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SUMMARY

It is well recognized that G-protein-coupled recep-
tors (GPCRs) can activate Ras-regulated kinase
pathways to produce lasting changes in neuronal
function. Mechanisms by which GPCRs transduce
these signals and their relevance to brain disorders
are not well understood. Here, we identify a major
Ras regulator, neurofibromin 1 (NF1), as a direct
effector of GPCR signaling via Gbg subunits in the
striatum. We find that binding of Gbg to NF1 inhibits
its ability to inactivate Ras. Deletion of NF1 in striatal
neurons prevents the opioid-receptor-induced acti-
vation of Ras and eliminates its coupling to Akt-
mTOR-signaling pathway. By acting in the striatal
medium spiny neurons of the direct pathway,
NF1 regulates opioid-induced changes in Ras activ-
ity, thereby sensitizing mice to psychomotor and
rewarding effects of morphine. These results delin-
eate a novel mechanism of GPCR signaling to Ras
pathways and establish a critical role of NF1 in opioid
addiction.

INTRODUCTION

Neural circuits rely on the neurotransmitter-signaling systems for

processing information flow that ultimately drives behavioral re-

actions. As a central input nucleus of the basal ganglia system,

the striatum is crucially involved in initiating and maintaining

movement, formation of habits, valuation of reward, and medi-

ating the effects of addictive drugs [1, 2]. The striatum receives

diverse and abundant neurotransmitter inputs from multiple

brain regions, which converge on medium spiny projection neu-

rons (MSN), a major cell type in the region. Many of these inputs

mediate their effects by activating G-protein-coupled receptors

(GPCRs) abundantly expressed by MSNs [3]. GPCRs transduce

their signals via a conserved mechanism dissociating heterotri-

meric G proteins into Ga and Gbg subunits, which in turn regu-

late downstream ‘‘effector’’ molecules [4]. It is thought that
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neurotransmitter-bound GPCRs activate distinct effectors that

lead to unique physiological adaptations in MSNs and impose

on behavior by producing lasting changes in the properties of

striatal circuits [2]. However, the molecular and cellular mecha-

nisms by which striatal GPCRs induce these changes are not

well understood.

Several striatal GPCRs are capable of activating kinase path-

ways typically involved in cellular differentiation, growth, prolifer-

ation, and survival (e.g., Akt, mTOR, and mitogen-activated

protein kinase [MAPK]), and this signaling is known to play a

crucial role in regulating multiple aspects of striatal physiology,

including excitability, synaptic plasticity, and spine architecture

[5, 6]. Several ‘‘transactivation’’ mechanisms have been pro-

posed to link GPCR activation with modulation of kinase path-

ways and have illustrated important roles for Gbg and Ras in

this process [7–9]. The activity of Ras is controlled by guanine

nucleotide exchange factors (GEFs), which stimulate the ex-

change of guanosine diphosphate (GDP) for guanosine triphos-

phate (GTP), and by GTPase-activating proteins (GAPs), which

terminate the active state by stimulating GTP hydrolysis [10]. In

the active GTP-bound state, Ras binds effectors (e.g., Raf and

phosphatidylinositol 3-kinase [PI3K]) to activate downstream

signaling cascades (i.e., MAPK-ERK1/2 and Akt-mTOR). Both

GEFs and GAPs are multidomain proteins and are subject to

regulation by extracellular signals to allow for changes in Ras

activity in response to changes in the environment [10]. Neuro-

transmitter-controlled regulation of Ras activity is essential for

neuronal physiology, and its disruption underlies many neuro-

psychiatric conditions [5, 6].

Striatal function is substantially modulated by the opioid sys-

tem [11, 12]. Striatal neurons express endogenous opioid pep-

tides, endorphins, enkephalins, and dynorphin, which exert their

effects by acting on GPCRs m-, d-, and k- opioid receptors

(MORs, DORs, and KORs), respectively [13]. As the target for

exogenous opiate morphine, MOR plays a central role in control-

ling reward behavior, nociception, and development of depen-

dence [11, 12]. Activation of MOR is known to indirectly affect

striatal physiology by disinhibiting dopamine neurons in the

ventral tegmental area that send their projections to the ventral

striatum, thereby increasing dopaminergic tone [11, 12].

Notably, MORs are also prominently expressed in MSNs [14,
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15], and recent evidence indicates that direct action of MOR

in the striatum plays a pivotal role in opioid-mediated reward

behavior [16]. Activation of MOR by morphine and/or endoge-

nous opioid peptides markedly affects neuronal physi-

ology, inducing changes in synaptic plasticity, dendritic spine

morphology, and intrinsic excitability [17, 18]. Many of these

long-term changes in physiology require signaling to Ras and

its downstream kinase pathways [19]. Indeed, morphine mark-

edly regulates multiple kinase pathways downstream from

Ras, and this coupling is thought to contribute to the lasting

nature of changes induced by exposure to opioids [20, 21]. How-

ever, the molecular mechanisms of Ras activation by opioid

receptors in the striatal neurons and behavioral implications of

this process remain obscure.

In this study, we identified a novel mechanism for the Ras acti-

vation by GPCRs, operating in the striatal neurons. Specifically,

we found that Gbg subunits when released upon activation of

MOR bind and inhibit the activity of key Ras GAP protein neuro-

fibromin (NF1), thereby leading to Ras activation. Elimination of

NF1 completely prevented the ability of morphine to activate

Ras and downstream Akt-mTOR/GSK3b-signaling pathway in

the striatum. Furthermore, mice with disruption of striatal NF1

showed blunted responses to rewarding, but not analgesic,

properties of morphine. These results reveal a critical role for

NF1 in coupling neuronal GPCR signaling to Ras and suggest

important implications of this process in the striatum for under-

standing drug addiction.

RESULTS

NF1 Is a Novel G Protein Effector Regulated by m-Opioid
Receptor Signaling
We hypothesized that the regulation of Ras by opioid receptors

in the striatummay involvemodulation of proteins, which directly

control Ras activity. Among several known GEFs and GAPs

regulating Ras activity, we found NF1 to be prominently ex-

pressed in the striatum. Fluorescence in situ hybridizations re-

vealed high levels of NF1 to be present in most striatal neurons.

Furthermore, all neurons containing MOR also co-expressed

NF1 (Figures S1A and S1B).

To begin probing potential involvement of NF1 in opioid

signaling, we first examined whether NF1 is sensitive to changes

in the activity of MOR. HEK293 cells expressing Venus-based

plasma membrane reporter construct were transfected with

MOR and luciferase-tagged NF1, and changes in biolumines-

cence resonance energy transfer (BRET) were used to monitor

changes in the proximity of NF1 to the plasma membrane (Fig-

ure 1A). The stimulation of cells with morphine resulted in a rapid

increase in BRET signal (1/t = 0.23 ± 0.05 s�1), suggesting NF1

recruitment to the plasma membrane (Figure 1B). Interestingly,

a blockade of G protein bg subunits with inhibitory peptide

derived from GRK3 completely prevented NF1 translocation,

suggesting that it is mediated by Gbg (Figures 1B and 1C). Anal-

ysis of NF1 amino acid sequence revealed the presence of a

bipartite module composed of a Sec14 homologous segment

and a pleckstrin homology (PH)-like domain immediately adja-

cent to the RasGAP domain (Figure 1D). Because both PH

and Sec14 domains have been shown to interact with Gbg

[22, 23], we next investigated the ability of NF1 to form com-
plexes with Gbg. First, we found that Gbg and endogenous,

full-length NF1 co-immunoprecipitated following Gbg overex-

pression in HEK293T cells (Figure 1E). Second, the Sec14/PH

module was sufficient for interaction with Gbg in transfected

cells (Figure 1F). Third, co-expression of Sec14/PH and Gbg

increased each other’s levels, suggesting that binding between

these two proteins is mutually stabilizing (Figure 1G). Finally,

we demonstrated that a glutathione S-transferase (GST)-tagged

recombinant Sec14/PH protein immobilized on beads could pull

down purified recombinant Gbg, indicating that the binding be-

tween the Sec14/PH module and Gbg is direct (Figure 1H). We

further confirmed specificity of Gbg-NF1 interaction by showing

that a dominant-negative construct (NF1-DN) comprising the

minimal binding site (Sec14/PH) for Gbg binding prevented

association between Gbg and full-length endogenous NF1

(Figure S1C).

In order to probe for Gbg-Sec14/PH interaction in living cells,

we measured BRET between Sec14/PH module and Gbg (Fig-

ure 1I). Titration experiments revealed a hyperbolic increase in

BRET signal that rapidly saturated with an increase in the

acceptor/donor ratio (Figures 1I and 1J). In contrast, no signifi-

cant increase in the BRET signal was observed when either

Sec14 or PH domains were expressed independently. Because

Sec14 and PH domains of NF1 are tightly integrated [24], we

conclude that the Sec14/PHmodule of NF1 forms a novelmolec-

ular entity for the specific interaction with Gbg.

Typically, Gbg subunits are unable to interact with effector

molecules (e.g., NF1) in their inactive state, due to occlusion

of the effector-binding interface by the Ga subunits in the heter-

otrimer complex. Activation of GPCR by agonists promotes

binding of GTP to a subunits, leading to dissociation of the

heterotrimer and release of the Gbg subunits. Upon termination

of GPCR activation, Ga subunit hydrolyses GTP and then re-

associates with Gbg subunits. Therefore, we examined whether

Gbg-Sec14/PH interaction can be regulated by GPCR ac-

tivity by measuring real-time changes in the BRET signal

upon MORs activation/deactivation (Figure 1K). Stimulation of

MORs with increasing concentrations of morphine led to a pro-

gressive increase in amplitude of BRET response. Conversely,

inactivation of MORs with the antagonist naltrexone rapidly

quenched the signal (Figure 1K). Furthermore, the speed of

the signal transfer between Gbg and NF1 (1/t = 0.67 ±

0.05 s�1) matched kinetics of G protein activation and NF1

membrane recruitment (Figure 1B). Dose-response studies re-

vealed a half maximal effective concentration (EC50) value of

40 ± 10 nM for morphine-induced BRET signal between Gbg

and NF1 pair (Figure 1L), which is in close agreement with

EC50 of G protein activation by MOR studied by GTPgS binding

[25]. Notably, the signal transfer was blocked by the Gbg scav-

enger GRK3ct, indicating a specific nature of the binding

(Figure 1L). A similar blockade was also seen with NF1 domi-

nant-negative construct (Figures S1D–S1F). Finally, over-

expression of NF1 in HEK293 cells did not abolish ERK

phosphorylation upon activation of MOR yet significantly dimin-

ished it (Figures S1G and S1H), again indicating that NF1 is

involved in transduction of MOR signals. In summary, these

data indicate that Gbg subunits bind specifically and directly

to Sec14/PH module of NF1 and that this interaction is dynam-

ically modulated by changes in the activity of MOR.
Current Biology 26, 2992–3003, November 21, 2016 2993
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Figure 1. NF1 Is a Novel G Protein Effector Downstream from MORs Activation

(A) Schematic of the assay design to study membrane recruitment of NF1 in response to MOR activation. Association of NanoLuc-tagged NF1 with membrane-

targeted Venus is expected to result in BRET signal.

(B) Real-time kinetics of BRET signal change upon NF1 plasma membrane recruitment. Arrow indicates time of morphine application.

(C) Quantification of maximal amplitude of BRET signals from three independent experiments. **p < 0.01; one-way ANOVA post hoc Tukey’s test.

(D) Schematic representation of NF1 domain composition and truncation mutants used in this study.

(E) Co-immunoprecipitation of endogenous NF1 with overexpressed Gb1g2 complex in transfected HEK293T cells.

(F) Co-immunoprecipitation of Sec14/PH module with Gb1g2 complex in transfected HEK293T cells.

(G) Mutual stabilization of Sec14/PH module and Gb1g2 upon co-expression in HEK293T cells.

(H) Direct interaction between purified recombinant Sec14/PH and Gb1g2 proteins studied in pull-down assays.

(I) (Upper) Schematic diagram of BRET strategy to study NF1-Gbg interaction in living cells. (Lower) Analysis of Gbg binding to NF1 constructs by titrating ratios of

interacting partners is shown.

(J) Quantification of maximal BRET ratios generated by various NF1 constructs from three independent experiments. **p < 0.01; one-way ANOVA post hoc

Tukey’s test.

(K) (Upper) Schematic representation of the BRET assay monitoring interaction between Sec14/PH and Gbg upon MORs activation and inactivation. (Lower)

Real-time kinetics of BRET signal in response to changes in MOR activity is shown.

(L) Quantification of the dose-response relationship of Gbg-NF1 interaction from three independent experiments. Gbg scavenger GRK3ct blunted the BRET

response between Sec14/PH module and Gbg.

Data are represented as mean ± SEM. See also Figure S1.
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Figure 2. Gbg Inhibits GAP Activity of NF1

(A) (Left) Diagram of single turnover principle of Ras GTP hydrolysis assay. (Right) Effects of recombinant Gbg on NF1 fragment (GRD/Sec14/PH)-stimulated

GTPase activity of N-Ras are shown.

(B) Quantification of the effect of Gbg on GTPase activity of NF1.

(C) (Left) Diagram of multiple turnover of Ras GTP hydrolysis assay principle. The assay involves both GAP (NF1) and GEF (sos1). (Right) Both RasGEF and

RasGAP are necessary for Ras GTP hydrolysis in the multiple turnover assay.

(D) Gbg inhibits Ras GTP hydrolysis rate in dose-dependent manner with half maximal inhibitory concentration (IC50) for Gbg of 0.187 ± 0.044 mM.

Data are represented as mean ± SEM.
Gbg Inhibits NF1-Mediated Inactivation of Ras
Wenext analyzed the functional consequences of Gbg binding to

NF1. As a GAP protein, NF1 utilizes its conserved GAP-related

domain (GRD) to accelerate GTPase activity of Ras. Interest-

ingly, the GRD module is located in the immediate vicinity of

Sec14/PHmodule (Figure 1D). Thus, we studied the GAP activity

of the GRD/Sec14/PH fragment toward Ras in the in vitro system

with purified recombinant proteins in the presence or absence of

Gbg (Figure 2). Under single turnover conditions, the addition of

the GRD/Sec14/PH module greatly accelerated GTP hydrolysis

on Ras. The time constant of the reaction increased from

0.015 ± 0.003 min�1 to 0.215 ± 0.025 min�1 (Figures 2A and

2B). Gbg significantly inhibited the NF1’s GAP activity but had

no effect on the rate of basal GTP hydrolysis by Ras in the

absence of NF1.

To obtain further insight into the inhibitory action of Gbg, we

next performed an assay under multiple turnover conditions

that more closely reflect the physiological setting. In this assay

system, we introduced GEF protein Sos1 for the Ras to undergo
multiple activation/deactivation cycles (Figure 2C). Again,

Gbgmarkedly inhibited acceleration in steady-state RasGTPase

activity mediated by the GRD/Sec14/PH module causing

approximately 2.5-fold inhibition (from 5.56 ± 0.13 pmol/min to

2.35 ± 0.17 pmol/min; Figure 2D). This inhibitory effect was

dose-dependent and showed saturation. Together, these results

indicate that Gbg binding to NF1 potently inhibits its GAP activity

toward Ras.

NF1 Is Necessary for m-Opioid Receptor Coupling to Ras
Activation in Striatal Medium Spiny Neurons
In order to study the role of NF1 in transmission ofMOR signals in

the native environment, we examined the contribution of NF1 to

Ras activation by morphine in cultured striatal MSNs. We moni-

tored Ras activation by utilizing fluorescence lifetime imaging

(FLIM)-Forster resonance energy transfer (FRET) approach (Fig-

ure 3A), which uses optical sensors to detect changes in Ras ac-

tivity in real time. Application of morphine resulted in a readily

detectable increase in the FLIM-FRET signal in cultured MSNs,
Current Biology 26, 2992–3003, November 21, 2016 2995
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Figure 3. NF1 Is Essential for Ras Activation by MORs in Cultured Striatal MSNs
(A) Schematic of Ras FLIM-FRET sensor. Increase in binding between mGFP-RasGTP and mRFP-Raf-RBD upon Ras activation is measured as a decrease in

GFP fluorescence lifetime and quantified as change in binding fraction.

(B) Representative fluorescence lifetime image of striatal MSNs before and 10 min after 10 mMmorphine application. Warmer colors indicate decrease in lifetime,

which corresponds to higher Ras activity.

(C) Average time course of Ras activation (change in binding fraction) of MSNs in response to 10 mM morphine application (black arrow). Average includes

neurons that responded and those that showed no response to morphine.

(D) Morphine-induced Ras activation of individual MSNs.

(E) Schematic of conditional Nf1 ablation strategy in cultured MSNs. Cultured MSNs from neonatal Nf1flx/flx mice were infected with AAV-Cre to induce Nf1

elimination.

(F) Representative time course of Ras activation (change in binding fraction) in response tomorphine application (black arrow) in wild-type (WT) (AAV-control) and

Nf1 cKO (AAV-Cre) MSNs.

(G) Quantification of Ras response to morphine in control and Nf1 cKO (Cre) cultures. Unpaired t test; *p = 0.02; n = 26 and 15.

(H) Schematic of strategy to prevent Gbg binding to NF1 by expressing the minimal binding module of NF1 (NF1-DN).

(I) Representative time course of Ras activation (change in binding fraction) in response to morphine application (black arrow) in control and NF1-DN-expressing

MSNs.

(J) Quantification of Ras response to morphine in control and NF1-DN-expressing cultures. Unpaired t test; **p = 0.007; n = 19 and 18.

(K) Schematic outlining strategy for expression of Ras sensor in D1R- or D2R-expressing MSNs.

(legend continued on next page)
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indicative of Ras activation (Figure 3B). Ras activity rapidly

increased and reached a steady-state plateau in �5 min (Fig-

ure 3C). Consistent with the observation that MOR is not

expressed in all striatal neurons (Figures S1A and S1B), we

found that morphine elicited a significant response in approxi-

mately half of neurons (11 out of 26 examined; Figure 3D). Using

this system, we first analyzed consequences of NF1 ablation.

Infection of cultured striatal neurons from conditional NF1flx/flx

mice with AAV-Cre (Figure 3E) resulted in a substantial reduc-

tion of the NF1 protein expression level compared to cultures

treated with the control AAV virus (Figure S2A). Remarkably,

we detected no significant Ras activation in response to

morphine in cultures where NF1 was deleted by AAV-Cre treat-

ment (Figures 3F and 3G). In contrast, treatment of MSNs with

AAV-Cre did not significantly affect the response to BDNF stim-

ulation (Figures S2B–S2D), which is known to transduce the

signal by activating Ras through GEF proteins. This indicates

that deletion of NF1 specifically abolished coupling of MOR to

Ras, while preserving the ability of Ras to be activated by recep-

tor tyrosine kinases.

To further test specificity of the observed effects, we used a

dominant-negative strategy to selectively disrupt Gbg binding

to NF1 (Figure 3H). Introduction of the dominant-negative NF1

construct that prevents Gbg binding to NF1 and disrupts signal

transfer from the MOR to NF1 (Figures S1C–S1F) blocked

morphine-induced Ras activation (Figures 3I and 3J). This

manipulation, once again, had no effect on Ras activation in

response to BDNF application (Figure S2E). These results sug-

gest that activation of Ras in MSN neurons in response to

morphine specifically requires Gbg interaction with NF1.

We next addressed the cell specificity of MOR coupling to

Ras. Striatal MSNs form two molecularly distinct populations

that project to different output regions and distinctly impact

behavioral responses: D1-dopamine-receptor-expressing neu-

rons of the direct pathway (dMSN) and D2-dopamine-receptor-

expressing (D2R) neurons of the indirect pathway (iMSN) [2].

Consistent with its broad distribution in the striatum, NF1 was

significantly co-expressed with both D1R and D2R (Figure S2F).

To assessMOR coupling to Ras in each of these populations, we

delivered an inverted Ras-sensor donor construct flanked with

inverted loxP sites to cultured striatal neurons from D1-Cre or

D2-Cremice (Figure 3K). Using this strategy, Ras sensors are ex-

pressed only in cells containing Cre recombinase, allowing Ras

activity to be monitored selectively in striatal neurons expressing

either D1R or D2R. Application of morphine to striatal cultures

from D1-Cre mice elicited robust FLIM-FRET signal changes,

indicating Ras activation (Figures 3L and 3M) from nearly all neu-

rons examined (13 out of 15). In contrast, we detected no Ras

activation induced by morphine application in cultures from

D2-Cre mice. Importantly, responses to BDNF in both cultures

were not significantly different from each other (Figure S2G), indi-

cating that the conditional imaging strategy can successfully

report Ras activation in both MSN populations, if it occurs.

Together, these results demonstrate an essential requirement
(L) Representative time course of Ras activation (change in binding fraction) in

MSNs.

(M) Quantification of Ras response to morphine in D1R- and D2R-expressing MS

Data are represented as mean ± SEM. See also Figure S2.
of NF1 for coupling MORs to Ras activation in striatal dMSN

neurons.

NF1 Mediates Opioid Signaling to Ras-Akt-mTOR in the
Striatum
Wenext determined the in vivo relevance of NF1 for opioid-medi-

ated signaling in the striatum. Striatal-specific inactivation of NF1

(Nf1 cKO) was achieved by crossing conditional Nf1flx/flx mice

with the Rgs9-Cre driver line, which expresses Cre recombinase

selectively in striatal neurons (Figure 4A). Morphological analysis

revealed that Nf1 cKO mice had normal striatal architecture with

no evidence of degenerative changes (Figure 4B). Immunoblot-

ting analysis showed a readily detectible reduction in the levels

of NF1 protein (Figures 4C and 4D). As expected from its function

as Ras GAP, we detected an elevation in the levels of active Ras

in the striatum of Nf1 cKO mice (Figures 4C and 4D). Consistent

with these changes in the baseline activity of Ras, we found a

significant elevation in phosphorylation of ERK, a downstream

target of Ras (Figures 4C, 4D, and S3A). Interestingly, we found

the basal activation of Akt, another kinase regulated by Ras

signaling to be reduced in Nf1 cKO striatum tissue (Figures 4C,

4D, and S3A). Whereas we did not investigate the mechanisms

behind this adaptation, we think that it is likely related to known

feedback inhibition by activated ERK [26].

To study the role of NF1 in MOR-mediated signaling, we

focused on two separate signaling branches downstream from

Ras: Raf-ERK and Akt-mTOR/GSK3b (Figure 4E). Administration

of morphine (20 mg/kg for 1 hr) resulted in significant elevation of

active Ras (Ras-GTP) in the striatum of control mice, but not in

Nf1 cKOmice (Figures 4F and 4G). Accordingly, morphine injec-

tions increased phosphorylation of Akt, GSK3b, and mTOR in

control mice but completely failed to do so in the absence of

NF1 (Figures 4F and 4G). In agreement with previous reports

[21], we did not detect significant ERK activation in response

to morphine in either control or Nf1 cKO mice, suggesting that

MOR-mediated activation of Ras in the striatum primarily signals

via the Akt-mTOR/GSK3b pathway, with NF1 playing a key role in

this process. To test whether the lack of kinase pathway by

morphine in Nf1 cKO mice could be explained by the signaling

occlusion due to elevated basal levels of active Ras, we stereo-

taxically injected BDNF in the striatum. This treatment resulted in

significant Ras activation as well as phosphorylation of AKT,

ERK, and S6 in both genotypes, indicating that elimination of

NF1 does not completely prevent further regulation of Ras-

signaling pathways (Figure S3B).

Ablation of NF1 in the Striatum Blunts Behavioral
Responses to Morphine
We next examined the effects of striatal NF1 ablation on opioid-

induced behaviors. Open field test revealed that Nf1 cKO mice

had overall normal behavioral reactions, including spontaneous

locomotor activity, habituation, anxiety, and motor coordination

(Figures S4A–S4C). Administration of morphine produced signif-

icantly lower psychomotor activation in Nf1 cKO mice (Figures
response to morphine application (black arrow) in D1R- and D2R-expressing

Ns. Unpaired t test; **p = 0.007; n = 13 and 15.

Current Biology 26, 2992–3003, November 21, 2016 2997
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Figure 4. Striatal NF1 Is Essential for Morphine-Induced Ras and Its Downstream Signaling Cascade Activation

(A) Generation of striatal-specific Nf1 knockout mice (Nf1 cKO) by crossing conditional NF1flx/flx line with MSNs-specific Rgs9-Cre line.

(B) Representative images of Nissl-stained coronal brain sections from control and Nf1 cKO mice. aca, anterior part of anterior commissure; NAc, nucleus

accumbens; Stm, striatum (scale bar, 1 mm). We found average volumes of both dorsal striatum (16.4 ± 0.8 mm3 in Nf1 cKO versus 17.2 ± 0.3 mm3 in control

littermates; n = 4 mice) and nucleus accumbens (1.4 ± 0.1 mm3 in Nf1 cKO versus 1.3 ± 0.1 mm3 in control littermates; n = 4 mice) to be unaffected by NF1

deletion.

(C) Impact of NF1 elimination on baseline Ras activation and signaling to downstream kinase pathways in striatum.

(D) Quantification of western blot data with activities normalized to samples from control mice. Data are represented as mean ± SEM. **p < 0.01; Student’s t test.

(E) Schematic representation of Ras-ERK and Ras-Akt signaling. Ras is activated in response to both GPCRs and receptor tyrosine kinases (RTKs), which in turn

is able to activate both Raf/MEK/ERK and PI3K/Akt pathways. Activated Akt can further modulate GSK3 andmTOR activity. High level of ERK activity can result in

decreased activity of Akt through cross-talk.

(F) Morphine-induced activation of Ras and its downstream pathway in striatum studied by western blotting. Mice were injected with 20 mg/kg morphine

(subcutaneously [s.c.]) or saline, and their NAc regions were dissected 60 min after for active Ras pull-down as well as western blot analysis.

(G) Quantification of western blot data with activities normalized to vehicle-treated control of the same genotype. *p < 0.05; **p < 0.01; n = 3 mice per each

treatment; Student’s t test.

See also Figure S3.
5A and 5B). Interestingly, the onset, duration, and recovery of

mice from psychomotor activation produced bymorphine action

were similar between genotypes, yet the effect of morphine in

Nf1 cKO mice plateaued, much below the level seen in control

mice (Figures 5A and 5B). We found no effect of NF1 ablation

on morphine analgesia or analgesic tolerance (Figure S4D)

despite a demonstrated role of neurons where RGS9-Cre driver

is active in these processes [27].

Because striatum plays a central role in mediating the rein-

forcing effects of opioids, we next probed the contribution of

striatal NF1 ablation in reward-related behaviors. In the condi-

tioned place preference (CPP) paradigm, injection of 7.5 mg/kg
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morphine caused a significant increase in time spent in the

drug-paired side in both Nf1 cKO mice and their control litter-

mates (Figure 6A). However, the effect was significantly less

pronounced in mice lacking NF1. This difference between geno-

types was eliminated at a higher dose of morphine (20 mg/kg),

suggesting that lack of NF1 decreases sensitivity of morphine

reward. We then assessed the selective contribution of MOR

signaling via NF1 to the observed effect. This was achieved by

injecting an AAV virus containing inverted sequence of NF1-DN

dominant-negative construct to prevent Gbg binding to NF1

in the nucleus accumbens (NAc) of Rgs9-Cre mice, limiting

the effects to the striatal MSN neurons (Figure 6B). Again,
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Figure 5. Striatal NF1 Regulates Psychomotor Responses to Morphine

(A) The effect of morphine administration on locomotor activity in control (left) and Nf1 cKO (right) mice in the open field task. Mice received saline or increasing

doses of morphine (2, 5, 10, and 20 mg/kg, s.c.) and were immediately placed in the activity-recording chamber.

(B) Quantification of cumulative distance traveled in open–field chamber during 20–80 min following vehicle or morphine treatment. NF1 ablation in striatum

results in blunted morphine-induced psychomotor activation. *p < 0.05; **p < 0.01; two-way ANOVA post hoc Tukey’s test (n = 8 mice per each group).

See also Figure S4.
antagonizing Gbg-NF1 interaction diminished sensitivity of mice

to place-preference-inducing effects of morphine, phenocopy-

ing the effects of Nf1 ablation.

Next, we investigated reinforcing properties of morphine in

a morphine self-administration paradigm, which models drug-

seeking and taking behavior. Initially, mice were trained in a

two-lever operant task with food reward (Figure S4E). Whereas

both genotypes learned the task to the set criteria, it took consid-

erably longer for Nf1 cKO mice to establish similar level of lever

pressing. Once response to food reinforcement was established,

mice were assessed for lever pressing that resulted in morphine

infusions (Figure 6C). Both genotypes readily self-administered

morphine at a dose of 0.3 mg/kg/infusion; however, Nf1 cKO

mice exhibited a dramatically decreased number of active lever

presses, with no change to inactive lever pressing (Figure 6C).

This experiment demonstrates that Nf1 cKO mice have a lower

sensitivity to reinforcing effects of morphine. Analysis of the

dose-response relationship revealed that Nf1 cKO mice earned

a lower number of morphine infusions compared to control litter-

mates at the doses of 0.3 and 0.6 mg/kg/infusion (Figures 6D

and S4F). Interestingly, whereas control mice responded with

decreased morphine intake at a higher dose (1 mg/kg/session)

and showed typical inverted U-shaped dependence, Nf1 cKO

mice continued to press even more, earning a greater number

of rewards (Figure 6D). Both genotypes showed a similar extinc-

tion profile upon substitution of morphine with saline, further

supporting the conclusion that differences in lever-pressing

behavior were related to differences in reinforcing effects of

morphine rather than in habitual behaviors. Together, these ob-

servations indicate that NF1 is involved in setting the behavioral

sensitivity of mice to the rewarding effects of morphine.

DISCUSSION

One of the main results of this study is the demonstration of a

novel signaling mechanism for transmitting GPCRs activation

to positive regulation of kinase-signaling networks (Figure 7).
On the basis of our findings, we propose that NF1 is a direct G

protein effector. Inhibition of its Ras GAP activity by Gbg sub-

units released upon activation of opioid receptors in striatal neu-

rons resulted in activation of small GTPase Ras. Elimination of

NF1 led to elevation of baseline Ras activity and abolished the

ability of opioid receptors to regulate Ras activation. This deficit

in signal propagation selectively affected responses mediated

by the heterotrimeric G proteins and did not influence signaling

via receptor tyrosine kinases that activate Ras directly.

Activation of Ras by GPCRs has become an accepted para-

digm in cellular signaling. A large number of mechanisms have

been proposed to explain how GPCRs signal to Ras (see [28,

29] for review). A majority of the demonstrated mechanisms

involvemultiple steps and have been described for non-neuronal

cell lines. Perhaps the most direct pathway occurs in epithelial

cells and involves positive regulation of the Ras exchange factor

Ras-GRF1 by Gbg in a phosphorylation-dependent manner [9],

although there is evidence for Gbg binding to several GEFs for

small GTPases [22, 30] as well as some GAPs, e.g., p120Ras-

GAP [31]. To the best of our knowledge, however, this work for

the first time identified a mechanism for GPCR-mediated activa-

tion of Ras in native neuronal cells, making NF1 the first reported

GAP for the small GTPases regulated by GPCR signaling.

Remarkably, we found that this is the dominant signaling transfer

mechanism in the striatal neurons, as the elimination of NF1

completely prevented coupling of opioid receptors to Ras

despite multiple potential pathways described in non-neuronal

cell types.

The role of NF1 in neuronal function is a subject of intense

investigation, largely because mutations in NF1 cause neurofi-

bromatosis, a disease with prominent neuropsychiatric mani-

festations that include learning and memory issues, social

difficulties, and delays in the acquisition of motor and idiopathic

pain [32]. Whereas there has been great progress linking cogni-

tive deficits associated with NF1 deficiency to hippocampal

function [33], the broad range of the neuropsychiatric features

suggest that NF1 is involved in controlling neuronal functions in
Current Biology 26, 2992–3003, November 21, 2016 2999
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Figure 6. Disruption of MOR Signaling via NF1 in the Striatum Decreases Sensitivity to Morphine Reward

(A) Effect of striatal-specific deletion of NF1 (Nf1 cKO mice) on mouse performance in conditioned place preference (CPP) task. Mice were administered either

saline (0 mg/kg morphine) or various concentrations of morphine as indicated. Place-preference scores are calculated as the time difference during post-

conditioning between drug-paired side versus saline-paired side. *p < 0.05 in comparison between genotypes two-way ANOVA post hoc Tukey’s test (n = 6–10

each group).

(B) Effect of disrupting Gbg-NF1 interaction in the nucleus accumbens (NAc) on morphine CPP. (Upper) Schematics of the conditional dominant-negative

construct (AAV-NF1-DNFLEX) and its viral delivery into NAc of Rgs9-Cre mice are shown. (Lower) Performance of mice in the CPP task is shown. Mice were

administered either saline or various concentrations of morphine as indicated. AAV-mediated expression of a dominant-negative NF1 construct that prevents

Gbg-NF1 interaction decreases sensitivity of mice to rewarding effects of morphine. The same AAV-NF1-DNFLEX virus was injected into either Rgs9-Cre(+) mice

or their control littermates Rgs9-Cre(�). CPP experiments were conducted as in (A). **p < 0.01 in comparison between genotypes two-way ANOVA post hoc

Tukey’s test (n = 5–6 each group).

(C) Animal performance in morphine self-administration task. Lever presses per session are plotted. Active (0.3 mg/kg/infusion) versus inactive levers showed

significant (p < 0.01 and p < 0.0001) difference with both genotypes and within criteria. Genotype versus session (n = 5 per group) interaction p = 0.005; genotype

p < 0.0001; session p < 0.0001. Data are expressed as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 genotype comparison per session; two-way ANOVA

followed by Bonferroni test.

(D) Dose-response dependence of drug taking in the self-administration task. Genotype versus dose (n = 5 per group) interaction p < 0.0001; genotype p < 0.0001;

dose p < 0.0001. Data are expressed as mean ± SEM. ***p < 0.001 genotype comparison; ###p < 0.001 compared to saline for both genotypes; two-way ANOVA

with Bonferroni test.
other brain regions as well. Among these, the involvement of

striatal circuits has been suggested [34, 35]. The results of our

study reveal that NF1 plays an essential role in the processing
3000 Current Biology 26, 2992–3003, November 21, 2016
neurotransmitter signals in the striatal medium spiny neurons.

Acting primarily in D1-receptor-expressing direct pathway

neurons, NF1 plays an essential role in linking MOR to Ras



Figure 7. Proposed Model for the Role of NF1 in Mediating MOR

Signaling to Ras
NF1 is a novel Gbg effector downstream fromMORs activation and is essential

for MORs-induced Ras pathway activation in MSNs.
activation. We found that this NF1 function was necessary for

achieving full efficacy of behavioral responses to morphine, es-

tablishing it as a key player in controlling opioid effects in the

striatum. Interestingly, we find that NF1 plays a critical role in

producing rewarding and motivational effects of morphine

administration with no impact on morphine-mediated analgesia.

We think that effect of NF1 elimination on behavior and

signaling in striatal neurons is unlikely to be limited to blockade

of MOR signaling to Ras. Loss of NF1 also results in signif-

icant elevation of basal activation of Ras and downstream

pERK pathway with concurrent inhibition of basal AKT-mTOR

signaling. This effect is expected from the activity of NF1 as a

Ras GAP and consistent with similar observations in other cells

[36, 37]. Although these changes in baselines were substantial,

they did not reach the saturation, and stimulation of receptor

tyrosine kinase receptors by BDNF led to further augmentation

of Ras activation, indicating that, even if signaling occlusion

occurs, it is not complete. Nevertheless, these alterations

in baselines of several signaling molecules may contribute to

the changes in responses to morphine brought about by NF1

deletion. Furthermore, other second-messenger cascades and

receptor systems involved in shaping complex behavioral

response to a drugmay be affected and thus be also contributing

to the observed phenotypes. Regardless of the exact contribu-

tions of baseline versus receptor-mediated signaling through

Ras pathways, our findings clearly establish the key role of

NF1 in the process.

Given that the endogenous opioid system plays a role in the

actions of many abused drugs, including alcohol [38], we think

it is likely that the MOR-NF1-Ras pathway in the striatum may

be involved in setting the incentive salience value of incoming

signals and thus contributing to controlling addictive properties

of drugs in general. In agreement with this idea, mutations

in NF1 have recently been associated with predisposition to

alcohol addiction, and NF1 haploinsufficiency protected mice

from developing dependence [39]. Furthermore, we found that

NF1 ablation also diminished acquisition of lever-pressing

behavior when food was used as a reinforcer. Although this

may be related to deficits in the instrumental learning, which

striatum is involved in, we think that it is equally plausible that

this may also suggest a role of NF1 in controlling endogenous

opioid system, as it has been shown to play a prominent role in

regulating food reward [40]. Together, our observations intro-
duce NF1 as a key regulator of opioid signaling and reward

processing in the striatum.

Activation of Ras is one of the central hubs in cellular signaling,

which can engage a variety of the signaling pathways down-

stream. From this perspective, it is interesting that, in striatal

neurons, activation of Ras-regulated kinase pathways by MOR

is functionally biased. In agreement with previous reports [21,

41, 42], we found that morphine did not increase ERK1/2 phos-

phorylation despite robust activation of Ras. Instead, regulation

of the Akt signaling branch by morphine was clearly evident. At

the same time, elimination of NF1 affected basal levels of both

Akt-mTOR and ERK1/2 activation, suggesting that this bias likely

originates at the level of the receptor. Indeed, MOR has been

shown to be capable of activating ERK1/2 in striatal neurons

when stimulated by a different opioid agonist fentanyl in a

manner dependent on GRK3/b-arrestin [41]. This example

serves to reinforce the ligand-dependent nature of opioid recep-

tor signaling that is becoming an increasingly accepted model of

GPCR signaling [43, 44]. Nevertheless, from the perspective of

G-protein-mediated transmission downstream from MOR, Ras

signaling to Akt-mTOR/GSK3b seems to be the dominant

pathway regulated by NF1. Another interesting observation is

that, in striatal neurons, the homeostatic set point for the regula-

tion of basal Akt-mTOR/GSK3b activity appears to differ from

that seen in other cells. Whereas the elimination of NF1 in astro-

cytes results in Akt-mTOR hyperactivation [45], we observed

hypoactivity of Akt-mTOR signaling in striatal tissue lacking

NF1. We think that this downregulation of basal Akt signaling re-

sults from a negative feedback imposed by excessive ERK1/2

activity, which was reported to occur in human breast cancer

cells [26, 46]. The exact molecular mechanisms of this ERK1/2-

Akt-signaling cross-talk are not well understood, and deter-

mining the role of NF1 in this process along with its implication

for neuronal physiology appears to be an interesting direction

for future studies.

The loss of the receptor-mediated activation of Ras in the

striatal neurons that we report in this study calls for revisiting

the current paradigm that views upregulation of Ras signaling

as a primary cause of neurofibromatosis [47, 48]. This rationale

provides a theoretical basis for Ras inhibition as a therapeutic

strategy for neurofibromatosis treatment. However, clinical trials

using statins that reduce Ras activation have hadmixed success

in ameliorating neuropsychiatric symptoms of the disease [49,

50]. Whereas our results confirm the well-documented increase

in basal levels of active Ras associated with NF1 dysfunction,

they additionally reveal that the signal-regulated Ras activation

(e.g., through MOR activation) is abolished. Thus, insufficiency

of signaling through Ras may contribute to some of the neuro-

psychiatric manifestations seen in type 1 neurofibromatosis.

From this perspective, NF1-mediated opioid signaling to Ras in

the striatummay prove helpful for understanding related aspects

of the disease, such as goal-directed learning difficulties, as well

as for exploring opioid receptors as possible therapeutic targets

for neurofibromatosis. Whereas our research primarily focused

on examining the role of NF1 in the regulation of opioid receptor

signaling specifically in the striatal neurons, we think that these

observations could be broadly applicable to other cells and

GPCRs where NF1 plays a dominant role in controlling basal

Ras activation.
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EXPERIMENTAL PROCEDURES

Bioluminescence Resonance Energy Transfer Assay

A new version of NanoBRET was performed to visualize the interaction

between the NanoLuc-tagged energy donor and the Venus-tagged energy

acceptor. NanoBRET assays were applied to examine NF1membrane recruit-

ment, the specific interaction between Sec14/PH and Gbg, and the real-time

interaction between Sec4/PH and Gbg upon GPCR activation/inactivation.

Ras GTP Hydrolysis Assay

Ras GTPase activity was examined in both single and multiple turnover Ras

GTP hydrolysis assays using purified recombinant proteins. GTP hydrolysis

was examined by measuring the generation of inorganic phosphate 32Pi

released from hydrolyzed [g-32P]GTP by activated charcoal assay.

Ras Activity Measured by Two-Photon Fluorescence Lifetime

Imaging Assay

Cultured striatal neurons were transfected with the FLIM-FRET Ras sensors

mEGFP-HRas and mRFP-RBD-mRFP and imaged under a two-photon

microscope. Fluorescence lifetime images were acquired using time-corre-

lated, single-photon counting, and Ras activation was quantified as fraction

of mEGFP-HRas bound to mRFP-RBD-mRFP through fitting the fluorescence

decay curve.

Animals

All procedures were approved by the Institutional Animal Care and Use Com-

mittee at The Scripps Research Institute. HomozygousNf1flx/flxmicewere bred

against heterozygous Rgs9-Cre mice to generate striatal specific NF1 condi-

tional knockout (Nf1 cKO) mice. Mice of either sex were used.

Statistics

All data are presented as the mean ± SEM. Two sample comparisons were

made using the Student’s t test. All comparisons relating test to control data

from littermate animals were analyzed statistically using two-way ANOVA.

Additional details can be found in the Supplemental Experimental

Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and Supplemental Experi-

mental Procedures and can be found with this article online at http://dx.doi.

org/10.1016/j.cub.2016.09.010.
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SUPPLEMENTAL FIGURE LEGENDS 

Figure S1, Related to Figure 1. Regulation of NF1 by MOR signaling. A, mRNAs for NF1 and MOR 

are extensively co-expressed in striatal neurons Representative image of a double in situ hybridization 

using probes against NF1 (red) and MOR (green) in the coronal section of dorsal (CPu) and ventral 

(NAc) striatum. Areas outlined by the box in the upper panels are shown enlarged in lower panels. Soma 

of neuron is defined by Nissl staining (blue) and its boundaries are delimited with a dashed line used to 

assign mRNA expression in individual neuron. B, Quantification of signal distribution across neuronal 

population. At least 4 images derived from 3 different coronal sections were counted using Nissl 

staining as a mask. Each image contained an average of 300 neurons. Error bars are SEM. C, Dominant 

negative NF1 construct (NF1-DN) prevents Gβγ binding to wild type NF1 endogenously present in the 

cells. HEK293T cells were transfected with either Venus-tagged Gβ1γ2 or Venus (control) with or 

without co-expression with NF1-DN. Following Gβγ immunoprecipitation by antibodies against Venus, 

proteins were detected by Western blotting using specific antibodies for Gβ1 and NF1. Representative 

experiment is shown.  D, Schematics for the strategy for using NF1-DN construct to disrupt MOR-

induced Gβγ interaction with Sec14/PH domains of NF1. Upon activation of MOR by morphine, Gβγ-

Venus is released from Gαi/o subunits and becomes available to interact with NanoLuc tagged 

Sec14/PH domain of NF1 eliciting BRET response. The dominant negative construct NF1-DN 

comprises Sec14/PH domain and competes with NF1 binding preventing generation of the BRET signal. 

E, Representative BRET response traces produced by the application of morphine in the presence of 

various concentrations of NF1-DN construct delivered at the indicated ratios to Sec14/PH-NLuc 

construct. Note the inhibition of the signal generation as the ratio is increasing. F, Quantification of the 

dose-response relationship between an increase in NF1-DN concentration and maximal BRET amplitude. 

Error bars are SEM, n=3 experiments. G, Effect of NF1 overexpression in HEK293T cells on MOR-



mediated ERK phosphorylation. Cells were transfected with MOR and where indicated with full-length 

NF1 cDNA vector. Following treatment with 1 mM morphine for 5 min, cells were lysed and proteins 

were detected by Western blotting using indicated antibodies. H, Quantification of morphine-induced 

changes in pERK band between control cells and cells overexpressing NF1. Values were normalized to  

the control samples. *p<0.05, t-test, n=3 for each condition. 

 

Figure S2, Related to Figure 3. NF1 does not affect Ras activation in cultured striatal neurons in 

response to BDNF application.  A, Experimental outlines of Ras FLIM-FRET assay. Insert, Significant 

reduction of NF1 protein level after AAV-Cre infection. B, Representative fluorescence lifetime images 

before and after application of 10 ng/mL BDNF in cultures infected with either AAV-Cre virus or 

control AAV. C, Representative traces of changes in binding fraction in response to BDNF. D, 

Quantification of the peak change in binding fraction before and after BDNF stimulation. Data are 

represented as mean ± SEM. Unpaired t-test, p= 0.3593, n=7, 6.  E, Representative traces of changes in 

binding fraction and quantification of the amplitude of responses to BDNF application in cultures 

transfected with NF1-DN construct as compared to control cultures transfected with an empty vector. 

Unpaired t-test p=0.648 n=8, 9. F, Fluorescent in situ hybridization examining expression of NF1 (red) 

in D1 receptor (D1R) and D2 receptor (D2R) containing striatal medium spiny neurons (green) in dorsal 

(CPu) and ventral (NAc) striatum. Neuronal cell bodies were stained with Nissl (blue), which is used as 

a mask when assigning signals to individual neurons. NF1 is found to be equally expressed by both D1R 

and D2R –containing neurons. We found 55±2% of NF1 positive MSNs in dorsal striatum and 45±2% 

in nucleus accumbens expressed D1R, while 37±2% of NF1 positive MSNs in both regions expressed 

D2R G, Representative traces of changes in binding fraction and quantification of the amplitude of 

responses to BDNF application in D1R-Cre and D2R-Cre cultures transfected with FLIM-FRET Flex 

Ras sensors. Unpaired t-test p=0.06 n=9, 8. 

 



Figure S3, Related to Figure 4. NF1 inactivation in the striatum changes baseline levels of active 

Ras and downstream signaling pathway but does not abolish responses to BDNF. A, Representative 

Western blot data of active Ras and its downstream effector molecules (p-ERK, p-Akt) in striatal lysates 

when analyzed on the same side by side. Striata were dissected from 4 month-old Nf1 cKO mice and 

Cre(-) control littermates and assayed for active Ras by pull down assay and Western blot analysis. Bar 

graphs show non-normalized quantification of Western blot data normalized to band densities in WT 

saline treated samples. Data are represented as mean ± SEM. **p<0.01, Student’s t-test. B, 

Representative Western blot data of changes in active Ras and its downstream kinases in response to 

BDNF injection into the striatum. Four month-old Nf1 cKO mice and Cre(-) control littermates were 

stereotaxically injected with BDNF or vehicle into the nucleus accumbens. Tissues removed 30 minutes 

later were analyzed for changes in activation of Ras and downstream signaling pathways by pull down 

assay and Western blotting. Bar graphs show quantification of band densities normalized to vehicle 

treated samples. Data are represented as mean ± SEM. **p<0.01, Student’s t-test. 

 

Figure S4, Related to Figure 5. Behavioral analysis of mice lacking NF1 in the striatum. (A) 

Evaluation of habituation to novel environment in the open field test. Naïve Nf1 cKO mice and their 

control littermates were placed in the open field chamber and their activity was recorded for 2 hours. 

P>0.05, t-test, n=6-8 mice per group. (B) Quantification of typical mouse behavioral traits in the open 

field total related to motor performance: distance traveled and movement velocity as well as evaluation 

of motor coordination in the rotarod task. (C) Anxiety traits evaluated in the open field: center entries 

and thigmotaxis score. (D) Nf1 cKO mice show comparable basal nociceptive thresholds, analgesic 

sensitivity and tolerance to morphine.  In tolerance assays, mice were monitored by the hot plate test 30 

min following morphine treatment (15 mg/kg) for 5 days. Two-Way ANOVA post hoc Tukey’s test 

p=0.38 (n=4-5 mice per each group). (E) Operant conditioning of mice in self-administration task during 

food training paradigm. Cohort comparison for food self-administration over 1 hour session courses and 



ability to learn lever pressing for food reward to meet criteria (dashed line). Genotype vs. Session (n=5 

per group), interaction p<0.001, Genotype p=0.0017, Session p<0.001. Data is expressed as mean ± 

SEM *p<0.05, ***p<0.001 genotype comparison, ###p<0.001 WT compared to Day 1 WT, %%%p<0.001 

KO compared to Day 1 KO, two-way ANOVA with Bonferroni test. Vertical dashed line marks 

switching mice from food to morphine. (F) Complete profile of mouse performance in self-

administration task. Mice were allowed access to varying concentrations of drugs in consecutive 

sessions and their lever pressing behavior was monitored. (G) Extinction of lever pressing behavior 

upon substitution of morphine (0.3 mg/kg) with saline. No genotype differences were noted. Vertical 

dashed line marks switching mice from morphine to saline. 

 

  



SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

Mice and DNA constructs  

Generation of Nf1flx/flx [S1] and Rgs9-Cre [S2] mice was described previously. To assess the role of NF1 

in striatal neurons, we crossed Nf1flx/flx mice with Rgs9-Cre driver line to generate striatal specific NF1 

conditional knockout (Nf1 cKO) mice. Nf1flx/flx Cre(-) control littermates (2–4 months old) derived from 

heterozygous breeding pairs were used for all experiments. D1-Cre (Drd1-Cre; EY262; stock# 017264-

UCD) and D2-Cre (Drd2-Cre; ER44; MMRRC Stock #: 017263-UCD) were obtained from MMRRC. 

All mice are on the C57/Bl6 background. Mice were housed in groups on a 12 h light–dark cycle with 

food and water available ad libitum. All procedures were approved by the Institutional Animal Care and 

Use Committee (IACUC) at The Scripps Research Institute.  

Sec14 (1566 – 1735 a.a.), PH (1736 – 1837 a.a.), Sec14/PH (1566 – 1837 a.a.) and GRD/Sec14/PH 

(1198 – 1837 a.a.) were amplified from full length of NF1 template (gift from Dr. Frank McCormick in 

UCSF). Sec14/PH (1566 – 1837 a.a.) fused with N-terminal membrane-targeting sequence of Lyn kinase 

(GCIKSKRKDKD) cloned into pcDNA3.1 was used as NF1-dominant negative (NF1-DN). 

NanoLuc™ luciferase (Nlc) was amplified from pNL1.1.CMV vector (Promega). Fusion constructs 

(Sec14-Nlc, PH-Nlc, Sec14/PH-Nlc, NF1-Nlc) were made by In-Fusion® HD Cloning Kit (Clontech) 

with membrane-targeting sequence of Lyn kinase (GCIKSKRKDKD) in the N terminal of fusion 

proteins except NF1-Nlc. Sec14/PH and GRD/Sec14/PH were subcloned in pGEX-2T E. Coli 

expression vector. BRET reporter constructs Venus155-239-Gβ1, Venus1-155-Gγ2, Venus-H-Ras  and 

masGRK3ct were gifts from Dr. Nevin A. Lambert (Medical College of Georgia), and HA tagged µ-

opioid receptor (HA-MOR) was a gift from Dr. Ping-Yee Law (University of Minnesota). Rat cDNA 

mammalian expression clones for Gαo in pCMV5 were gifts from Dr. Hiroshi Itoh (Nara Institute of 

Science and Technology). Catalytic domain of sos1 (564 – 1049 a.a.) and full length of N-Ras were 

subcloned in pET28b E. Coli expression vector. FLIM-FRET ras sensor GFP-HRas and RFP-Raf 



binding domain-RFP were constructed as previously described [S3].  Reverse orientation of Ras FRET 

donor (HRas-mGFP) flanked with the flip-excision (FLEX) switch sequences was cloned into a 

pcDNA3.1 to generate conditional FRET donor construct whose expression is dependent on Cre 

recombinase. 

Primary cultures of striatal neurons 

Primary cultures of striatal neurons were prepared as described previously with minor modifications 

[S4]. Briefly, striata were extracted from neonatal pups from wild type C57Bl6, Nf1flx/flx, D1-Cre or D2-

Cre mice and placed into an ice-cold HBSS/FBS solution: Hank’s Balanced Salt Solution (Sigma; St. 

Louis, MO), 4.2 mM NaHCO3, 1 mM HEPES, and 20 % FBS. Tissue was washed twice with 

HBSS/FBS, and then 3 times with HBSS alone. Striatum tissues were digested at room temperature for 

15 min with 0.3 mg/mL Papain (Worthington) in a solution containing137 mM NaCl, 5 mM KCl, 7 mM 

Na2HPO4, and 25 mM HEPES (pH 7.2). Tissue was washed twice with HBSS/FBS and 3 times with 

HBSS alone, and then mechanically-dissociated in HBSS (supplemented with 12 mM MgSO4) using 

Pasteur pipettes of decreasing diameter. Neurons were pelleted by centrifugation (600 g for 10 min at 

4 °C) and plated onto 12-mm glass coverslips pre-coated with Matrigel (BD Biosciences; San Jose, CA). 

Neurons were allowed to adhere for 1-2 hours prior to adding pre-warmed culture medium consisting of 

Neurobasal A (Life Technologies; Carlsbad, CA), 2 mM GlutaMAX-I (Life Technologies, Carlsbad, 

CA), 2 % B-27 supplement. Neurons were incubated at 37°C/5% CO2, and half of medium was replaced 

with fresh medium every 3 days. Neurons were infected with AAV-Cre or AAV-GFP control virus on 

DIV4 (1:20,000 dilution). Ras FRET sensors with/without NF1-DN construct in pcDNA3.1 were 

transfected on DIV 14 using lipofectamine 2000 (Invitrogen). For conditional FRET sensor experiments, 

Flexed FRETdonor (Flex-HRas-mGFP) was co-transfected with FRET acceptor (Raf-RBD-mRFP) in 

striatal neuron cultures derived from D1-Cre or D2-Cre neonatal mice. 

Protein sample preparation, immunoprecipitation and Western blot 



Striatal tissue (~15 mg) or transfected HEK293T cells were homogenized by sonication in lysis buffer 

(1×PBS, 150 mM NaCl, 0.5 % n-dodecanoylsucrose containing complete protease inhibitor cocktail 

(Roche) and phosphatase inhibitor cocktail 1 and 2 (Sigma). Homogenate was centrifuged at 16,000 g 

for 15 min. Supernatant was incubated with 3 µg antibodies as indicated and 10 µL of protein G beads 

for 1 hours at 4 °C. Beads were washed 3 times with lysis buffer. Protein sample was eluted in SDS 

sample buffer, boiled for 5 min, and resolved on SDS-PAGE gel, transferred onto PVDF membrane and 

subjected to Western blot analyses. The following specific antibodies were used for either 

immonoprecipitation or Western blot: c-myc (Genescript), Gβ1 (gift from Dr. Barry M. Willardson, 

Brigham Young University), NF1 (Bethyl Laboratories), GFP (Roche), p-ERK1/2, ERK, p-Akt (S473), 

Akt, p-S6 (235/236 and 240/244), S6, p-GSK3β, GSK3β (Cell Signaling Technology). 

 

Recombinant proteins and membrane preparations 

Recombinant complexes of Gβ1 with His-tagged Gγ2 were expressed in Sf9/baculovirus system and 

purified as described [S5]. GST-tagged Sec14/PH as well as GRD/Sec14/PH were expressed in BL21 

(DE3) E. coli strain and purified by affinity chromatography on glutathione-Sepharose 4B beads (GE 

healthcare) as described previously [S5]. His-tagged catalytic domain of sos1 and N-Ras were expressed 

in BL21 (DE3) E. Coli strain and purified by affinity chromatography on HisTALON columns using 

AKTA Fast Protein Liquid Chromatography (FPLC) system. The purity of recombinant proteins was 

assessed by Coomasie staining following gel separation and was found to be at least 80 %. 

 

Pull down assay 

GST pull down assay was performed as described previously with minor modifications [S4]. Briefly, 

purified recombinant GST-Sec14/PH fusion proteins or GST control protein (0.25 µM) and purified 

Gβ1γ2 proteins (0.25 µM) were co-incubated with 20 µl of 50% glutathione agarose beads slurry (GE 



Healthcare) in binding buffer (20 mM Tris, pH 7.2, 300 mM NaCl, 100 µM polyoxyethylene 10 Lauryl 

ether, 50 µg/ml bovine serum albumin) for 1 hour at 4 °C. The beads were washed with binding buffer 3 

times. Proteins retained by the beads were eluted in SDS sample buffer and detected by anti-Gβ1 

antibody by immunoblotting. Membrane blot were stained with Ponceau S to visualize the GST fusion 

protein or GST control protein. 

 

Bioluminescence resonance energy transfer (BRET) 

A new version of bioluminescence resonance energy transfer (BRET) assay NanoBRET consisting of 

NanoLuc luciferase technology was performed to visualize the interaction between Nanoluc (Nlc)-

tagged energy donor and Venus-tagged energy acceptor.  

For membrane recruitment assay, Venus was targeted to plasma membrane through fusion to 25 amino 

acid C-terminal fragments of HRas [S6] and BRET assay was used to monitor interaction between NF1-

Nlc and membrane attached venus. HEK293T cells were transfected with µ-opioid receptor, Gαo, Gβ1, 

Gγ2, NF1-Nlc, Venus-HRas, with or without masGRK3ct constructs. 24 hours later, after the Nano-Glo 

Luciferase substrate was added, BRET measurements were made using a micro plate reader 

(POLARstar Omega; BMG Labtech) equipped with two emission photomultiplier tubes, allowing the 

detection of two emissions simultaneously with resolution of 50 milliseconds for every data point. All 

measurements were performed at room temperature. The raw BRET signal is determined by calculating 

the ration of the light emitted by the venus (535 nm) over the light emitted by the nanoluc (475 nm). The 

average baseline value recorded before stimulation was subtracted from raw BRET signal values, and 

the resulting BRET was plotted over the time. Gβ1γ2 scavenger (GRK3ct) was co-transfected to block 

Gβγ effects.   

To determine the specific interaction between Sec14/PH and Gβ1γ2, different ratio of acceptor (Gβ1γ2-

Venus) vs donor (Sec14-Nlc, PH-Nlc or Sec14/PH-Nlc) cDNA amount were transiently transfected to 



HEK293T cells. The pNL1.1.CMV (Nlc) was included as a negative control. Cells were then used for 

NanoBRET measurement 24 hours later. The average baseline value recorded from samples without 

acceptor expression was subtracted from raw BRET signal values, and the resulting BRET was plotted 

over the ratio of acceptor/donor. Signal curve was fitted with hyperbola nonlinear regression to obtain 

maximal BRET ratios. NanoLuc luciferase alone was used as a control. 

NanoBRET was also applied to measure the dynamic interaction of Sec14/PH-Nlc and Gβ1γ2-Venus in 

response to the action of G protein signaling in living cells as previously described with slight 

modifications [S5]. Briefly, HEK293T cells were transfected with µ-opioid receptor, Gαo, Venus155-

239-Gβ1, Venus1-155-Gγ2, Sec14/PH-Nlc, with or without masGRK3ct constructs at a 1:2:1:1:1:1 ratio. 

Cells were then used for NanoBRET measurement 24 hours later. The average baseline value recorded 

before agonist application was subtracted from raw BRET signal values, and the resulting BRET was 

plotted over the time. Dose response of BRET amplitudes were fitted with hyperbola nonlinear 

regression to obtain EC50 of morphine. Co-transfection with Gβ1γ2 scavenger (GRK3ct) was used to 

block Gβ1γ2 effects. . Co-transfection with Sec14/PH and increasing amounts of Sec14/PH-Nlc was 

used to demonstrate the competition of NF1 binding to Gβγ. 

 

GTPase activity assays 

Single-turnover GTPase assays using recombinant proteins were conducted as described previously [S7]. 

Pre-loaded [γ-32P]-GTP-Ras undergoes single turnover GTP hydrolysis resulting in inorganic 

phosphatase (32Pi) and GDP-Ras. RasGAP protein NF1 accelerates GTP hydrolysis. Purified N-Ras (2 

µM) was pre-loaded with 4 µM [γ-32P]-GTP (25 Ci/mmol, MP Biomedicals) in charging buffer (20 mM 

Tris-HCl pH 7.8, 100 mM NaCl, 1 mM DTT, 4 mM EDTA) for 5 min at 37 °C. The mixture is placed 

on ice and MgCl2 was added to a final concentration of 17 mM. The buffer of [γ-32P]-GTP-bound N-Ras 

was exchanged to GTPase buffer (20 mM Tris-HCl pH7.8, 100 mM NaCl, 5 mM MgCl2, 100 µM 



polyoxyethylene 10 lauryl ether, 1 mM DTT) using protein desalting spin column (Pierce). 6.67 µL of 

the [γ-32P]-GTP-Ras solution is removed (time zero) directly to 100 µL of quench solution (6 % 

perchloric acid). GTPase assays were performed at 37 °C in GTPase buffer. Final concentrations in the 

reactions were 0.3 µM N-Ras, 0.5 µM Gβ1γ2, 65 nM GRD/Sec14/PH. Samples (20 µL) were removed 

at 2-, 5-, 10-, 20-, and 30-min intervals to 100 µL of 6 % perchloric acid. 32Pi (Pi, inorganic phosphate) 

released from hydrolyzed GTP was determined by activated charcoal assay [S8]. The amount of 

radioactivity was determined by scintillation counting. Complete (100 %) GTP hydrolysis was 

performed in the presence of excess GRD/Sec14/PH (1.5 µM) for at least 1 hour. Percentage of GTP 

hydrolysis was calculated  as  (time point  −  time zero)/(100 % GTP hydrolysis  −  time zero)  ×  100 %. To 

determine values for speed of GTP hydrolysis (1/τ), the data were fitted to exponential equation using 

non-linear regression.  

For multiple turnover GTPase assays, GTP/GDP exchange of Ras is catalyzed by RasGEF protein sos1. 

[γ-32P]-GTP-Ras undergoes NF1-catalzyed GTP hydrolysis resulting in 32Pi and GDP-Ras. Ras exhibits 

multiple turnover of GTP/GDP exchange and GTP hydrolysis. The purified proteins (0.5 µM N-Ras, 5 

µM sos1, 25 nM GRD/Sec14/PH, and (0, 0.1, 0.3 or 1µM Gβγ) were incubated with 50 µM [γ-32P]-GTP 

in GTPase buffer at 37 °C for 20 min (a period in which the velocity of Pi liberation was constant) in the 

total volume of 20 µL. Reactions were stopped by adding 100 µL quench solution. Inorganic phosphate 

released from hydrolyzed GTP was determined by activated charcoal assay. Complete (100 %) GTP 

hydrolysis was performed in the presence of excess GRD/Sec14/PH (1.5 µM), and was used to calculate 

percentage of GTP hydrolysis. Data were fitted with hyperbolic decay equation to get IC50 of Gβγ. 

Control reactions were performed to ensure that multiple turnover conditions are maintained and that 

GDP/GTP exchange is not limiting the GTP hydrolysis. 

Two-photon fluorescence microscopy and two-photon fluorescence lifetime imaging 



mEGFP was tagged to the N terminus of HRas, and mRFP was attached to both termini of Ras binding 

domain of Raf1 (RBD), which binds selectively to active Ras. FRET between mEGFP and mRFP 

increases when HRas is activated. Fluorescence lifetime measurements of mEGFP were used as a 

quantitative readout of FRET. Imaging was done using a custom-built two-photon microscope equipped 

with a fluorescence lifetime imaging system.  Fluorescence was excited using a two-photon excitation at 

920 nm by a Coherent chameleon pulsed laser.  Laser intensity was controlled with electro-optical 

modulators (350–80 LA; Conoptics) before being scanned by galvano-scanning mirrors focused into the 

sample by an objective (60×, 0.9 numerical aperture; Olympus). Emitted fluorescence was divided with 

a dichroic mirror (565 nm; Chroma) and detected with cooled photomultiplier tubes (H7422–40 for 

green and R3896 for red; Hamamatsu) after wavelength filters (HQ510/70–2p for green and HQ620/90–

2p for red; Chroma Technology). Fluorescence intensity images were acquired by ScanImage using a 

data acquisition board (PCI-6110; National Instruments) and fluorescence lifetime images were acquired 

with a time-correlated single photon counting system (SPC-150; Becker and Hickl). Binding fraction 

was calculated as described previously [S3]. 

On day in vitro (DIV) 0, striatal neurons were cultured from neonatal Nf1flx/flx pups. Neurons were 

infected with AAV virus on DIV4. Ras FRET sensors were transfected on DIV 14. FLIM-FRET assay 

were performed 1 day after transfection. Striatal neuron cultures from neonatal NF1flx/flx mice infected 

with either control or Cre-RFP viruses were washed and imaged in HEPES buffered aCSF containing 

1uM Tetrototoxin (TTX) to inhibit spontaneous activity. After obtaining baseline images, morphine (10 

µM, Sigma) or BDNF (10 ng/mL, R&D Systems) were bath applied and fluorescence lifetime was 

monitored. D1-Cre and D2-Cre striatal neurons were cultured on DIV0 and co-transfected with 

Lipofectamine 2000 on DIV 14-15 with Flex-mEGFP-HRas and mRFP-RBD-mRFP at a 1:1 ratio using 

0.25 µg of each construct per 12 mm coverslip. Two-photon microcopy was used 24-30 hours post 

transfection to image fluorescence lifetime and measure FRET between Ras sensors.   



Acute morphine or BDNF treatment and active Ras pull down assay 

Mice were injected subcutaneously with morphine (20 mg/kg) or saline (10 ml/kg) and sacrificed 1 

hours post-injection.  BDNF (0.75 µg/side) or its vehicle was bilaterally infused into the NAc (see 

Stereotaxic surgery section) and sacrificed 30min post-injection.  The striatum was immediately 

dissected and subjected to active Ras assay using active Ras pull down and detection kit (Thermo 

Scientific) following manufacturer’s instructions.  

 

Adeno-associated virus generation and delivery 

Reverse orientation dominant negative NF1 (NF1-DN, Sec14/PH (1566 – 1837 a.a.) fused with N-

terminal membrane-targeting sequence of Lyn kinase (GCIKSKRKDKD) and C-terminal P2A sequence 

(GSGATNFSLLKQAGDVEENPGP) and GFP was cloned into vector plasmid containing a truncated 

version of the ubiquitous CBA promoter, which is a fusion of the chicken beta actin promoter and the 

CMV immediate-early cytomegalovirus enhancer (smCBA), the flip-excision (FLEX) switch sequence, 

a woodchuck hepatitis virus posttranscriptional regulatory element (WPRE) sequence, SV40 polyA 

sequence, and two AAV2-based inverted terminal repeats required for recombinant adeno-associated 

virus (AAV) production. AAV8(Y733F)-smCBA-FLEX-NF1-DN-P2A-GFP vector was packaged and 

purified according to previously published methods [S9, S10]. 

 
Stereotaxic surgery 
 
Mice were anesthetized with 1-2% isoflurane in oxygen on stereotaxic frame (KOPF 900, CA USA). 

AVV8-smCBA-FLEX-NFL-DN-P2A-GFP (Biovector Labs, Malvern PA USA) or BDNF (0.75 µg/side; 

R&D Systems, Minneapolis, MN USA) was bilaterally microinjected into NAc using gastight 

microsyringes (Hamilton 1800 series, Reno NV USA), Tygon tubing (Palmer Cole, Vernon Hills IL 

USA), 28-gauge piston needles and pump (World Precision Instruments, Sarasota FL USA).  Stereotaxic 

coordinates for NAc were as followed: AP +1.1mm, ±1.0mm ML, and -3.8mm DV. Mice were injected 



at the rate of 0.3µl over 5 minutes per side and were kept in place for an additional 5 minutes to ensure 

adequate diffusion. Mice were given two weeks of recovery for AAV expression. 

 

Behavioral assays 

Locomotion was evaluated in automated video tracking ANY-maze open field chambers (Stoelting) 

under illuminated conditions. Mice were habituated to testing room for 1 hour before the test on each 

day. One the first day, mice were placed in the chambers without injection, and allowed to explore the 

novel chamber for 2 hours. On the test day, mice were then injected with saline (10 mL/kg, s.c.) or 

morphine (2, 5, 10 or 20 mg/kg) and then immediately placed in the open-field chambers.  Activity was 

then monitored for 3 hrs. Dose dependence morphine treatments were done on the same mice starting 

from low dose first with 2-day interval between different doses. Horizontal activity was measured in 

terms of the total distance traveled in the monitoring period or distance traveled in 5-min intervals. 

Thigmotaxis (wall hugging) for each subject was determined by dividing the distance traveled in the 10-

cm-wide perimeter of the chamber by the total distance traveled during the 2-hour session. 

Accelerating rotarod performance was tested using a five-station rotarod treadmill (IITC Rotarod, IITC 

Life Science). Mice of either gender from 8 to 9 week-old were used in this test.  After placing a mouse 

on the rod, the rod was accelerated from 8 to 22 rpm in 2 min. The endurance (s) of mice on the rotarod 

and the terminal speed (rpm) was measured by time to fall to the floor of the apparatus or to turn one full 

revolution while hanging onto the drum.  

The hot plate paw-lick test was performed on a platform heated to 54 °C with a cutoff of 40 second. 

Latency to paw lick or jump was recorded. Baseline responses were determined for each mouse before 

drug injection. Mice were injected with a volume of 100 µL per 10 g of body weight of morphine sulfate 

(s.c., 10 mg/kg), 30 min after acquiring baseline response. The analgesia response was tested 45 min 

after injection. The antinociceptive response was calculated as a percentage of maximal possible effect 

(MPE), where MPE %  =  (final  −  baseline)/(40  −  baseline)  ×  100 %. 



 

Conditioned place preference (CPP) was conducted using a two-chamber box with a tunnel adjoining the 

chambers in which each chamber was distinguished by different color and floor texture (Stoelting Co, 

Wood Dale, IL). The CPP procedure consisted of four phases: habituation, preconditioning, conditioning 

and post-conditioning test. Time spent in each chamber was recorded by automated video tracking 

ANY-maze software (Stoelting). On the first day, each mouse was free to explore the two compartments 

for a 20-min period (habituation). On the second day, the time each mouse spent in each compartment 

was recorded for a 30-min period (pre-conditioning). On the third day, mice received morphine (5 or 15 

mg/kg, s.c.) and immediately confined for 30 minutes in one compartment. On the fourth day, animals 

received a saline injection and paired with the other compartment for 30 minutes. There was a total of 

three drug sessions and three saline sessions (conditioning). On the test day, day nine, mice were 

allowed free access to all compartments for 30min (post-conditioning).  Place preference (s) was 

assessed by calculating the difference between time spent in drug-paired compartment and time spent in 

saline-paired compartment.  

 

Self-administration 

Prior to drug self-administration, mice were subjected to food training paradigm in operant conditioning 

chambers (14 x 12.7 x 16cm; Med Associates, St. Albans VT USA) housed inside standard sound 

attenuating cubicles (56 x 38 x 40.6cm). Mice were fasted overnight to provide learning incentive and 

maintained to 85% of pre-fasted body weight. Operant chambers were equipped with two retractable 

levers, two light sources paired with levers, and dispenser for food pellets. Mice were trained to 

differentiate between two levers, one lever paired with food reward and other with no consequences. 

Each mouse was trained at FR1TO20 until enough food rewards were obtained before gradually 



increasing to FR5TO20. Once all mice obtained at least 20 food rewards within an hour session for 3 

consecutive days, they underwent surgery for jugular catheter implantation.   

Catheters were made in house which consisted of 6 cm length silastic tubing fitted into guided cannula 

(Plastics One, Wallingford, CT). Cannulas were bent to curved right angle and encased in dental acrylic. 

Mice were placed on ad lib food 48 hours prior to surgery. Mice were anesthetized with 1-3% isoflurane 

in oxygen and implanted with indwelling intravenous catheters threaded into right external jugular vein 

from animals’ back where guide cannula was situated.  

Mice were allowed one-week post-surgery recovery and placed into operant chamber to ensure food 

training memory was stabilized. Food was replaced with morphine infusions (0.3mg/kg/infusion) for 6 

consecutive days under identical conditions. Once all mice had learned to self-administer morphine, 

which is defined had by minimum of 15 infusions/session for three consecutive days with minimum 

response ratio of 5:1 between active and inactive levers and less than 20% variation of running mean 

without any increase or decrease trend, they were placed onto dose response schedule of 0.6mg/kg, 1.0 

mg/kg and saline. Each dose was repeated for three consecutive days, they were switched to baseline 

(0.3mg/kg/infusion) for an additional three days to ensure that response was similar. Before and after 

each session, catheters were flush with 0.1ml of 10% heparin in saline. Catheters were tested for patency 

after each session by drawing back syringe for presence of blood during catheter flush.  

 

Histology 

Mice were anesthetized with Avertin (tribromoethanol) and perfused transcardially with phosphate 

buffered saline (PBS) and 4% paraformaldehyde (PFA). Brains were collected and postfixed in 4% PFA 

overnight, and stored in 30% sucrose solution for cryoprotection for 3 days. Brain sectioning was 

performed with 50 µm interval by sliding microtome (SM2000R, Leica). We stored sample slices in 

PBS at 4ºC or at -20ºC in antifreeze solution for long-term storage. Stereo Investigator software 



(MicroBrightField Inc.) was used to measure the volume of striatum [S11]. The analysis was performed 

blinded to the genotypes.  

 

In Situ Hybridization  

The mRNA expression of NF1, MOR, DRD1 and DRD2 in the striatum was evaluated with 

ViewRNATM 2-plex In Situ Hybridization Assay (Panomics; Santa Clara, USA) using the following 

probe sets: NF1 (NM_010897; Cat# VB1-13578), MOR (NM_001039652; Cat# VB6-17469), DRD1 

(NM_010076; Cat# VB6-12478) and DRD2 (NM_010077; Cat# VB6-16550). The procedure was 

previously described [S12]. Briefly, mouse brains were embedded in OCT, flash frozen in liquid 

nitrogen, cut in 14 µm coronal sections and rapidly fixed in 4% paraformaldehyde for 10’. Sections were 

then washed and incubated for 2h/RT in pre-hybridization mix (50% deionized formamide, 5X SSC, 5X 

Denhardt’s solution, 250 µg/ml yeast tRNA, 500µg/ml sonicated salmon sperm DNA), followed by 

overnight incubation at 40ºC with Panomics hybridization solution containing TYPE 1 and TYPE 6 

QuantiGene ViewRNA probe sets (DRD1 and DRD2 diluted 1:200; NF1 and MOR 1:50). Sections were 

then processed according to manufacturer’s instructions. To identify the soma of the cells, each section 

was counterstained with NeuroTrace 435/455 Blue Fluorescent Nissl Stain (Molecular Probes, 1:100) 

and mounted using Fluoromont-G (SouthernBiotech). All the images were generated at The Light 

Microscopy Facility, Max Planck Florida Institute, using a LSM 780 Zeiss confocal microscope. Image 

acquisition and processing were accomplished using ZEN 2011 software (Carl Zeiss) with only minor 

manipulations of the images setting the fluorescence intensity in non-saturating conditions and 

maintaining similar parameters for each acquired image. The number of neurons positive for the 

expression of each gene was counted using FIJI software. At least four images for Nucleus Accumbens 

and four for Caudate-Putamen were counted and averaged. Approximately 300 neurons were present in 

each image. 
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