSCs from S+M and M+M mice (n=4-5/group). Data were analyzed using unpaired t-test.
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Figure 4.
Small conductance CaZ*dependent K+ channel is activated by NR2A-containing NMDAR. A) Schematic of NMDAR-SK2

receptor interactions. Ca2* entry through NMDARS opens SK2 channels allowing K+ to hyperpolarize the membrane thus
inactivating NMDARs. B) (Top Panel) Representative traces of mMAHP currents in the presence of NMDA, NMDA plus NR2A
antagonist and NMDA plus NR2B antagonist. (Bottom panel) Summary graph indicating that mAHP currents are enhanced by
NMDA (unpaired t-test p<0.05), the effect that can be blocked by NR2A, but not NR2B subunit inhibition (unpaired t-test
p<0.05, n=4-5/group).
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Figure 5.
SK2 channel-mediated down-regulation of NMDAR function is increased in paired M+M mice. A) (Top Panel) Representative

traces showing that apamin-induced potentiation of NMDAR-mediated EPSCs is increased in paired M+M versus S+M.
(Bottom panel) Summary plot of EPSC amplitude compared to baseline after application of apamin followed by NMDAR
antagonist APV. B) Bar graph representing the area under the curve in paired S+M versus M+M cells showing a significant
increase in the M+M group (n=4/group, unpaired t-test, p<0.01). C) (Top panel) Representative western blots of the SK2
channel and PP2A in total homogenate and PSD fractions from hippocampus of S+M and M+M mice. (Bottom panel) Summary
graphs representing the mean £SEM. Mice that receive morphine paired with context followed by a morphine challenge (M+M)
have increased SK2 channels in the total homogenate fraction (n=6-7/group, p<0.05) and decreased in the PSD fraction (n=5-6/
group, p<0.01). D) Graph demonstrating increased PP2A activity in the paired M+M group. (n=6-8/group, p<0.05). Data
analyzed using unpaired t-tests.
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Figure 6.
Both SK2 and PP2A antagonists restore LTP impaired after context-dependent sensitization to morphine. A, C and E)

Hippocampal slices were incubated with either apamin (A), OA (B) or apamin plus OA (E). Plot of fEPSP slope relative to
baseline before and after HFS (2x- 100Hz, 1s duration separated by 20s). B, D and F) Bar graph representing the average of the
normalized fEPSPs 20 to 30 minutes after HFS indicating that mice that display increases in LMA (M+M) have impaired LTP
that is restored after bath application of apamin (B) n=3-6/group, One-way ANOVA p<0.0001, Tukey post-hoc test, S+M vs M
+M p<0.001 , M+M vs M+M apamin p<0.0001), OA (D) n=4-7/group, One-way ANOVA p<0.01, Tukey post-hoc test, S+M vs
M+M p<0.05, M+M vs M+M OA p<0.05) or apamin plus okadiac acid (F) n=3-7/group, One-way ANOVA p<0.01, Tukey
post-hoc test, S+M vs M+M p<0.05, M+M vs M+M apamin plus OA p<0.05).
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