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Abstract 

 Drug-induced plasticity of excitatory synapses has been proposed to be the 

cellular mechanism underlying the aberrant learning associated with addiction.  Exposure 

to various drugs of abuse cause both morphological plasticity of dendritic spines and 

functional plasticity of excitatory synaptic transmission.  Chronic activation of μ-opioid 

receptors (MOR) in cultured hippocampal neurons causes two forms of synaptic 

plasticity:  loss of dendritic spines and loss of synaptic AMPA receptors.  Using live 

imaging, patch clamp electrophysiology, and immunocytochemistry the present study 

reveals that these two forms of synaptic plasticity are mediated by separate, but 

interactive, intracellular signaling cascades.  The inhibition of Ca2+/calmodulin-

dependent protein kinase II (CaMKII) with KN-62 blocks MOR-mediated structural 

plasticity of dendritic spines, but not MOR-mediated cellular redistribution of GluR1 and 

GluR2 AMPA receptor subunits.  In contrast, the inhibition of calcineurin with FK506 

blocks both cellular processes.  These findings support the idea that drug-induced 

structural and functional plasticity of dendritic spines are mediated by divergent, but 

interactive signaling pathways.   
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Introduction 

 Forms of synaptic plasticity such as LTP and LTD are widely studied as cellular 

models of learning and memory (Malenka and Bear, 2004).  Extensive study has revealed 

that LTP and LTD cause two major forms of synaptic plasticity:  functional plasticity of 

excitatory synaptic transmission and structural plasticity of dendritic spine morphology 

and number (Tada and Sheng, 2006; Greger and Esteban, 2007; Wang et al., 2007; 

Cingolani and Goda, 2008).  Addiction has been proposed to be a pathological form of 

learning (Hyman et al., 2006) and exposure to various drugs of abuse has been found to 

cause both morphological plasticity of dendritic spines and functional plasticity of 

excitatory synaptic transmission (Robinson and Kolb, 2004; Bowers et al., 2010; Russo et 

al., 2010; Wolf, 2010). 

Our previous work has demonstrated that chronic treatment with morphine causes 

collapse of dendritic spines and suppresses excitatory synaptic transmission in 

hippocampal neurons in a post-synaptic, μ-opioid receptor (MOR) dependent manner 

(Liao et al., 2005; 2007a; 2007b).  Although dendritic spine plasticity and synaptic 

AMPA receptor plasticity have been shown to be highly correlated in a number of studies 

(McKinney et al., 1999; Matsuzaki et al., 2004; Richards et al., 2005; Okamoto et al., 

2009), other studies have found that changes in spine morphology and synaptic AMPA 

receptors can be differentially mediated (Sdrulla and Linden, 2007; Wang et al., 2007).  

Until the present study, it has been unknown whether these two cellular processes can be 

differentially mediated in drug-induced plasticity of excitatory synapses. 

Ca2+/calumodulin-dependent protein kinase II (CaMKII) is a serine/threonine 

kinase that is widely-known for its critical roles in synaptic plasticity and learning and 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 17, 2012 as DOI: 10.1124/mol.112.078162

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #78162 

 5

memory (Silva et al., 1992; Lledo et al., 1995; Okamoto et al., 2009).  Chronic morphine 

treatment decreases the phosphorylation activity of CaMKII in vivo (Lou et al., 1999) and 

in vitro (Zheng et al., 2010).  Inhibition of CaMKII in the hippocampus blocks the 

development of morphine tolerance and dependence (Fan et al., 1999; Lu et al., 2000).   

Calcineurin is a phosphatase that has recently been reported to be necessary for 

morphine-induced internalization of the GluR1 AMPA receptor subunit (Kam et al., 

2010).  Overexpression of calcineurin in vivo has been shown to impair morphine 

reinforcement (Biala et al., 2005).  Despite extensive previous studies supporting the role 

of both signaling proteins in morphine addiction, their role in morphine-induced plasticity 

of dendritic spines has not yet been fully revealed. 

Here we report that divergent pathways mediate morphine-induced spine loss and 

the loss of synaptic AMPA receptors.  The inhibition of CaMKII at its auto-

phosphorylation site, Thr286, blocks the effect of morphine on spine morphology, but not 

the effect of morphine on AMPA receptors.  In contrast, the inhibition of calcineurin 

phosphatase activity blocks both morphine-induced spine loss and the loss of synaptic 

AMPA receptors.  These results together provide the novel finding that divergent 

pathways mediate the structural and functional plasticity of excitatory synapses by 

morphine, shedding new light on the cellular mechanisms that may underlie opiate-

induced behavioral changes. 
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Materials and methods 

High-Density Neuronal Cultures and Neuronal Transfection  

A 25-mm glass polylysine-coated coverslip (thickness, 0.08mm) was glued to the 

bottom of a 35-mm culture dish with a 22-mm hole using silicone sealant as previously 

described (Wiens et al., 2005). Dissociated neuronal cultures from rat hippocampus at 

postnatal days 1–2 were prepared as previously described (Liao et al., 2001). Neurons 

were plated onto prepared 35-mm culture dishes at a density of 1x106 cells per dish. The 

age of cultured neurons was counted from the day of plating as 1 day in vitro (DIV). All 

experiments were performed on neurons from at least 3 independent cultures. Neurons at 

7–10 DIV were transfected with appropriate plasmids using the standard calcium 

phosphate precipitation method as previously described (Wiens et al., 2005). After 

transfection, neurons were put back to a tissue culture incubator (37°C, 5% CO2) and 

allowed to mature and develop until three weeks in vitro, a time at which neurons express 

high numbers of dendritic spines with mature morphologies. CaMKII wild-type (WT) 

and CaMKII dominant-negative (DN) constructs (generous gifts from Dr. Richard 

Huganir at Johns Hopkins University) were tagged with enhanced GFP (referred to as 

GFP) on the N terminus and expressed in the pRK5 vector and driven by a 

cytomegalovirus (CMV) promoter (Clontech, Inc.). Rac1N17 (dominant negative; 

referred to as Rac-), or Rac1V12 (constitutively active; referred to as Rac+) were tagged 

with enhanced GFP and expressed in the pRK5 vector and driven by a CMV promoter. 

The Rac1 constructs have been characterized and used previously (Li et al., 2002; Wiens 

et al., 2005). The GFP and DsRed constructs (Clontech, Inc.) were also expressed in the 

pRK5 vector and driven by a CMV promoter.  Concentrations used were:  10 μM 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 17, 2012 as DOI: 10.1124/mol.112.078162

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #78162 

 7

morphine, 10μM naloxone, 10μM D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2 

(CTOP), 10 μM KN-62 (Tokumitsu et al., 1990), 1 μM FK506 (Lieberman and Mody, 

1994; Kam et al., 2010), 30μM N,N,N,-trimethyl-5-[(tricyclo[3.3.1.13,7]dec-1-ylmethyl) 

amino]-1-pentanaminiumbromide hydrobromide (IEM-1460) (Fortin et al., 2010).  Drugs 

were added to the culture media at 21 DIV and remained for the length of the 

experiments.   

 

Low-Density Neuronal Cultures  

To detect the distribution of endogenous synaptic proteins with high resolution, 

low-density neuronal cultures were prepared as previously described with some 

modifications (Hoover et al., 2010). Dissociated neuronal cultures from rat hippocampus 

at postnatal days 1–2 were plated into 12-well culture plates at a density of 50,000–

100,000 cells per well. Each well contained a polylysine-coated 12-mm glass coverslip 

on the bottom. To maintain the low-density cultures for a long time (up to 1 month), the 

above 12-mm coverslips with low-density cultured neurons were transferred to 60 mm 

dishes (4 coverslips per dish; the coverslips faced up) that contained high-density 

neuronal cultures after 1 week in vitro. In previous studies, dishes with a glial feed layer 

were often used to support low-density cultures. Recently, we have found that high-

density neuronal cultures are far better supporters than pure glial cells. 

 

Electrophysiology 

Miniature excitatory post-synaptic currents (mEPSC) were recorded from cultured 

dissociated rat hippocampal neurons at 21–25 DIV with a glass pipette (resistance of 
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~5 MΩ) at holding potentials of -55 mV and filtered at 1 kHz as previously described 

(Liao et al., 2005). Input and series resistances were checked before and after the 

recording of mEPSCs, which lasted 5–20 min. There were no significant difference in the 

series resistances and input resistance among various groups of experiments. One 

recording sweep lasting 200 ms was sampled for every 1 s. Neurons were bathed in 

artificial cerebrospinal fluid (ACSF) at room temperature (25°C) with 100 μM APV (an 

NMDAR antagonist), 1 μM TTX (a sodium channel blocker), and 100 μM picrotoxin 

(GABAa receptor antagonist), gassed with 95% O2–5% CO2. The ACSF contained (in 

mM) 119 NaCl, 2.5 KCl, 5.0 CaCl2, 2.5 MgCl2, 26.2 NaHCO3, 1 NaH2PO4, and 11 

glucose. The internal solution in the patch pipette contained (in mM) 100 cesium 

gluconate, 0.2 EGTA, 0.5 MgCl2, 2 ATP, 0.3 GTP, and 40 HEPES (pH 7.2 with CsOH). 

All mEPSCs were analyzed with the MiniAnalysis program designed by Synaptosoft Inc. 

Detection criterion for mEPSCs was set as the peak amplitude 3 pA. Each mEPSC event 

was visually inspected and only events with a distinctly fast-rising phase and a slow-

decaying phase were accepted. The frequency and amplitude of all accepted mEPSCs 

were directly read out using the analysis function in the MiniAnalysis program. The 

averaged parameters from each neuron were treated as single samples in any further 

statistical analyses.  

 

Time-Lapse Live Imaging Method  

To label dendrites, high-density neurons at 7–10 DIV were transfected with 

plasmids encoding enhanced green fluorescence (GFP), GFP-tagged molecules, and/or 

DsRed. The 35-mm culture dishes fit tightly in a homemade holding chamber on a fixed 
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platform above an inverted Nikon microscope sitting on an X–Y translation stage 

(Burleigh Inc.). A 60x oil lens was used for all imaging experiments.  Original images 

were 157.3 μm wide (x-axis) and 117.5 μm tall (y-axis).  The z-axis was composed of 15 

images, taken at .5 μm intervals. The location of any neuron of interest was recorded by 

the reading of the X–Y translation stage. The culture dish was immediately put back into 

a tissue culture incubator after each observation. Neurons could be found again in the 

next observation using the X–Y translation stage (accuracy, 4 μm).   

 

Immunocytochemistry in Fixed Tissues  

Cultured neurons were fixed and permeabilized successively with 4% 

paraformaldehyde, 100% methanol, and 0.2% Triton X-100 (Hoover et al., 2010). For all 

immunocytochemistry primary and secondary antibodies, a dilution factor of 1:50 in 10% 

donkey serum in PBS was used. Commercial antibodies against PSD95 were used as a 

postsynaptic marker (rabbit polyclonal, Invitrogen; mouse monoclonal, Millipore)(Liao et 

al., 2001). The rabbit polyclonal antibodies against the C terminus of GluR1 or Glu2/3 

subunits were generous gifts from Dr. Richard Huganir at the Johns Hopkins University 

Medical School. Antisera against MOR were produced against a synthesized 15-residue 

peptide (NHQLENLEAETAPLP) corresponding to amino acids 384–398 (Arvidsson et 

al., 1995). A commercial antibody against CaMKII was used (mouse monoclonal; 

Invitrogen). Finally, FITC (green) or rhodamine (red)-conjugated secondary antibodies 

(Jackson ImmunoResearch) were used to recognize these primary antibodies.  

To estimate the amount of glutamate receptors in dendritic spines, fixed rat 

neurons immunoreactive for PSD95 (mouse monoclonal, Millipore) and a GluR antibody 
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(GluR1 or GluR2/3) were photographed and processed with MetaMorph software as 

previously described (Hoover et al., 2010). Then, immunoreactive clusters of PSD95 

were autoselected using the Meta-Morph software and the location of these clusters was 

transferred to images displaying glutamate receptor immunoreactivity on the same 

neuron. PSD95 immunoreactivity was used to identify dendritic spines. A cursor was 

placed in the center of the glutamate receptor clusters in dendritic spines to estimate 

glutamate receptor immunoreactivity as fluorescent pixel intensity in the spines (value 

Y1). Another cursor was placed in an adjacent dendritic shaft to measure glutamate 

receptor fluorescent pixel intensity (value Y2) and the ratio of glutamate receptor 

immunoreactive fluorescence intensity in spines/dendrites (Y1/Y2) was plotted on the y-

axis.  

 

Western Blots 

Western blot experiments were performed as described previously (Wiens et al., 

2005). Briefly, cultured neurons were lysed in modified radioimmunoprecipitation assay 

buffer on ice and then harvested with a cell scraper. The same amount of protein was 

loaded in each lane. To determine CaMKII phosphorylation activity, cell lysates were ran 

on the western blot and then stained with a phospho-CaMKII antibody and then a 

CaMKII antibody (Genescript). To determine Rac1 activity, a Rac1 activation kit 

(Upstate) was used. Cell lysates were immunoprecipitated with Rac/cdc42 Assay Reagent 

(PAK-1 PBD, agarose) to isolate active Rac1. Immunoprecipitated lysates and control 

lysates were run on a gel and then stained with a Rac1 antibody (Mouse monoclonal, 

Upstate). Rac1 proteins in total cell lysates were loaded as controls. Rac1 activation was 
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quantified with ImageQuant TL (GE healthcare) and measured as a proportion of active 

Rac1 to total Rac1 (Li et al., 2002).  

 

Image Analysis  

Time-lapse live images from the same neuron at 21 DIV were taken before and at 

various time points after drug treatments as previously described (Liao et al., 2005). All 

digital images were analyzed with MetaMorph Imaging System (Universal Imaging Co.). 

Unless stated otherwise, all images of live neurons were taken as stacks and were 

averaged into one image before further analysis. In addition to simple averaging, stacks 

of images were also processed by deconvolution of nearest planes using MetaMorph. A 

stack of deconvolved images was further averaged into one single image. A dendritic 

protrusion with an expanded head that was 50% wider than its neck was defined as a 

spine. The number of spines from a dendrite was manually counted and normalized per 

100 μM dendritic length; only dendrites with 50 μM or more of analyzable dendritic shaft 

were counted. The number of protrusions from a dendrite were manually counted and 

included both spines and non-spine protrusions. Student’s t-tests were used for 

comparison between parameters from two groups whereas ANOVA tests were used for 

comparison between parameters from multiple groups (n=number of neurons; p<0.05, 

significant). All data are reported as mean±standard error. *p<0.05; **p<0.01; 

***p<0.001.  
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Results 

Inhibition of both CaMKII and calcineurin prevents morphine-induced spine 

collapse 

Our previous studies have demonstrated that chronic postsynaptic activation of 

MORs leads to two forms of plasticity of dendritic spines: loss of pre-existing spines and 

loss of synaptic AMPA receptors (Liao et al., 2005; 2007a; 2007b; Kam et al., 2010).  

Here, we used our time-lapse live imaging system to clarify the signaling pathway that 

mediates morphine-induced spine loss (Figure 1). MOR activity post-synaptically 

modulates the structural plasticity of dendritic spines (Liao et al., 2005; 2007a).  CaMKII 

and calcineurin are known to play an important role in structural plasticity of dendritic 

spines during LTP and LTD (Silva et al., 1992; Matsuzaki et al., 2004).  However, their 

roles in drug-induced morphological changes in spines remain unknown.  To test their 

roles in MOR-mediated spine plasticity, we blocked CaMKII kinase activity with KN-62 

(Tokumitsu et al., 1990) and calcineurin phosphatase activity with FK506 (Lieberman 

and Mody, 1994).  Cultured rat hippocampal neurons at 21 DIV were treated by adding 

vehicle, morphine (10μM), morphine plus KN-62 (10μM), morphine plus FK506 (1μM), 

KN-62 alone or FK506 alone to the culture media for the length of the experiment 

(Figure 1A).  In past studies we have found that vehicle treatment alone has no significant 

effect on dendritic spine density (Liao et al., 2005).  Dendritic protrusions with a head 

50% wider than its neck are defined as dendritic spines.  Morphine treatment significantly 

decreased both spine and total protrusion density (number/100 μm length of dendrites) 1-

3 days after treatment (Figure 1B and 1C; n=8-10 neurons/group, p < 0.01; repeated 

measures one way ANOVA).  Treatment with either KN-62 or FK506 alone had no 
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significant effects on the density of dendritic spines (Figure 1B) or protrusions (Figure 

1C).  The presence of KN-62 or FK506 prevented the changes in both spine and 

protrusion density caused by morphine (Figure 1B and 1C; Before vs. Day 1 Morphine 

and No Drug vs. Day 3 Morphine, p<0.001, n=10).  We believe that the application of 

KN-62 prevents the decrease in CaMKII activity that is caused by morphine treatment 

(Zheng et al., 2010) and that FK506 prevents increases in calcineurin activity caused by 

morphine treatment (Kam et al., 2010).  These results indicate that the activation of both 

CaMKII and calcineurin is necessary for morphine-induced changes in spine density.   

 

Expression of dominant-negative mutant CaMKII prevents morphine-induced spine 

collapse 

 To further explore the necessity of CaMKII for MOR-induced structural 

plasticity, we enlisted the use of a dominant negative CaMKII (dnCaMKII) construct 

with a point mutation at autophosphorylation site Thr286 (see Giese et al, 1998; a 

generous gift from Dr. Richard Huganir, John Hopkins University).  Mice expressing 

CaMKII with this mutation show disruptions in spatial learning and hippcampal CA1 

LTP (Giese et al., 1998).  At 7 DIV, we transfected cultured hippocampal neurons with a 

plasmid encoding GFP alone, two plasmids encoding GFP-tagged wild-type CaMKII 

(wtCaMKII) and DsRed, or two plasmids encoding GFP-tagged dnCaMKII and DsRed.  

Whereas the GFP-tagged CaMKII constructs are appropriate for examining the cellular 

distribution of CaMKII, DsRed is more appropriate for visualizing the morphology of 

dendrites.  Neurons were then treated with vehicle, morphine or naloxone (10μM) at 21 

DIV.  Naloxone is a non-specific MOR antagonist that we have shown causes an increase 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 17, 2012 as DOI: 10.1124/mol.112.078162

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #78162 

 14

in spine density (Liao et al., 2005).  We imaged the neurons before drug exposure, and 

then 1 and 3 days after drug exposure.  There was no significant effect of morphine on 

the density of dendritic spines in neurons that had been transfected with dnCaMKII 

(Figure 2A-C).  In contrast, morphine caused a significant decrease in both spine and 

total protrusion density in neurons expressing GFP or wtCaMKII after 1 and 3 day 

morphine treatment (Figure 2A-C).  Naloxone significantly increased the density of 

dendritic spines and protrusions in these neurons at 1 and 3 DIV (Figure 3A-C).  

Naloxone did not cause a significant change in spine or protrusion density in neurons 

transfected with dnCaMKII (Figure 3B and 3C; repeated measures two-way ANOVA, 

Interaction p<0.01; Bonferroni post-test used for differences between individual groups; 

n=8-10).  These results further support that CaMKII kinase activity is required for opioid-

induced structural plasticity.   

 

Morphine causes translocalization from dendritic spines and dephosphorylation of 

CaMKII 

Translocation of CaMKII to or from dendritic spines has been reported to play 

roles in activity-dependent structural and functional plasticity of excitatory synapses 

(Shen and Meyer, 1999; Shen et al., 2000; Matsuzaki et al., 2004; Okamoto et al., 2004).  

Therefore, it is possible that activation of MOR might also suppress CaMKII activity by 

suppressing the clustering of this kinase in dendritic spines.  To test this possibility, we 

first used immunocytochemistry to determine whether MOR and CaMKII are colocalized 

in dendritic spines.  Low-density cultured hippocampal neurons at 21 DIV were co-

stained with antibodies against MOR and CaMKII using a protocol as previously 
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described (Hoover et al., 2010; Figure 4A).  We found that both proteins were highly 

expressed in dendrites and are largely co-localized in dendritic spines (>90%).  Given 

that postsynaptic signaling of CaMKII can be highly localized to the dendritic spine 

compartment (Okamoto et al., 2009), this finding supports the hypothesis that MOR 

modulates structural plasticity through effects on postsynaptic CaMKII signaling in the 

dendritic spine. 

To further test this possibility, low-density cultures of hippocampal neurons at 21 

DIV were treated with MOR agonists and antagonists and co-stained with antibodies 

against PSD-95 (a post-synaptic marker) and CaMKII after fixation and permeabilization 

(Figure 4B).  Neurons were treated with vehicle, morphine, naloxone, morphine + 

naloxone, CTOP (10μM), or morphine + CTOP for 3 days.  Morphine caused a 

significant decrease in clustering of CaMKII in dendritic spines, as measured by the ratio 

of CaMKII-expressing spines to PSD-95-expressing spines (Figure 4C; one-way 

ANOVA, p<0.0001; Bonferroni post-test, p<0.001; n= 9 neurons/group).  The morphine-

induced translocation of CaMKII from dendritic spines was blocked by either naloxone 

or CTOP, a MOR-selective antagonist, supporting the proposed mechanism that MOR 

activation by morphine suppresses synaptic CaMKII activity by either promoting the 

translocation of CaMKII from the postsynaptic compartment or inhibiting synaptic 

recruitment of the kinase.   

The phosphorylation of the CaMKII auto-phosphorylation site, Thr286, is known 

to activate the kinase and antibodies against this phosphorylation site are commonly used 

to measure CaMKII activity (Giese et al., 1998). To access the effect of morphine on 

CaMKII phosphorylation we treated cultured hippocampal neurons with vehicle, 
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morphine, or morphine + naloxone for 1 day and then made lysates of the cells.  We ran 

the lysates on a western blot and then probed for phospho-CaMKII (Thr286) and total 

CaMKII.  We found that morphine significantly decreases phosphorylation of CaMKII 

and that this decrease is blocked by naloxone co-treatment with morphine (Figure 5, one-

way ANOVA, p<0.05; Bonferroni post-test, p<0.01; n=4 cultures per group).  This data 

adds to previously reported data showing that morphine causes biphasic changes in 

CaMKII activity:  acute morphine treatment (45 minutes) causes an increase in CaMKII 

phosphorylation (Lou et al., 1999), while chronic morphine treatment for 3 days causes a 

decrease in CaMKII phosphorylation after 3 days of morphine treatment (Zheng et al., 

2010). Our results extend these previous findings showing that the decreasing phase of 

the biphasic effect of morphine on CaMKII activity occurs as early as 1 day into 

morphine treatment and can be blocked by the MOR antagonist naloxone. These results 

support our proposed model in which chronic morphine causes spine loss via a CaMKII 

dependent signaling pathway. 

 

Rac1 is necessary for morphine-induced spine loss 

CaMKII has been shown to modulate Rac1 activity through the guanine-

nucleotide exchange factor Kalirin-7 (Xie et al., 2007; Penzes and Jones, 2008).  Rac1 is 

a GTPase that has been demonstrated to regulate the structure and function of excitatory 

synapses (Tashiro et al., 2000; Wiens et al., 2005).  Therefore, we hypothesized that 

chronic activation of MORs cause loss of pre-existing spines by inhibiting the CaMKII-

Rac1 signaling pathway.   
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To test this possibility, we used a Rac1 activation kit (Upstate Inc.) to detect 

MOR-mediated changes in Rac1 activity (Li et al., 2002).  High-density cultured rat 

hippocampal neurons at 21 DIV were treated with no drug, morphine, morphine plus 

CTOP or CTOP alone.  To determine the amount of active Rac1 proteins, cell lysates 

were immunoprecipitated (IP) with PAK1, a downstream effector of Rac1, and detected 

using an anti-Rac1 antibody in western blots (Figure 6A).  The same antibody was used 

to detect total Rac1 proteins in inputs of total cell lysates in the control lanes (Figure 6A).  

Compared with the untreated control group, morphine significantly decreased the amount 

of active Rac1 proteins whereas CTOP blocked the effect of morphine (Figure 5B; one-

way ANOVA, Bonferroni post-test; n=4), supporting our hypothesis that CaMKII-Rac1 

inhibition mediates the effects of chronic activation of MORs on dendritic spines.   

To further test this hypothesis, we utilized our time-lapse live imaging system to 

determine how up- or down-regulation of Rac1 activity would affect the effects of 

morphine on dendritic spines (Figure 6C).  Neurons expressing GFP, GFP-tagged 

constitutively active Rac1 + DsRed, and GFP-tagged dominant negative Rac1 + DsRed 

were imaged before, 1 day after and 3 days after morphine treatment (Figure 6).  The 

expression of dominant negative form (Rac-) caused a significant decrease in spine 

density as compared to control, morphine caused no further collapse of dendritic spines.  

Transfection of the constitutively active form of Rac1 (Rac+) alone caused a significant 

increase in spine density, clamping spine density at a high level and preventing 

morphine-induced spine loss (Figure 6C-6E; repeated measures two-way ANOVA, Main 

effect of transfection, p<0.0001, Interaction p<0.0001; Bonferroni post-test used for 

differences between individual groups; n=8-10).  These results demonstrate that MOR-
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mediated structural plasticity of dendritic spines requires changes in Rac1 activity, 

shedding light on the downstream mechanisms in morphine-induced spine loss.   

 

Calcineurin inhibition, but not CaMKII inhibition, blocks morphine-induced 

decrease in the amplitude of AMPAR-mediated mEPSC responses 

 As shown in Figure 1, CaMKII and calcineurin play similar roles in MOR-

mediated structural plasticity of dendritic spines.  Surprisingly, our electrophysiological 

studies revealed that these two signaling proteins play different roles in functional 

plasticity of dendritic spines (Figure 7).  To elucidate the roles of calcineurin and 

CaMKII in morphine-induced functional plasticity, we used a whole-cell voltage-clamp 

technique to measure miniature excitatory post-synaptic currents (mEPSC) in mature 

cultured hippocampal neurons (21-25 DIV; Figure 7).  Neurons at 19-21 DIV were 

treated with no drug, morphine, KN-62, KN-62 plus morphine, FK506 or FK506 plus 

morphine for at least 3 days in a manner similar to the morphological experiments 

summarized in Figure 1.  Treatment with KN-62 or FK506 alone had no significant effect 

on mEPSC amplitude or frequency (Figure 7D and 7E).  Consistent with our previous 

studies (Liao et al., 2005; 2007a), morphine significantly decreased the amplitude and 

frequency of mEPSCs in comparison with neurons treated with vehicle (Figure 7D and 

7E).  The mEPSC amplitude is believed to be determined by the strength of postsynaptic 

response caused by the release of only one synaptic vesicle (del Castillo and Katz, 1954).  

Interestingly, the effect of morphine on mEPSC amplitude persisted in the presence of 

KN-62 (Figure 7B; Kolmogorov-Smirnoff test, p<0.0001; n=10) but was blocked by 

FK506 (Figure 7C), indicating that CaMKII and calcineurin might play different roles in 
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modulating the trafficking of AMPA receptors into or out from dendritic spines.  

Consistent with analyses in Figure 7B and 7C, average mEPSC amplitude was 

significantly decreased by morphine treatment and this effect was blocked by FK506 but 

not KN-62 (Figure 7D; one-way ANOVA, n=10 in each group, compared with untreated 

control).  In contrast, the presence of either KN-62 or FK506 blocks the effect of 

morphine on the frequency of mEPSCs (Figure 7E; One-way ANOVA, n=10 in each 

group, compared with untreated control).  A decrease in the frequency of mEPSCs can 

result from either a decrease in releasing probability or number of synapses (subsequently 

decreasing number of releasing sites)(del Castillo and Katz, 1954; Liao et al., 2007a).   

Therefore, combined with our morphological analyses (Figure 1 and 2), our 

electrophysiological data indicate that both CaMKII inhibition and calcineurin activation 

reduce the number of functional synapses by causing collapse of dendritic spines.   

 

Calcineurin inhibition, but not CaMKII inhibition, protects against morphine-

induced loss of AMPA receptors in dendritic spines  

The morphine-induced reduction in mEPSC amplitude may result from loss of 

AMPA receptors in dendritic spines through endocytosis (Liao et al., 2005; Kam et al., 

2010).  To determine the roles of calcineurin and CaMKII in morphine-induced loss of 

AMPA receptors in dendritic spines, we examined the morphine-induced cellular 

redistribution of GluR1 and GluR2 subunits of AMPA receptors in the presence of either 

FK506 or KN-62 (Figures 8 and 9).  Low-density rat hippocampal neurons were cultured 

at 21 DIV, treated with vehicle, morphine or naloxone for 3 days, and were stained with 

anti-PSD-95 and anti-GluR1 antibodies after fixation and permeabilization (Figure 8A-
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8F).  We found that FK506, but not KN-62, blocked morphine-induced loss of GluR1 

clustering (Figure 8G, One-way ANOVA, Bonferroni post-test, n=8 neurons/group).  

This indicates that calcineurin, but not CaMKII is necessary for morphine-induced 

removal of GluR1 from dendritic spines.   

 To determine whether calcineurin and CaMKII also play different roles in MOR-

mediated changes in GluR2 clustering in dendritic spines, cultured neurons were treated 

with vehicle, morphine, morphine + FK506 or morphine + KN-62 for 3 days and then 

stained with anti-PSD-95 and anti-GluR2 antibodies (Figure 9A-9F).  Similar to our 

GluR1 results, FK506, but not KN-62 blocked morphine-induced loss of GluR2 

clustering (Figure 9G, One-way ANOVA, Bonferroni post-test, n=8 neurons/group).  

This indicates that calcineurin, but not CaMKII is necessary for morphine-induced 

removal of GluR2 from dendritic spines.  Consistent with our live imaging data from 

high-density cultures (Figure 1), FK506 and KN-62 block morphine-induced decrease in 

the number of PSD95 clusters in low-density cultures (Figure 9H, One-way ANOVA, 

Bonferroni post-test, n=8 neurons/group), further confirming that these two molecules 

play similar roles in MOR-mediated structural plasticity of dendritic spines. 

 Given that the calcineurin and CaMKII are Ca2+/calmodulin activated proteins, it 

is possible that the binding of morphine to MOR leads to a change in Ca2+ dynamics.  

Although it is unclear how morphine causes changes in intracellular Ca2+, it is not likely 

due to an influx through NMDA channels (Kam et al., 2010). The presence of Ca2+-

permeable AMPA glutamate receptors (GluR2-lacking) (CP-AMPA) at synapses has 

been shown to be highly plastic (Liu and Zukin, 2007; Fortin et al., 2010).  CP-AMPA 

receptors could play a role in the effects of morphine on spine density.  To test this, we 
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transfected neurons with GFP and imaged before drug treatment, 1 day after and 3 days 

after.  One group of neurons received morphine treatment, while the other received 

morphine + IEM-1460 (30μM), an inhibitor of CP-AMPA receptors.  We found that co-

treatment of IEM-1460 with morphine prevents morphine from causing a significant 

decrease in both spine and protrusion density (Figure 10, repeated measures two-way 

ANOVA, Bonferroni post-test, n=10 neurons/group).  This finding indicates that the 

binding of morphine to MOR may lead to time-dependent changes in AMPA receptor 

subunit composition and changes in Ca2+ dynamics that cause morphine-induced spine 

loss. 
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Discussion 

 Persistent structural and functional changes in dendritic spines might be the basis 

of the abnormal learning that accompanies addiction (Robinson and Kolb, 2004; Bowers 

et al., 2010; Russo et al., 2010).  The present study provides evidence supporting that 

addictive drug-induced structural and functional plasticity of excitatory synapses can be 

mediated through separate intracellular signaling cascades (See diagram in Figure 10D).   

 

Differential roles of CaMKII and calcineurin in morphine-induced changes in 

synaptic function 

The strength of synaptic responses can be altered by changes in either quantal 

content (releasing probability multiplied by number of releasing sites) or quantal size 

(postsynaptic response per synaptic vesicle), which is often estimated by measuring the 

amplitude and frequency of miniature excitatory postsynaptic potential (mEPSP) or 

mEPSC responses (del Castillo and Katz, 1954).  Surprisingly, although both calcineurin 

and CaMKII have been reported to play roles in AMPA receptor trafficking during 

activity-dependent synaptic plasticity (Silva et al., 1992; Mulkey et al., 1994; Hayashi et 

al., 2000; Dell'Acqua et al., 2006; Kam et al., 2010), only calcineurin is necessary for 

morphine-induced reductions in the amplitude of AMPA receptor-mediated mEPSC 

responses (Figure 7).  Given the assumption that amount of neurotransmitter per vesicle 

is constant, the decrease in mEPSC amplitude caused by morphine likely indicates a loss 

of postsynaptic AMPA receptors (Liao et al., 2001) and calcineurin, but not CaMKII, is 

necessary for that loss.  This result is consistent with our previous study that chronic 

activation of MORs induces endocytosis of AMPA receptors by calcineurin-dependent 
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dephosphorylation of GluR1 subunits at S845 (Kam et al., 2010).  In contrast, both 

calcineurin and CaMKII are necessary for morphine-induced reductions in the frequency 

of AMPA receptor-mediated mEPSC responses (Figure 7). Given that the effect of 

morphine on cultured hippocampal neurons is mediated post-synaptically (Liao et al., 

2005; 2007a; 2007b), morphine-induced decreases in mEPSC frequency are likely due to 

dendritic spine loss, i.e. a decrease in the number of functional synapses.  This finding 

supports our concept that calcineurin and CaMKII both participate in MOR-mediated 

spine loss. 

 

Similar roles of CaMKII and calcineurin in morphine-induced changes in spine 

density 

 Consistent with our functional analyses (see above), our time-lapse live imaging 

experiments revealed that both calcineurin and CaMKII are necessary for morphine-

induced spine loss (Figures 1-3).  CaMKII has been linked to a number of regulators of 

actin-binding proteins, including Rac1 and RhoA, that are involved in the structural 

plasticity of dendritic spines (Cingolani and Goda, 2008; Okamoto et al., 2009).  One of 

the most widely studied regulators of spine morphogenesis is Rac1, a small GTPase.  The 

present study provides direct evidence that the CaMKII-Rac1 signaling pathway 

contributes to addictive drug-induced structural plasticity of dendritic spines (Figure 6).     

Ours and others’ previous studies support roles of the CaMKII-Rac1 pathway in 

AMPA receptor trafficking during neuronal development and activity-dependent synaptic 

plasticity (Wiens et al., 2005; Xie et al., 2007).  Surprisingly, the inhibition of CaMKII 

activity does not block morphine-induced changes in the amplitude of AMPA receptor-
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mediated mEPSC responses (Figure 7), GluR1 redistribution (Figure 8) or GluR2 

redistribution (Figure 9).  Taken together, these results indicate that opiate-induced 

changes in AMPA receptor trafficking are modulated through a signaling pathway that is 

different from those for neuronal development and activity-dependent synaptic plasticity.   

The mechanistic link between calcineurin and CaMKII in MOR-mediated 

structural plasticity of dendritic spines remains to be determined.  One possibility is that 

CaMKII acts downstream from the phosphatase calcineurin as it has been previously 

shown that calcineurin indirectly regulates CaMKII activity via inhibitory-1 and protein 

phosphatase 1 (PP1) (Lisman and Zhabotinsky, 2001; Colbran and Brown, 2004; Ishida 

et al., 2009).  PP1 has been shown to dephosphorylate CaMKII and dissociate CaMKII 

from the PSD (Strack et al., 1997; Yoshimura et al., 1999), raising the possible role of 

calcineurin-dependent dephosphorylation of CaMKII and translocation of CaMKII from 

dendritic spines (Figures 4-5).  Another possibility is that calcineurin-dependent AMPA 

receptor subunit internalization may change AMPA receptor calcium dynamics and 

subsequently cause spine collapse via the CaMKII-Rac1 signaling pathway (See diagram 

in Figure 10D).   

 

Morphine-induced loss of GluR1 and GluR2 from dendritic spines depends upon 

calcineurin, but not CaMKII 

The present study reveals that calcineurin, but not CaMKII, is necessary for 

morphine-induced decreases in the clustering of both the GluR1 and GluR2 subunits of 

the AMPA glutamate receptors in dendritic spines (Figures 8-9), further supporting the 

hypothesis that the two signaling molecules play different roles in morphine-induced 
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plasticity of excitatory synapses.  Recent in vivo research has found that 4 injections of 

morphine over 48 hours followed by 12 hours of withdrawal causes an increase in 

synaptic GluR1 AMPA receptor subunits and fEPSP magnitude (Billa et al., 2010a).  Our 

past and present findings indicate that after morphine has been constantly applied to the 

dish for 3 days in vitro GluR1 and GluR2 AMPA receptor subunits both cluster less in 

the dendritic spine and mEPSC amplitude is decreased (Liao et al., 2005; 2007a).  Our 

lack of a withdrawal time period in our treatment protocol may be why there are 

differences in our groups’ findings. Another explanation could be that the systematic 

administration of morphine leads to circuit changes that indirectly affect AMPA 

glutamate receptor signaling in the hippocampus. 

Our previous study has shown that chronic morphine exposure increases the 

activity of calcineurin and that calcineurin is necessary for morphine-induced GluR1 

internalization (Kam et al., 2010).  As calcineurin is a Ca2+-dependent protein, morphine 

might cause a change in intracellular Ca2+ to stimulate calcineurin activity.  Various 

opioids have been shown to modulate levels of intracellular calcium and the activity of 

calmodulin (Nehmad et al., 1982; Smart et al., 1997).  Research has indicated that 

mGluRs and secondary messengers PLC/PKC are involved in morphine-induced signal 

transduction and development of tolerance, therefore, morphine may affect intracellular 

Ca2+ levels via mGluRs (Fundytus and Coderre, 1996).   

Our finding cannot determine whether the timescale of morphine-induced 

removal of GluR1 from dendritic spines is different from that of GluR2.  GluR2-lacking 

AMPA receptors are Ca2+-permeable, while GluR2-containing AMPA receptors are not 

(Liu and Zukin, 2007).  Drugs of abuse have been shown to alter AMPA receptor subunit 
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composition and AMPA receptor Ca2+-permeability (Conrad et al., 2008; Mameli et al., 

2009; Wolf and Ferrario, 2010; Billa et al., 2010b).  Given the various roles of CP-

AMPA receptors in synaptic plasticity (Liu and Zukin, 2007; Fortin et al., 2010), it is 

possible that morphine may affect intracellular Ca2+ levels via modulation of AMPA 

receptor calcium permeability.  Although data in Figure 10 support the role of CP-AMPA 

receptors in morphine-induced spine loss, further research must be conducted in order to 

determine how morphine exposure leads to increased calcineurin activity.   

  

Roles of structural and functional plasticity of dendritic spines in hippocampal 

neurons in drug addiction 

It has been known for over two decades that unilateral microinjections of 

morphine into the rat hippocampus can produce a conditioned place preference (Corrigall 

and Linseman, 1988).  Due to the classical hypothesis that the mesolimbic dopaminergic 

pathway is the main rewarding pathway (Bowers et al., 2010), the hippocampus has not 

been incorporated into the addiction neurocircuitry until very recently.  Addiction is 

increasingly regarded as a pathological form of learning and memory (Hyman et al., 

2006; Jones and Bonci, 2005).  Therefore, present models of drug addiction almost 

always incorporate memory systems including the hippocampus, prefrontal cortex and 

amygdala (Koob and Volkow, 2009; Morón and Green, 2010).   

Although structural and functional changes in dendritic spines during activity-

dependent plasticity have been correlated in numerous studies (Matsuzaki et al., 2004; 

Okamoto et al., 2009), some studies have shown that the molecular mediators of 

functional and structural plasticity can be dissociated (Wang et al., 2007; Cingolani and 
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Goda, 2008).  The present study has extended this concept of separate but interactive 

signaling pathways for mediating structural and functional plasticity of excitatory 

synapses to addiction research.   

Persistent structural and functional changes in dendritic spines caused by drugs of 

abuse are recently proposed to mediate the aberrant learning associated with addiction 

(Robinson and Kolb, 2004; Hyman et al., 2006).  Recent studies have attempted to 

determine the roles of synaptic plasticity in addictive drug-induced behavioral changes by 

either blocking cocaine-induced structural plasticity (Pulipparacharuvil et al., 2008; 

Russo et al., 2009), or cocaine-induced changes in glutamate receptor function 

(Moussawi et al., 2009; 2011).  These behavioral studies often yield conflicting results 

(Pulipparacharuvil et al., 2008; Moussawi et al., 2009; Russo et al., 2009; Moussawi et 

al., 2011), which may result from the complexity of neuronal circuitry or divergent 

intracellular mechanisms underlying structural and functional plasticity of dendritic 

spines caused by drugs of abuse.  The present study provides direct experimental 

evidence that these two forms of drug-induced plasticity can be mediated by separate, but 

interacting, signaling pathways.  The new knowledge gained from our in vitro cellular 

studies should help us better understand the relationship between structural and 

functional plasticity in addiction and promote the design of more comprehensive in vivo 

experiments in the future.   

 

Conclusions 

The learning and memory associated with drug-induced behavioral changes 

requires long-lasting changes in synaptic strength, which can be either achieved through 
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alteration in the amount of functional AMPA receptors in dendritic spines or changes in 

spine morphology.  The present study demonstrates that these two forms of drug-induced 

plasticity can be mediated through separate but interactive intracellular cascades.  The 

new concept of separate but interactive mediators for functional and structural synaptic 

plasticity caused by drugs of abuse should significantly advance our understanding of the 

diverse cellular mechanisms underlying addictive behaviors. 
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Figure Legends 

Figure 1.  Inhibition of Both CaMKII and calcineurin prevents morphine-induced 

spine collapse 

(A) Representative live images of GFP-labeled cultured hippocampal neurons first taken 

at 21 DIV and then imaged again 1 and 3 days after drug treatment. Scale Bar = 10 μm. 

(B) Zoomed image of a collapsing spine from the morphine treated lane of panel A. Scale 

Bar = 2.5 μm. 

(C) Quantification of spine density per 100 μm of dendritic length in neurons described in 

A.  Morphine treatment causes a significant decrease in spine density that is blocked by 

co-treatment with KN-62 or FK506. 

(D) Quantification of protrusion density of neurons described in A.  Morphine treatment 

causes a significant decrease in protrusion density that is blocked by co-treatment with 

KN-62 or FK506. Repeated Measures Two-way ANOVA; Bonferroni post-test: *p<0.05, 

**p<0.01, ***p<0.001; n=8-10 neurons/group. 

 

Figure 2.  Expression of dominant-negative mutant CaMKII prevents morphine-

induced spine collapse 

(A) Representative live images of cultured hippocampal neurons first taken at 21 DIV 

and then imaged again 1 and 3 days after drug treatment.  Neurons were transfected with 

plasmids encoding either GFP alone, DsRed and GFP-tagged CaMKII WT, or DsRed and 

CaMKII DN tagged with GFP at 7 DIV.  Row 1 shows GFP, Row 2 and 3 show DsRed. 

Arrows denote spine collapse. Scale Bar = 10 μm. 
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(B) Quantification of spine density in A.  Morphine treatment causes a significant 

decrease in spine density.  The effect persists when neurons are transfected with CaMKII 

WT but is blocked when neurons are transfected with CaMKII DN. 

(C) Quantification of protrusion density in A.  Morphine treatment causes a significant 

decrease in protrusion density.  The effect persists when neurons are transfected with 

CaMKII WT but is blocked when neurons are transfected with CaMKII DN. Repeated 

Measures Two-way ANOVA; Bonferroni post-test: *p<0.05, **p<0.01, ***p<0.001; 

n=8-10 neurons/group. 

 

Figure 3.  Expression of dominant-negative mutant CaMKII prevents naloxone-

induced increases in spine density 

(A) Representative live images of cultured hippocampal neurons first taken at 21 DIV 

and then imaged again 1 and 3 days after drug treatment.  Neurons were transfected with 

plasmids encoding either GFP alone, DsRed and GFP-tagged CaMKII WT, or DsRed and 

CaMKII DN tagged with GFP at 7 DIV.  Row 1 shows GFP, Row 2 and 3 show DsRed.  

Arrowheads indicate growth of spines. Scale Bar = 10 μm. 

(B) Zoomed image of a new spine from the GFP-transfected, naloxone treated lane of 

panel A. Scale Bar = 2.5 μm. 

(C) Quantification of spine density in A.  Naloxone treatment causes a significant 

increase in spine density.  The effect persists when neurons are transfected with CaMKII 

WT but is blocked when neurons are transfected with CaMKII DN. 

(D) Quantification of protrusion density in A.  Naloxone treatment causes a significant 

increase in protrusion density.  The effect persists when neurons are transfected with 
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CaMKII WT but is blocked when neurons are transfected with CaMKII DN.  Repeated 

Measures Two-way ANOVA; Bonferroni post-test:  *p<0.05, **p<0.01, ***p<0.001;  

n=8-10 neurons/group. 

 

Figure 4.  Morphine causes CaMKII translocalization from dendritic spines 

(A) Neurons stained with anti-MOR (green in the overlay) and anti-CaMKII (red in the 

overlay) antibodies.  MOR and CaMKII colocalize in >90% of dendritic spines. 

(B) Representative images of neurons stained with anti-PSD-95 (green in overlay) and 

anti-CaMKII (red in overlay) antibodies.  Neurons were treated with drug at 21 DIV and 

then fixed at 24 DIV.  Arrowheads indicate colocalization of PSD-95 and CaMKII; 

arrows indicate dendritic spines where CaMKII is not found. Scale Bar = 10 μm. 

(C) Quantification of proportion of dendritic spines (as indicated by PSD-95) that contain 

CaMKII.  Morphine causes the translocation of CaMKII from dendritic spines.  This 

effect is blocked by MOR antagonists.  One-way ANOVA; Bonferroni post-test:  

*p<0.05, **p<0.01, ***p<0.001; n=9 neurons/group. 

 

Figure 5.  Morphine exposure in vitro causes a decrease in phosphorylated CaMKII 

after 1 day of treatment 

(A) In the two representative samples, the top rows are western blots of total cell lysates 

probed with a phospho-CaMKII antibody (Thr286); the bottom rows are the same lysates 

that have been probed with a total CaMKII antibody. 

(B) Quantification of the blots shown in A.  Relative optical density of phosphorylated 

CaMKII over total CaMKII was normalized by non-treated control.  Morphine decreases 
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phospho-CaMKII and this effect is blocked by naloxone (One-way ANOVA, Bonferroni 

post-test, p<0.01, n=4 sets of lysates). 

 

Figure 6.  Rac1 is necessary for morphine-induced spine loss 

(A) The top row shows active Rac1 (see method).  The bottom row shows input Rac1 

proteins in total cell lysates. 

(B) Quantification of the blots shown in A.  Relative optical density of active Rac1 over 

total Rac1 was normalized by non-treated control.  Morphine decreases Rac1 activity, 

which is blocked by CTOP (One-way ANOVA, Bonferroni post-test, p<0.01, n=4 sets of 

lysates). 

(C) Representative live images of cultured hippocampal neurons first taken at 21 DIV 

and then imaged again 1 and 3 days after drug treatment.  Neurons were transfected with 

either GFP, DsRed and GFP-tagged Rac+, or DsRed and GFP-tagged Rac- at 7 DIV.  

GFP images are displayed.  For Rac+ and Rac- groups, DsRed images were used for 

quantification.  Arrows indicate collapse of spines. Scale Bar = 10 μm. 

(D) Quantification of spine density in C.  Morphine treatment causes a significant 

decrease in spine density that is blocked when neurons are transfected with Rac1- or 

Rac+. 

(E) Quantification of protrusion density in C.  Morphine treatment causes a significant 

decrease in protrusion density that is blocked when neurons are transfected with Rac1- or 

Rac+.  Repeated Measures Two-way ANOVA, Main effect of transfection, p<0.0001, 

Interaction p<0.0001; Bonferroni post-test: *p<0.05, **p<0.01, ***p<0.001; n=8-10 

neurons/group. 
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Figure 7.  Calcineurin inhibition, but not CaMKII inhibition, blocks morphine-

induced decrease in the amplitude of AMPAR-mediated mEPSC responses 

(A) Representative traces of mEPSC recordings in neurons with four different treatments.  

Scale Bar – x-axis=164 ms, y-axis=20 pA. 

(B) Cumulative frequency graph of mEPSC amplitude of neurons treated with vehicle, 

morphine, KN-62, and morphine + KN-62.  Neurons treated with morphine and morphine 

+ KN-62 have significantly more small amplitude mEPSCs than neurons treated with 

vehicle.  (Kolmogorov-Smirnoff test between vehicle and morphine, between vehicle and 

morphine+KN-62, p<0.0001).   

(C) Cumulative frequency graph of mEPSC amplitude of neurons treated with vehicle, 

morphine, morphine + FK506, and vehicle + FK506.  Neurons treated with morphine 

were found to be significantly different from vehicle (Kolmogorov-Smirnoff test between 

vehicle and morphine, p<0.0001). 

(D) Average mEPSC amplitudes of each group.  The mEPSC amplitude of neurons 

treated with morphine or morphine + KN-62 was significantly decreased as compared to 

vehicle. 

(E) Average mEPSC frequencies of each group.  The mEPSC frequency of neurons 

treated with morphine was significantly decreased as compared to vehicle.  One-way 

ANOVA, Bonferroni post-test:  *p<0.05, **p<0.01, ***p<0.001;  n=10 neurons/group. 

 

Figure 8.  Calcineurin inhibition, but not CaMKII inhibition, protects against 

morphine-induced removal of GluR1 AMPA receptor subunits from the synapse 
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(A-F) Representative images of neurons stained with anti-PSD-95 (red in overlay) and 

anti-GluR1 (green in overlay) antibodies.  Arrows indicate colocalization of PSD-95 and 

GluR1; arrowheads indicate dendrites where GluR1 is found in the dendritic shaft. Scale 

Bar = 10 μm. 

(G) Quantification of GluR1 clustering ratio (spine/dendrite).  Morphine causes the 

cellular redistribution of GluR1, this effect is blocked by FK506 (F), but not KN-62 (K)  

(One-way ANOVA, Bonferroni post-test).  *p<0.05, **p<0.01, ***p<0.001.  n=8 

neurons/group 

 

Fiugure 9.  Calcineurin inhibition, but not CaMKII inhibition, protects against 

morphine-induced removal of GluR2 AMPA receptor subunits from the synapse 

(A-F) Representative images of neurons stained with anti-PSD-95 (red in overlay) and 

anti-GluR2 (green in overlay) antibodies.  Arrows indicate colocalization of PSD-95 and 

GluR2; arrowheads indicate dendrites where GluR2 is found in the dendritic shaft. Scale 

Bar = 10 μm. 

(G) Quantification of GluR2 florescence ratio (spine/dendrite).  Morphine causes the 

cellular redistribution of GluR2, this effect is blocked by FK506 (FK), but not KN-62 

(KN) (One-way ANOVA, Bonferroni post-test). 

(H) Quantification of spine density by counting the number of PSD-95 clusters per 100 

μm of dendritic length.  Both FK506 and KN-62 prevent morphine-induced spine loss 

(One-way ANOVA, Bonferroni post-test).  *p<0.05, **p<0.01, ***p<0.001.  n=8 

neurons/group� 
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Figure 10.  CP-AMPA receptor antagonist IEM-1460 prevents morphine-induced 

spine collapse 

(A) Representative live images of GFP-labeled cultured hippocampal neurons first taken 

at 21 DIV and then imaged again 1 and 3 days after drug treatment. Scale Bar = 10 μm. 

(B) Quantification of spine density per 100 μm of dendritic length in neurons described in 

A.  Morphine treatment causes a significant decrease in spine density that is blocked by 

co-treatment with IEM-1460, an inhibitor of CP-AMPA receptors. 

(C) Quantification of protrusion density of neurons described in A.  Morphine treatment 

causes a significant decrease in protrusion density that is blocked by co-treatment with 

IEM-1460. Repeated Measures Two-way ANOVA; Bonferroni post-test: *p<0.05, 

**p<0.01, ***p<0.001; n=10 neurons/group. 

(D) Diagram illustrating the roles of CaMKII and calcineurin in morphine-induced 

plasticity of dendritic spines.   
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