8102 - The Journal of Neuroscience, June 16, 2010 - 30(24):8102—-8110

Cellular/Molecular

Modulations of NeuroD Activity Contribute to the
Differential Effects of Morphine and Fentanyl on Dendritic
Spine Stability

Hui Zheng, Yan Zeng, Ji Chu, Angel YuetFang Kam, Horace H. Loh, and Ping-Yee Law
Department of Pharmacology, University of Minnesota, Minneapolis, Minnesota 55455-0217

The cellular level of neurogenic differentiation 1 (NeuroD) is modulated differentially by w-opioid receptor agonists; fentanyl increases
NeuroD level by reducing the amount of microRNA-190 (miR-190), an inhibitor of NeuroD expression, whereas morphine does not alter
NeuroD level. In the current study, NeuroD activity was demonstrated to be also under agonist-dependent regulation. After 3 d of
treatment, morphine and fentanyl decreased the activity of the Ca®*/calmodulin-dependent protein kinase II o (CaMKIIr), which
phosphorylates and activates NeuroD. Because NeuroD activity is determined by both the CaMKII v activity and the cellular NeuroD level,
the overall NeuroD activity was reduced by morphine, but maintained during fentanyl treatment. The differential effects of agonists on
NeuroD activity were further confirmed by measuring the mRNA levels of four NeuroD downstream targets: doublecortin, Notch1,
neurogenic differentiation 4, and Roundabout 1. Decreased dendritic spine stability and w-opioid receptor signaling capability were also
observed when NeuroD activity was attenuated by miR-190 overexpression or treatment with KN93, a CaMKII« inhibitor. The decrease
could be rescued by NeuroD overexpression, which restored NeuroD activity to the basal level. Furthermore, elevating NeuroD activity
attenuated the morphine-induced decrease in dendritic spine stability. Therefore, by regulating NeuroD activity, w-opioid receptor

agonists modulate the stability of dendritic spines.

Introduction

Neurogenic differentiation 1 (NeuroD or BETA2) is a member of
the basic helix-loop-helix transcription factor family. It is essen-
tial for the development of the CNS and the formation of the
endocrine system. Severe defects in granule cells of the cerebel-
lum and hippocampal dentate gyrus have been identified in
NeuroD-null mice rescued by exogenous insulin (Cho and Tsai,
2004). The cellular level of NeuroD is differentially regulated by
u-opioid receptor (OPRM1) agonists (Zheng et al., 2010b). Fen-
tanyl suppresses the expression of microRNA-190 (miR-190),
which binds complimentarily to NeuroD mRNA and decreases
the mRNA and protein levels of NeuroD. Morphine treatment
has no effect on the expression of miR-190 or NeuroD (Zheng et
al., 2010b).

RNA interference (RNAi) against NeuroD shortens the den-
drites of cerebellar granule neurons (Gaudilliere et al., 2004).
NeuroD functions depend on its phosphorylation on Ser>*® by
the Ca®"/calmodulin-dependent protein kinase I « (CaMKII«).
KN93, an inhibitor of CaMKIle, attenuates NeuroD activity
(Gaudilliere et al., 2004). Thus, NeuroD activity hinges on both
its expression and CaMKIIa-mediated phosphorylation. CaMKIl«

Received Dec. 8, 2009; revised March 25, 2010; accepted March 30, 2010.

The research was supported by National Institutes of Health Grants DA007339, DA016674, DA000564, and
DA011806. H.H.L. and P.Y.L. are recipients of Grants K05-DA70544 and K05-DA00513, respectively. We thank Dr.
Liao Dezhi for advice on preparing primary cultures and Dr. David L. Turner for NeuroD cDNA.

Correspondence should be addressed to Hui Zheng, Department of Pharmacology, University of Minnesota,
6-120 Jackson Hall, 321 Church Street SE, Minneapolis, MN 55455-0217. E-mail: zhenhui2055@hotmail.com.

DOI:10.1523/JNEUR0SCI.6069-09.2010
Copyright © 2010 the authors ~ 0270-6474/10/308102-09%15.00/0

is also a downstream kinase of OPRM1. Acute treatment with
morphine increases the activity of CaMKIl«a, whereas CaMKIIo
activity decreases after chronic morphine treatment in the rat
hippocampus (Lou et al., 1999). Although how fentanyl regulates
CaMKIl« is unknown, the interaction between fentanyl and the
CaMKIIa pathway has been suggested (Chen et al., 1993).

Chronic morphine treatment decreases dendritic spine den-
sity in hippocampal neurons by causing the collapse of preexist-
ing dendritic spines, whereas agonists that induce robust receptor
internalization (e.g., etorphine and fentanyl) do not (Liao et al.,
2005, 2007a,b). The significance of the spine collapse in the
chronic drug action remains to be determined, but the observa-
tion that OPRMI1 clusters on the dendritic spines (Liao et al.,
2005) suggests that the collapse of spines may impair the signal-
ing capability of OPRM1. Furthermore, the degrees of receptor
internalization induced by agonists correlate with the destabiliz-
ing effects of agonists on dendritic spine stability (Liao et al.,
2007b). This correlation might be the basis for the higher toler-
ance induced by morphine compared with fentanyl when equiv-
alent in vivo doses of these two agonists were used (Duttaroy and
Yoburn, 1995).

Although the detailed mechanisms remain unknown, a con-
stitutively active mutant of CaMKIl« increases dendritic spine
formation (Pratt et al., 2003). In addition, CaMKIIa-mediated
NeuroD phosphorylation is required for the development and
maintenance of dendrite morphology (Gaudilliere et al., 2004).
Therefore, the CaMKIIa—NeuroD pathway may contribute to
opioid-induced modulation of dendritic spine stability. In the
current study, the effects of two OPRM1 agonists, morphine and
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Figure 1. Morphine, but not fentanyl, decreases NeuroD activity. Primary rat hippocampal cultures were treated with PBS total CaMKlla, total extracellular signal-

(control), 1 um morphine, or 10 nu fentanyl for 3 d. A, The amount of phosphorylated serine was determined in immunoprecipi-
tated NeuroD to indicate NeuroD phosphorylation (pND). Total NeuroD (ND) was measured in the nuclear extracts. The total
(aMKIl e (CaM), phosphorylated CaMKIl e (pCaM), total ERK, and B-actin were detected in whole-cell lysis. Total ERK and B-actin
served as internal controls. IP, Inmunoprecipitation; IB, immunoblotting. B, The levels of miR-190 and NeuroD mRNA were
measured by real-time PCR. , mRNA levels of DCX, ND4, Notch1, and Robo1 were determined by real-time PCR. A—C, Results were

normalized against those in control samples. Error bars indicate SD. *p << 0.05.

fentanyl, and CaMKIIa on NeuroD activity were determined in pri-
mary hippocampal cultures from rats. The contribution of NeuroD
activity to dendritic spine stability and to morphine-induced de-
crease in spine stability was also investigated.

Materials and Methods

Primary hippocampal neuron cultures and virus construction. Primary cul-
tures of rat hippocampal neurons were prepared as described previously
(Liao etal., 2007b). Matured neurons (3 weeks after plating) were used in
current study. For imaging analysis, DsRed (Clontech) in pRK5 vector
was transfected into neurons with Lipofectamine 2000 (Invitrogen) 1
week after plating. Treatments began on the 21st day after plating. Live-
cell imaging of the neurons was captured before and after 3 d of treatment
with a BD CARV II Confocal Imager and a Leica DMIRE?2 fluorescence
microscope and analyzed with IPlab 4.0 software (BD Biosciences) as
previously reported (Zheng et al., 2008b). Spines were defined as den-
dritic protrusions with an expanded head that was 50% wider than its
neck. Because there is no significant generation of new spines (Liao et al.,
2007b), spine stability was measured by spine density and volume (over-
all DsRed fluorescence of spines). Images were adjusted to achieve com-
parable fluorescence intensities in the cell bodies before analysis.
Lentiviruses expressing miR-190 (190-vir: 5'-TGCTGTGATATG-
TTTGATATATTAGGGTTTTGGCCACTGACTGACCCTAATATCAA-

regulated kinase (ERK), and B-actin.

Total ERK and NeuroD antibodies were
purchased from Cell Signaling Technology,
CaMKIIa and phosphorylated CaMKII« anti-
bodies were from Genscript, and pSers from Sigma.
The secondary antibody with alkaline phospha-
tase conjugation was from Bio-Rad Laboratory.

Real-time PCR. Total RNAs was extracted with miRNAs using the
miRNeasy mini kit and reverse transcribed with miScript reverse tran-
scription kit (both from Qiagen). Real-time PCR was done by using the
miScript SYBR green PCR kit (Qiagen). GAPDH served as the internal
control. Primers: NeuroD, 5-CTTCCCGGTGCATCCCTACTCCTA-
CC-3" and 5'-AGGAAGGGCTGGTGCAATCAGTTAGG-3'; miR-190,
5'-TGATATGTTTGATATA TTAGGT-3'; doublecortin (DCX), 5'-A-
CTGACATCACAGAAGCGATCAAACTGG-3" and 5-ACTGCT AGA-
AGTTCCATTTGCGTCTTGG-3'; neurogenic differentiation (ND4),
5'-CAATCTGCCCTCTTGGAGAAGC GTGAGG-3" and 5'-GCGTT-
GAATGCACATGCCCTGAACTTACA-3'; Notchl, 5'-CACCAC GCC-
TCTCCCACCTGCCTGTAGC-3" and 5’ -TGCCTGTGTGCTTAGTGT-
GCCCGGA GTC-3'; Roundabout 1 (Robol), 5'-CACCAGCCAGGA-
CATCTGCGCAGAGAGG-3" and 5'-GGTGGAAGG TCTCGCTTT-
GCTGTCTTCG-3'; GAPDH, 5'-CCTGCACCACCAACTGCTTAGC-3’
and 5'-GCCAG TGAGCTTCCCGTTCAGC-3'".

OPRMI signaling. The OPRM1-mediated ERK phosphorylation and
adenylyl cyclase inhibition were monitored to determine signaling capa-
bility of OPRMI. Phosphorylated ERK was determined by immunoblot-
ting as described previously (Zheng et al., 2008a). Briefly, after 5 min
treatment with morphine or fentanyl, the immunoreactivity of phos-
phorylated ERK was measured and normalized to those of total ERK and
B-actin. Adenylyl cyclase inhibition was determined by measuring cellu-
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Recently we reported that chronic fenta-
nyl, but not morphine, treatment de-
creased the cellular level of miR-190 in
primary rat hippocampal neuron cultures
and in mouse hippocampi. Because miR-
190 inhibited NeuroD expression, fenta-
nylincreased the levels of NeuroD (Zheng
et al., 2010b). Since NeuroD requires
phosphorylation to sustain dendritic
morphology, we examined whether Neu-
roD activity mediated the differential ef-
fects of OPRM1 agonists on dendritic spine stability.

The maximum effects of OPRM 1 agonists on miR-190 expres-
sion and spine stability are observed on the third day of agonist
treatment (Liao et al., 2005; Zheng et al., 2010b). In addition, 10
nM fentanyl induces the maximum decrease in miR-190 and 1 um
morphine is equivalent to 10 nM fentanyl in activating OPRM1
(Zheng et al., 2010b). Therefore, primary rat hippocampal neu-
ron cultures were treated with 1 uM morphine or 10 nm fentanyl
for 3 d.

As shown in Figure 1, A and B, fentanyl increased both the
protein and mRNA levels of NeuroD, whereas morphine did
not. This increase in NeuroD level was inversely related to the
decrease in miR-190 expression, as previously reported
(Zheng et al., 2010b). Fentanyl, but not morphine, decreased
miR-190 expression (Fig. 1 B).

Because phosphorylation on Ser?*® of NeuroD is essential
for NeuroD activity (Gaudilliere et al., 2004), NeuroD activity
was quantified by determining the amount of phosphorylated
serine residue in immunoprecipitated NeuroD. NeuroD phos-
phorylation decreased after a 3 d morphine treatment, but was
not affected by fentanyl (Fig. 1 A). To confirm that the changes in
NeuroD phosphorylation represented changes in NeuroD activ-
ity, the mRNA levels of four NeuroD targets (DCX, ND4,
Notchl, and Robol) were measured. NeuroD has been reported
to significantly increase the mRNA levels of these four genes (Seo
et al., 2007). As indicated in Figure 1C, mRNA levels of these
targets decreased after morphine treatment but not after fentanyl

Figure 2.

SD. *p < 0.05.

NeuroD level correlates with its activity. Primary cultures were treated with PBS (control), con-vir, 190-vir, 190-vir
plus nd-vir, and nd-vir for 3 d. 4, The amounts of phosphorylated NeuroD (pND), total NeuroD (ND), total CaMKllx (CaM),
phosphorylated CaMKll«x (pCaM), total ERK, and 3-actin were determined as in Figure 1A. B, The levels of miR-190 and NeuroD
mRNA were measured by real-time PCR. €, The mRNA levels of DCX, ND4, Notch1, and Robo1 were determined with real-time PCR.
A—C, Results were normalized against those in control samples. IP, Inmunoprecipitation; 1B, immunoblotting. Error bars indicate

treatment, demonstrating that morphine decreased NeuroD ac-
tivity, whereas fentanyl did not.

Both morphine and fentanyl decrease

CaMKII« phosphorylation

The effects of agonists on NeuroD activity were different from
those on the cellular level of NeuroD, suggesting that miR-190
was not the only factor involved in regulating NeuroD activity.
Chronic morphine treatment inactivates CaMKIIe, an upstream
activator of NeuroD (Lou et al., 1999; Gaudilliére et al., 2004). We
measured CaMKlla activity by determining CaMKIla phos-
phorylation at the Thr>®*® residue (Colbran and Brown, 2004).
The level of CaMKIIa phosphorylation decreased after chronic
treatment with either morphine or fentanyl (Fig. 1 A). However,
the expression of CaMKIla was not affected. Hence, OPRM1
agonists could control NeuroD activity via two mediators, miR-
190 and CaMKIIa. Morphine reduced CaMKlla activity but not
miR-190 expression, thereby decreasing NeuroD activity. In con-
trast, NeuroD activity was constant during fentanyl treatment,
because fentanyl reduced both CaMKIl« activity and miR-190
expression.

Modulating NeuroD cellular level controls NeuroD activity

Lentiviruses were prepared to demonstrate that NeuroD activity
can be modulated at the level of NeuroD protein expression.
Several 190-vir and nd-vir were constructed to ectopically ex-
press miR-190 and NeuroD, while con-vir was constructed to
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Figure 3.  NeuroD activity correlates with its phosphorylation by CaMKIlcx. Primary cultures were treated with PBS (control),

KN92 (2 um), KN93 (2 rem), or KN93 (2 um) plus nd-vir for 3 d. A, The amount of phosphorylated NeuroD (pND), total NeuroD (ND),
total CaMKllcx (CaM), phosphorylated CaMKllcx (pCaM), total ERK, and 3-actin were determined as in Figure 1A. B, The levels of
miR-190 and NeuroD mRNA were measured by real-time PCR. , The mRNA levels of DCX, ND4, Notch1, and Robo1 were deter-
mined with real-time PCR. A-C, Results were normalized against those in control samples. IP, Inmunoprecipitation; IB, immuno-
blotting. Error bars indicate SD. *p << 0.05.
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Figure 4.  Spine collapse and new spine formation during control PBS treatment. Primary cultures from rat hippocampal
neurons were treated with PBS (control) for 3 d. 4, B, Live-cell images on day 0 (4) and day 3 (B) of a representative neuron were
presented. Spine densities on day 0 and day 3, the numbers of newly formed spines, and the number of spines that collapsed,
shrank, or enlarged during 3 d are also summarized in C. Error bars indicate SD.

serve as a negative control. As indicated in the Figure 2, A and B,
con-vir did not change the cellular NeuroD level (neither protein
nor mRNA levels) or miR-190 level. However, a significant in-
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cultures were infected with 190-vir and nd-
vir simultaneously, no measurable decrease
in NeuroD expression was observed, even
though miR-190 was elevated (Fig. 24, B).
Thus, the inhibitory effects of miR-190 on
NeuroD level can be reversed by nd-vir-
mediated overexpression of NeuroD.

Changes in NeuroD phosphorylation
were also monitored in primary hip-
pocampal neuron cultures infected with
these viruses. 190-vir decreased and nd-vir
increased the amount of phosphorylated
NeuroD (Fig. 2A). NeuroD phosphoryla-
tion was maintained at the basal level
when primary hippocampal neuron cul-
tures were infected with both 190-vir and
nd-vir (Fig. 2A). Consistently, 190-vir de-
creased and nd-vir increased the mRNA
levels of DCX, ND4, Notchl, and Robol
(Fig. 2C). When 190-vir and nd-vir were
used to coinfect primary cultures, mRNAs
levels of these four targets were close to the
basal levels (Fig. 2C), as was NeuroD
phosphorylation. These viruses were then
used to modulate NeuroD levels, thereby
controlling NeuroD activity.

Modulating CaMKIl« activity also
controls NeuroD activity

KN92 and KN93 were used to demonstrate
that NeuroD activity can be modulated
at the level of NeuroD phosphorylation.
KNO93 is a specific inhibitor for CaMKII,
whereas KN92 is a structural analog of
KN93 that does not inhibit CaMKII
(Sumi et al., 1991). The activity of
CaMKIla was indicated by its auto-
phosphorylation on Thr**¢ (Wayman et
al., 2008), and KN93 has been reported
to decrease the autophosphorylation of
CaMKIla (Sumi et al., 1991). As pre-
dicted, no significant change in
CaMKIIa phosphorylation or CaMKIla
expression was observed after 3 d of
treatment with 2 um KN92 (Fig. 3A).
However, 2 um KN93 decreased Thr?%°
phosphorylation of CaMKIla but left
CaMKIla expression unchanged (Fig.
3A). The two inhibitors had no effects
on NeuroD and miR-190 levels (Fig.
3A,B). However, KN93, but not KN92,
decreased NeuroD activity as indicated
by NeuroD phosphorylation and the
mRNA levels of four NeuroD targets (Fig.

3A,C). Thus, NeuroD activity can be altered by modulating
CaMKll activity without changes in NeuroD expression.

crease in miR-190 level was observed 3 d after 190-vir infection.
Decreased NeuroD expression was observed at the same time,
which is consistent with the inhibitory effects of miR-190 on
NeuroD expression. In parallel, infection with nd-vir did not
affect miR-190, but increased NeuroD at both the mRNA and
protein levels (Fig. 2A,B). When primary hippocampal neuron

NeuroD overexpression, however, was able to reverse the
KN93-induced decrease in NeuroD activity. In the primary hip-
pocampal neuron cultures infected with nd-vir and treated with
KN93, decrease in CaMKIIa phosphorylation was observed (Fig.
3A). However, due to the nd-vir-mediated increase in NeuroD,
the amount of NeuroD being phosphorylated and mRNA levels
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of the four NeuroD targets in these pri-
mary neuron cultures were not signifi-
cantly different from those observed in
control primary neuron cultures (Fig.
3 A, C). Therefore, NeuroD activity can be
maintained even when CaMKlIla is
inhibited.

Con-vir

NeuroD activity is involved in
maintaining dendritic spine stability
Before examining the relationship be-
tween NeuroD activity and dendritic
spine stability, we monitored dendritic
morphology and spine density of the pri-
mary hippocampal neuron cultures under
control conditions. DsRed in pRK5 vector
was transfected into primary rat hip-
pocampal neuron cultures 1 week after
plating. Two weeks after transfection,
dendritic spines were monitored for 3 d.
As shown in Figure 4, A and B, the forma-
tion of new spines (0.4 = 0.2 spine/0.1
mm, n = 8) and the collapse of existing
spines (0.5 * 0.2 spine/0.1 mm dendrite,
n = 8) were not significant during a 3 d
treatment with PBS. The density of den-
dritic spine was determined to be 41 * 2
spine/0.1 mm dendrite (n = 8) and 41 * 4
spine/0.1 mm dendrite (n = 8) on day 0
and day 3, respectively (Fig. 4C). Overall
volume of dendritic spines was measured
by determining DsRed fluorescence in-
tensity. Overall volume of dendritic spines
was constant during the 3 d, and the spine
volume on day 3 was 102 = 5% of that on
day 0. In addition, the spines were stable
during the 3 d treatment. Only 5% spines
(2.7 = 0.9 spine/0.1 mm dendrite, n = 8)
shrank by >20%, and only 6% spines
(2.3 = 0.7 spine/0.1 mm dendrite, n = 8)
enlarged by >20%.

The effects of various treatments on
dendritic spine stability were then exam-
ined. As shown in Figure 54, successful infection of primary cul-
tures with con-vir or 190-vir was represented by the fluorescence
of EGFP, while the fluorescence of ECFP represented the success-
ful infection by nd-vir. In 190-vir-infected primary neuron cul-
tures, spine density decreased from 43 * 3.2 spine/0.1 mm (n =
9) on day 0 to 33 * 3.1 spine/0.1 mm (n = 9) on day 3 (Fig. 5B).
A 55 * 17% (n = 9) decrease in spine volume was also observed
(Fig. 5C). This loss in spine density and in spine volume suggests
a decrease in spine stability, because few new spines formed in
control cultures during the 3 d treatment (Fig. 4C). The decrease
in spine volume appeared larger than that in spine density be-
cause some spines only shrank but did not collapse. Similar de-
crease in spine stability was observed in primary cultures treated
with KN93, but not in those treated with con-vir or KN92 (Fig.
5A-C). In addition, spine collapse was not due to the apoptosis of
primary neurons, because apoptosis rates in treated primary neu-
ron cultures were not higher than that in the control cultures
(Fig. 5D).

Since NeuroD activity was decreased by the treatment with
190-vir or KN93 (Figs. 2 and 3), there is a correlation between
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NeuroD activity is required to maintain spine stability. Primary cultures were treated with PBS (control), con-vir,
190-vir, 190-vir plus nd-vir, nd-vir, KN92 (2 rem), KN93 (2 rem), or KN93 (2 um) plus nd-vir for 3 d. 4, Live-cell images of a portion
of a single dendrite from a representative neuron on day 0 and day 3. EGFP and ECFP were used to indicate successful infection of
con-vir/190-vir and nd-vir, respectively. Stars indicate the spines’ decrease in size. B, Spine densities on day 0 and day 3 were
quantified. €, Spine volumes were calculated by the overall DsRed fluorescence and the fluorescence intensity on day 3 was
normalized against that on day 0. D, he apoptosis rates were also determined, with neurons treated with 1 wum staurosporin for 24 h
serving as positive control. Error bars indicate SD. *p << 0.05.

decreased NeuroD activity and reduced spine stability. To further
test this correlation, nd-vir was used to infect primary cultures
together with 190-vir or KN93. As shown in Figure 5A-C, the
spine collapse induced by 190-vir and KN93 was restored by
nd-vir. However, nd-vir alone did not change spine density or
spine volume (Fig. 5A-C), suggesting that the basal NeuroD ac-
tivity is not limiting for spine formation and that the recovery of
spine density/volume is not due to the ability of nd-vir to increase
spine density/volume, but due to the ability of nd-vir to restore
NeuroD activity.

NeuroD activity mediates the effects of agonists on

spine stability

As noted above, morphine decreased, whereas fentanyl main-
tained, NeuroD activity (Fig. 1). Meanwhile, morphine has been
reported to reduce spine stability, but fentanyl did not affect
spine stability (Liao et al., 2005, 2007a). Thus, we examined
whether morphine decreases spine stability by suppressing Neu-
roD activity. Although 1 d of morphine treatment significantly
decreased spine stability, the effect of 3 d of morphine treatment
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A spine stability was also impaired (Fig. 7A).
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but it also enhanced NeuroD expression
B = . C by suppressing miR-190 (Fig. 6). The net
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z day 3 was 92 = 8% of that on day 0 (Fig.
E 00('\“‘ & 7C). Therefore, fentanyl neither decreased

Figure 6.  Overexpressing NeuroD counteracts morphine-induced decrease in NeuroD activity. Primary cultures were treated
with PBS, morphine (1 M), morphine (1 um) plus nd-vir, fentanyl (10 nm), fentanyl (10 nm) plus 190-vir, or fentanyl (10 nm) plus
KN93 for 3 d. A, The amount of phosphorylated NeuroD (pNeuroD), total NeuroD, total CaMKIlcx (CaM), phosphorylated CaMKIl v
(pCaM), total ERK, and B-actin were determined as in Figure 1A. B, The levels of miR-190 and NeuroD (ND) mRNA were measured
by real-time PCR. IP, Immunoprecipitation; IB, immunoblotting. ¢, The mRNA levels of DCX, ND4, Notch1, and RoboT were
determined by real-time PCR. A-(, Results were normalized against those in control samples. Error bars indicate SD. *p << 0.05.

was more pronounced, so we monitored the morphology of pri-
mary cultures for 3 d under opioid treatment (Liao et al., 2005).
To determine whether decreased NeuroD activity contributed to
the destabilizing effect of morphine on dendritic spines, 190-
vir and nd-vir were used simultaneously with OPRM1 agonists
to modulate the NeuroD activity.

Consistent with Figure 1 and a previous report (Zheng et al.,
2010b), 3 d of morphine treatment decreased CaMKIla phos-
phorylation and NeuroD activity (both the amount of phos-
phorylated NeuroD and the mRNA levels of NeuroD targets), but
did not alter the expression of miR-190 or NeuroD (Fig. 6). In
addition, 3 d of morphine treatment reduced spine stability (Fig.
7A). Spine densities were 43 * 3.3 spine/0.1 mm (n = 12) and
33 = 5.1 spine/0.1 mm (n = 12) on day 0 and day 3, respectively
(Fig. 7B), and spine volume decreased by 44 = 18% after 3 d of
morphine treatment (Fig. 7C). Thus, chronic morphine treat-
ment decreased NeuroD activity and spine stability.

If morphine decreased spine stability by suppressing NeuroD
activity, restoring NeuroD activity should prevent morp-
hine-induced spine collapse. When nd-vir was used to infect pri-
mary neurons simultaneously with morphine treatment, the
cellular level of NeuroD increased significantly (Fig. 6A). How-
ever, NeuroD phosphorylation level and mRNA levels of the four
NeuroD targets were close to the basal levels (Fig. 6 A, C), suggest-
ing that the morphine-induced decrease in NeuroD activity was
largely reversed. Moreover, the ability of morphine to reduce

NeuroD activity nor reduced
stability.

If the NeuroD activity mediated the ef-
fects of OPRM1 agonists on spine stabil-
ity, decreasing NeuroD activity during
fentanyl treatment should enable fentanyl
to induce spine collapse. Thus, 190-vir
and KN93 were used along with fentanyl
to further explore the relationship be-
tween NeuroD activity and dendritic
spine stability. When primary hippocam-
pal neuron cultures were infected with 190-vir at the initiation of
3 d of fentanyl treatment, fentanyl-induced increase in NeuroD
cellular level was blocked (Fig. 6 A,B). In addition, phosphory-
lated NeuroD (Fig. 6A) and mRNAs of the four NeuroD targets
were reduced. In fentanyl and 190-vir-treated primary cul-
tures, spine densities were 41 £ 3.5 spine/0.1 mm (n = 12) and
31 * 5.5 spine/0.1 mm (n = 12) on day 0 and day 3, respec-
tively (Fig. 7B), and spine volume on day 3 was 56 = 12% of
that on day 0 (Fig. 7C).

CaMKIle activity in primary cultures treated with both fent-
anyl and KN93 was lower than that in primary cultures treated
with fentanyl alone (Fig. 6 A), although KN93 did not alter miR-
190 or NeuroD cellular level. The inclusion of this CaMKIIe
inhibitor during fentanyl treatment reduced the amount of phos-
phorylated NeuroD and mRNA levels of the four NeuroD targets
(Fig. 6C). In primary cultures treated with both fentanyl and
KN©93, spine densities were 40 £ 3.3 spine/0.1 mm (n = 12) and
29 * 4.3 spine/0.1 mm (n = 12) on day 0 and day 3, respectively
(Fig. 7B), and spine volume on day 3 was 66 = 9% of that on day
0 (Fig. 7C). Therefore, decreasing NeuroD activity during fenta-
nyl treatment leads to spine collapse.

Both KN92 and KN93 were dissolved in DMSO. However, the
observations with KN93 were not due to vehicle effects, because
KN92, which is also dissolved in DMSO, did not affect the Neu-
roD phosphorylation (Fig. 3) or dendritic spine stability (Fig. 5).
To assure there is no influence from DMSO, primary cultures

spine
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were treated with DMSO (0.1% v/v, be-
cause KN93 and KN92 used as 1000 X) for
3 d. As indicated in Figure 7, DMSO did
not induce significant change in dendritic
spine stability or apoptosis. Thus, the de-
crease in spine stability was due to the

Control
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fentanyl increased ERK phosphorylation Figure 7.  Elevating NeuroD activity attenuates morphine-induced decrease in spine stability. Primary hippocampal neuron

to 175 = 15% and 178 = 8%, respectively,
of the basal level in control primary cul-
tures. The maximum inhibition of adeny-
lyl cyclase induced by morphine and
fentanyl was 30 = 2.7% and 29 = 5.1%,
respectively. When con-vir was used to in-
fect the primary cultures, no significant difference was observed
in the signaling capability of OPRM1 (Table 1). However, if Neu-
roD activity and spine stability were reduced by 190-vir infection,
the signaling capability of OPRM1 decreased significantly. Mor-
phine and fentanyl only induced ERK phosphorylation to 125 *+
8% and 128 = 4% of basal level, respectively. The maximum
inhibition of adenylyl cyclase was also attenuated by morphine
(10 = 3.1%) and fentanyl (7.7 = 2.8%). The decreased signaling
capability of OPRM1 can be rescued by simultaneously infecting
the primary cultures with nd-vir and 190-vir. In these primary
cultures, not only the NeuroD activity and spine stability, but also
the OPRML1 signaling capability, were close to the control level
(Table 1). Therefore, NeuroD activity or spine stability is re-
quired for the normal function of OPRMI1. By decreasing the
activity of NeuroD, chronic morphine treatment may decrease
the signaling capability of OPRMI.

Discussion

This current study clearly indicates that these two agonists can
induce different overall cellular responses by activating the same
signaling molecules. As summarized in Figure 8, both fentanyl
and morphine decrease NeuroD phosphorylation by inhibiting
CaMKIl« activity. However, fentanyl, but not morphine, in-
creases the cellular NeuroD content by decreasing miR-190 level.
These two effects cross talk with each other and result in the
different modulations on NeuroD activity. Therefore, morphine

cultures were treated with PBS (control), DMSO (0.1%), morphine (1 wum), morphine (1 um) plus nd-vir, fentanyl (10 nw), fentanyl
(10 nm) plus 190-vir, or fentanyl (10 nw) plus KN93 for 3 d. 4, Live-cellimages of a portion of a dendrite from a representative neuron
on day 0 and day 3. Stars indicate the spines’ decrease in size. B, Spine densities on day 0 and day 3. C, Spine volumes were
measured by the overall DsRed fluorescence, and the fluorescence intensity on day 3 was normalized against that on day 0. D,
Apoptosis rates were measured as in Figure 5D. Error bars indicate SD. *p << 0.05.

decreases NeuroD activity, whereas fentanyl maintains NeuroD
activity. Since NeuroD activity appears to be required for the
maintenance of dendritic spine stability by decreasing NeuroD
activity, morphine reduces spine stability and fentanyl does not.

To achieve maximum effect, the concentrations (1 um mor-
phine and 10 nMm fentanyl) and treatment time (3 d) used in the
current study were determined based on previous reports (Liao et
al., 2005; Zheng et al., 2010b). Therefore, although only one con-
centration for each agonist and one treatment time were tested,
current observations still reflect the effects of OPRM1 agonists on
NeuroD activity and spine stability.

Both miR-190 and CaMKII« have other targets in addition to
NeuroD. However, their abilities to influence dendritic spine sta-
bility are primarily mediated by NeuroD, since overexpressing
NeuroD in primary hippocampal neuron cultures by nd-vir in-
fection attenuated the inhibitory effects of miR-190 and KN93
on spine stability (Figs. 2—4). These abilities of CaMKII« and
NeuroD to regulate spine stability correlate with their re-
ported functions. CaMKIl« is essential for synaptic transmis-
sion and dendritic morphology (Colbran and Brown, 2004), and
its phosphorylation is associated with microtubule stabilization
and dendrite formation (Vaillant et al., 2002). NeuroD is also
implicated in the control of dendritic morphology (Gaudilliere et
al., 2004), and it regulates a vast number of genes, some of which
play critical roles in the CNS (Seo et al., 2007). Although the
mechanism of how NeuroD activity contributes to the mainte-
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Table 1. NeuroD activity and spine stability influence OPRM1 signaling
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Morphine Fentanyl
ACinhibition Phosphorylated ACinhibition Phosphorylated
K, (nm) Maximum inhibition (%) ERK (% of control) K, (pm) Maximum inhibition (%) ERK (% of control)
PBS 242 *+ 6.5 300 £27 173 £15 165 = 40 292 £51 178 £8
Con-vir 26.0 = 3.5 289 =42 165 = 16 201 = 45 274+ 43 174 £10
190-vir 67.6 = 8.1% 10.0 £ 3.1* 125 + 8* 857 = 109* 7.7 = 2.8* 128 + 4*
190-vir plus nd-vir 38794 216 £32 151=*5 256 * 48 231%38 159 £ 13
nd-vir 222*+48 334*+25 177 £ 25 178 £ 27 27.2 31 176 £ 13

Rat primary hippocampal neuron cultures were infected with PBS, con-vir, 190-vir, 190-vir plus nd-vir, or nd-vir for 3 d. Cells were then treated for 5 min with 1 .m morphine or 10 nw fentanyl before ERK phosphorylation was measured.
Serial doses of morphine (10 um~0.01 nw) or etorphine (100 nu~0.1 pm) were used to determine the dose response of the agonists to induce adenylyl cyclase (AC) inhibition as described in Materials and Methods. To determine ERK
phosphorylation, the immunoreactivity of phosphorylated ERK was normalized to the immunoreactivity of total ERK and 3-actin, and the results were further normalized against those in untreated cells. Adenylyl cyclase inhibition induced

by agonists was indicated by both IC50 (K, ) and the maximum inhibition. No difference in the basal levels of OPRM1 signaling was observed in different groups.

*Decreased signaling capability of OPRM1.
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Figure 8.  Schematic summary of agonist-dependent regulation on NeuroD activity.

nance of spine stability requires further investigation, the ability
of NeuroD to function as transcription activator is clearly critical.
Two of the four NeuroD targets investigated in the current stud-
ies, DCX and Notch1, may control adult neurogenesis. DCX is an
important transcription factor involved in the migration and dif-
ferentiation processes during adult neurogenesis (von Bohlen
und Halbach, 2007). Notchl signaling is critical for dendrite
morphology of newborn neurons in the postnatal dentate gyrus
(Breunig et al., 2007). Since formation of functional dendritic
spine contributes to adult neurogenesis, NeuroD may regulate
dendritic spine stability via these two factors. NeuroD also con-
trols the transcription of postsynaptic EPH receptor B1 and B2
(Seoetal., 2007), whose interactions with presynaptic ephrins are
critical for the formation and stabilization of dendritic spines
(Kayser et al., 2008). In addition, NeuroD controls the formation
of the endocrine system (Chae et al., 2004), which is another
possible route for NeuroD to affect spine stability.

Fentanyl decreases the level of miR-190, which depends on
B-arrestin-mediated ERK phosphorylation and nucleus translo-
cation of the phosphorylated ERK. Because morphine uses the
PKC pathway for ERK phosphorylation and retains phosphory-
lated ERK in the cytosol, it does not regulate miR-190 level
(Zheng et al., 2008a,b, 2010b). This current study provides more
information on agonist-dependent signaling. Both morphine
and fentanyl decrease CaMKIla activity, but they regulate NeuroD
activity differentially (Fig. 8). This interaction among multiple
signaling events constitutes a complex network of agonist-
dependent signaling. These observations further support our hy-
pothesis that agonist-dependent regulation of gene expression
(e.g., miR-190) links agonists-dependent signaling (e.g., ERK
phosphorylation) to the agonist-dependent response (e.g.,
changes in NeuroD activity and spine stability) (Zheng et al.,
2008a, 2010a).

The different abilities of agonists to influence spine stability
have been attributed to the different levels of receptor internal-

ization induced by agonists, because blocking OPRM1 internal-
ization with a dominant-negative Dynamin I (K44E) enables
fentanyl to decrease the stability of dendritic spines (Lin et al.,
2009). How OPRM1 internalization contributes to spine stability
is uncertain, but this study provides a probable explanation.
Blocking receptor internalization with K44E maintains (3-arrestin
on the cell-surface membrane (Gaborik et al., 2001; Schafer,
2004). Fentanyl-induced decreases in miR-190 level are depen-
dent on B-arrestin-mediated ERK phosphorylation and the nu-
cleus translocation of phosphorylated ERK (Zheng et al., 2008a,
2010Db). Because of the ability of B-arrestin to scaffold ERK, to
translocate into nucleus, and to activate transcription (Ma and
Pei, 2007; Violin and Lefkowitz, 2007), B-arrestin retained at the
cell-surface membrane could impair the ability of fentanyl to
decrease miR-190 expression. Consequently, without the ob-
served increase in the NeuroD level, CaMKII« inhibition by fen-
tanyl will decrease NeuroD activity. Hence, when receptor
internalization is blocked, fentanyl may function like morphine
to decrease NeuroD activity and subsequent spine stability.

Morphine, but not fentanyl, decreased NeuroD activity and
spine stability. If the decreased NeuroD activity and spine stabil-
ity was mimicked by 190-vir infection, a significant decrease in
OPRMLI signaling capability was observed (Table 1). These data
imply that chronic morphine, but not fentanyl, treatment can
decrease the signaling capability or responsibility of OPRMI,
which may explain why morphine induces higher tolerance than
does fentanyl.

We have demonstrated the abilities of OPRM1 agonists to
regulate NeuroD activity and subsequent dendritic spine stabil-
ity. Morphine treatment delays the growth of cortical dendrites
(Ricalde and Hammer, 1990; Mei et al., 2009). Morphine injec-
tion decreases the dendritic spine density in the hippocampus
and nucleus accumbens (Robinson et al., 2002; Diana et al.,
2006). Although the effects of other opioids on spine stability
have not been reported in vivo, it is still reasonable to suggest that
the signaling cascade identified in the current study also has sim-
ilar functions in vivo and may contribute to regulatory effects of
opioids on dendrite morphology. Since NeuroD plays critical
roles in regulating adult neurogenesis (von Bohlen und Halbach,
2007), OPRM1-mediated regulation of NeuroD activity may also
contribute to the adult neurogenesis. Chronic morphine has been
reported to decrease the rate of adult neurogenesis in dentate
gyrus (Eisch et al., 2000). In addition, the hippocampus is highly
related to learning and memory processes. By targeting NeuroD
activity and spine stability, OPRM1 agonists may regulate the
functions of the hippocampus in learning and memory that have
been reported previously (Pu et al., 2002; Bao et al., 2007).
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