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Abstract

Accumulated evidence suggests that the dorsomedial striatum (DMS) of the basal ganglia plays an 

essential role in pathological excessive alcohol consumption. The DMS receives multiple 

glutamatergic inputs. However, whether and how alcohol consumption distinctly affects these 

excitatory afferents to the DMS remains unknown. Here, we used optogenetics to selectively 

activate the rat medial prefrontal cortex (mPFC) and basolateral amygdala (BLA) inputs in DMS 

slices, and measured the effects of alcohol consumption on glutamatergic transmission in these 

corticostriatal and amygdalostriatal circuits. We found that excessive alcohol consumption 

increased AMPA receptor- and NMDA receptor (NMDAR)-mediated neurotransmission, as well 

as the GluN2B/NMDAR ratio, at the corticostriatal input to the DMS. The probability of 

glutamate release was increased selectively at the amygdalostriatal input. Interestingly, we 

discovered that paired activation of the mPFC and BLA inputs using dual-channel optogenetics 

induced robust long-term potentiation (LTP) of the corticostriatal input to the DMS. Taken 

together, these results indicate that excessive alcohol consumption potentiates glutamatergic 

transmission via a postsynaptic mechanism for the corticostriatal input and via a presynaptic 

mechanism for the amygdalostriatal input. These changes may in turn contribute to pathological 

alcohol consumption.
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1. Introduction

Repeated exposure to addictive drugs or alcohol induces aberrant synaptic plasticity, which 

is thought to contribute to the reinforcing properties of these compounds, and therefore to 

the development of addiction (Koob and Volkow, 2010; Luscher and Malenka, 2011). Drug-
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induced synaptic plasticity has been reported in many brain regions, including the midbrain 

and the striatum (Koob and Volkow, 2010; Luscher and Malenka, 2011). The dorsomedial 

striatum (DMS), a brain region essential for goal-directed behaviors (Lovinger, 2010; Yin 

and Knowlton, 2006) that has been strongly implicated in drug and alcohol addiction, 

exhibits drug-evoked synaptic plasticity (Cheng et al, 2016; Corbit et al, 2014; Wang et al., 

2012; Wang et al., 2015; Wang et al., 2010). For instance, excessive alcohol intake was 

shown to increase AMPA receptor (AMPAR) and NMD A receptor (NMDAR) activity in 

this area (Cheng et al, 2016; Wang et al, 2015; Wang et al., 2010).

Drug-evoked synaptic plasticity has been reported to be afferent input-specific (Britt et al, 

2012; MacAskill et al, 2014; Pascoli et al., 2014; Seif et al, 2013). For instance, cocaine 

administration increases ventral striatal AMPAR activity at synapses receiving inputs from 

the medial prefrontal cortex (mPFC), but not at those receiving inputs from the basolateral 

amygdala (BLA) (Pascoli et al, 2014). Similarly, the DMS also receives inputs from the 

mPFC and the BLA (Corbit et al., 2013; Kupferschmidt et al, 2015). Importantly, both the 

corticostriatal (mPFC→DMS) and amygdalostriatal (BLA→DMS) pathways are critical for 

goal-directed behaviors, which are strongly modified by drug and alcohol intake (Balleine 

and O'Doherty, 2010; Corbit et al., 2013; Gerdeman et al, 2003). However, it is unclear 

whether alcohol consumption alters DMS glutamatergic transmission arising from the mPFC 

or BLA. It is also unknown whether the mPFC and BLA inputs both project to the same 

DMS neurons.

In this study, we used optogenetics to selectively activate the mPFC or BLA inputs to the 

DMS in alcohol-drinking and water control rats. We found that both inputs targeted the same 

DMS neurons. In addition, we discovered that excessive alcohol intake increased 

glutamatergic transmission elicited by the mPFC input, and stimulated glutamate release 

from the BLA afferent. Importantly, paired activation of the mPFC and BLA inputs induced 

long-term potentiation (LTP) of the mPFC input. These results indicate that excessive 

alcohol intake causes input-specific alterations, which may, in turn, contribute to 

pathological alcohol consumption.

2. Materials and methods

2.1 Reagents

Viral vectors (adeno-associated virus [AAV]-channelrhodopsin 2 [ChR2]-tdTomato, AAV-

Chronos-green fluorescent protein [GFP], and AAV-Chrimson-tdTomato) were purchased 

from the University of North Carolina (Vector Core Facility). Ro 25–6981, 2,3-dihydroxy-6-

nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX), and (2R)-amino-5-

phosphonovaleric acid; (2R)-amino-5-phosphonopentanoate (APV) were obtained from 

Tocris. All other reagents were purchased from Sigma.

2.2 Animals

Male Long-Evans rats (3–6 months-old) were used. All animals were kept in a temperature 

and humidity-controlled environment with a light:dark cycle of 12 h (lights on at 7:00 

A.M.), with food and water available ad libitum. All animal procedures were approved by 
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the Texas A&M Institutional Animal Care and Use Committee and were conducted in 

agreement with the Guide for the Care and Use of Laboratory Animals, National Research 

Council, 1996.

2.3 Stereotaxic infusion

Animals were anesthetized with 3–4 % (vol/vol) isoflurane at 1.0 L/min and placed on a 

heating pad to maintain their body temperature. The head was leveled and craniotomies were 

performed using stereotaxic coordinates adapted from the rat brain atlas (Paxinos and 

Watson, 2007) (mPFC: AP1 3.2, ML1 0.65, DV1 −4.0; AP2 2.6, ML2 0.65, DV2 −4.0 from 

the Bregma. BLA: AP1 −2.1, ML1 4.5 DV1 9.0; AP2 −2.8, ML2 4.95, DV2 9.0 from the 

Bregma). The indicated viral vector (0.8–1 µL; AAV-ChR2 in Figures 2–5, AAV-Chronos-

GFP and AAV-Chrimson-tdTomato in Figures 1 and 6) was bilaterally infused at each 

location at a rate of 0.08 µL/min. The injectors were left in place for an additional 5–10 min 

before removal. The scalp incision was then sutured, and the animals were returned to their 

home cage for ~6 weeks prior to electrophysiology recording.

2.4 Intermittent-access to 20% alcohol 2-bottle-choice drinking procedure

The procedure has been described previously (Wang et al., 2012; Wang et al., 2010). Rats 

were given access to one bottle of 20% alcohol (vol/vol) and one bottle of water for three 

24-hour-sessions per week (Mondays, Wednesdays, and Fridays). On the Monday following 

the end of the housing acclimatization period, each rat was given access to 1 bottle of 20% 

alcohol and 1 bottle of water. After 24 hours, the alcohol bottle was replaced with a second 

water bottle that was available for the next 24 hours. This pattern was repeated on 

Wednesdays and Fridays. The rats had unlimited access to two bottles of water between the 

ethanol-access periods. The placement of the alcohol bottle was alternated each ethanol 

drinking session to control for side preference.

2.5 DMS slice preparation

This was conducted as described previously (Cheng et al., 2016; Wang et al., 2015). Briefly, 

coronal sections of the striatum (250 µm) were cut in an ice-cold solution containing (in 

mM): 40 NaCl, 143.5 sucrose, 4 KCl, 1.25 NaH2PO4, 26 NaHCO3, 0.5 CaCl2, 7 MgCl2, 10 

glucose, 1 sodium ascorbate, and 3 sodium pyruvate, saturated with 95% O2 and 5% CO2. 

Slices were then incubated in a 1:1 mixture of cutting solution and external solution at 32°C 

for 45 min. The external solution was composed of the following (in mM): 125 NaCl, 2.5 

KCl, 2.0 CaCl2, 1.0 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, and 10 glucose, saturated with 

95% O2 and 5% CO2. Slices were then maintained in external solution at room temperature 

until use.

2.6 Whole-cell patch-clamp recording

Slices were placed in a recording chamber and perfused with the external solution at a flow 

rate of 2 mL/min. Fluorescent axonal fibers were visualized using an epifluorescent 

microscope (Examiner A1, Zeiss). Neurons within the fluorescent area were selected for 

recording; stimulating electrodes were positioned ~150 µm away from the recording pipette. 

For selective stimulation of corticostriatal and amygdalostriatal inputs, 2-ms light was 
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delivered through the objective lens. We used 405-nm light to excite Chronos-expressing 

corticostriatal fibers and 590-nm light to stimulate Chrimson-containing amygdalostriatal 

inputs in the same recording (Figures 1 and 6). In other experiments (Figures 2–5), we used 

470-nm light to excite ChR2-containing corticostriatal or amygdalostriatal afferents. 

Picrotoxin (100 µM) was included in the external solution to block GABAA receptor-

mediated transmission. The patch pipettes contained (in mM): 119 CsMeSO4, 8 TEA.Cl, 15 

HEPES, 0.6 EGTA, 0.3 Na3GTP, 4 MgATP, 5 QX-314, 7 phosphocreatine, with an 

osmolarity of ~280 mOsm/L. The pH was adjusted to 7.3 with KOH. Neurons were clamped 

at −70 mV unless stated otherwise. The input-output relationships for AMPAR- and 

NMDAR-mediated excitatory postsynaptic currents (EPSCs) were measured at 5 different 

stimulating laser powers. NMDAR-EPSCs were measured in the presence of 0.05 mM Mg2+ 

and NBQX (10 µM) to ensure that we could compare current data to previous studies in the 

same brain regions (Cheng et al, 2016; Wang et al, 2007; Wang et al., 2010). The proportion 

of NMDARs containing the GluN2B subunit (GluN2B/NMDAR ratio) was measured using 

the GluN2B antagonist, Ro 25–6981 (0.5 µM) (Cheng et al; Wang et al, 2010). GluN2B–

EPSCs were obtained by digital subtraction of NMDAR-EPSCs in the presence of Ro 25–

6981 from those EPSCs in the absence of this chemical. The GluN2B/NMDAR ratio was 

determined by the peak amplitude of GluN2B–EPSCs divided by the peak amplitude of 

NMDAR-EPSCs. While larger paired-pulse ratios (PPRs) of AMPAR-EPSCs were obtained 

using two electrical stimuli at an interval of 50 ms (Ding et al., 2008), we utilized an interval 

of 100 ms because ChR2 cannot reliably follow 20-Hz (equivalent to 50-ms intervals) light 

stimulation (Wu et al., 2015). The 100-ms interval was used for both electrical and optical 

stimulation so that we could compare these data. Electrical stimulation and optical 

stimulation were delivered alternately during some experiments (Figs. 2–5). A total of 52 

rats were used to compare the difference between water (~1.58 neurons/rat) and alcohol 

(~1.53 neurons/rat) groups in Figures 2–5.

2.7 Field recording and LTP induction

Optogenetically-evoked field excitatory postsynaptic potentials/population spikes 

(fEPSP/PS) from the mPFC afferent were measured at 0.05 Hz in DMS slices. After a stable 

baseline was established, both the mPFC and BLA inputs were stimulated by 4 trains of 

stimuli (50 Hz ´ 2 sec), repeated at a 20-sec interval. fEPSP/PS were continuously measured 

for another 40 min. For the LT P analysis, the peak amplitude of each fEPSP/PS was 

measured and normalized to the mean peak amplitude of all fEPSP/PS during the 10-min 

baseline (Wang et al., 2012; Wang et al., 2004). The magnitude of fEPSP/PS potentiation 

was calculated by the mean peak amplitude of responses 30–40 min post-LTP induction.

2.8 Histology

Rats were intracardially perfused with 4% paraformaldehyde in phosphate-buffered saline. 

The brains were removed and post-fixed overnight in 4% paraformaldehyde at 4°C prior to 

dehydration in a 30% sucrose solution. To confirm viral vector infusion, the brains were cut 

into 50-µm coronal sections using a cryostat. Sections were imaged by a confocal scanning 

microscope (Olympus, FluoView 1200) using laser excitation at 473 nm for GFP and 559 

nm for tdTomato.
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2.9 Statistical analysis

Data obtained from 68 rats was included for analysis. All data are expressed as the mean ± 

the standard error of the mean. Data were analyzed by two-tailed t test (unpaired or paired), 

or by two-way analysis of variance with repeated measures (two-way RM ANOVA), 

followed by the Student-Newman-Keuls (SNK) post hoc test. Significance was determined if 

p < 0.05.

3. Results

3.1 mPFC and BLA inputs converge on the same DMS neurons

We studied mPFC and BLA inputs because although both inputs innervate the DMS and 

these three brain regions are closely involved in addiction (Balleine and O'Doherty, 2010; 

Corbit et al., 2013; Koob and Volkow, 2010), it is unclear how their glutamatergic 

transmission to the DMS is altered by excessive alcohol consumption. We first examined 

whether a DMS neuron received afferents from these two inputs. We infused an AAV 

expressing a channelrhodopsin, Chronos (Klapoetke et al., 2014), and GFP (AAV-Chronos-

GFP) into the mPFC (Fig. 1A). In addition, we infused an A AV encoding another 

channelrhodopsin, Chrimson (Klapoetke et al., 2014), and the red fluorescent tdTomato 

protein (AAV-Chrimson-tdTomato) into the BLA of the same animals (Fig. 1B). DMS slices 

prepared 8 weeks after these infusions showed overlapping mPFC and BLA axonal fibers in 

a DMS region (Fig. 1C). Extensive axonal fibers and boutons projecting from each of these 

regions were observed in the same DMS area (Fig. 1C, right). The GFP (or tdTomato) 

signals were not results from fluorescence bleed-through from red (or green) channel 

(Supplementary Fig. 1).

Then, we examined whether these two different inputs targeted the same DMS neurons by 

using Chronos and Chrimson to selectively stimulate the mPFC and BLA afferents, 

respectively. To achieve this goal, we first examined whether the Chronos-mediated mPFC 

input was selectively activated by 405-nm light and the Chrimson-mediated BLA input by 

590-nm light. Accumulating evidence suggests that the mPFC projects mainly to the anterior 

to middle region of the DMS and the BLA innervates the middle-posterior region (Corbit et 

al., 2013; Hunnicutt et al., 2016; Kelley et al., 1982; McDonald, 1991; Oh et al., 2014; Pan 

et al., 2010; Wall et al., 2013). We recorded neurons in an anterior DMS area that contained 

predominantly Chronos-GFP-containing fibers (Supplementary Fig. 2A–2C), and found that 

405-nm light stimulation induced large excitatory postsynaptic currents (EPSCs) whereas 

590-nm light did not (Fig. 1D, t(6) = 4.47, p < 0.01). In contrast, when we recorded neurons 

in a posterior DMS area that mainly contained Chrimson-tdTomato-positive fibers 

(Supplementary Fig. 2D–2F), 590- but not 405-nm light evoked large EPSCs (Fig. 1E, t(13) = 

−5.17, p < 0.001). These results suggest that in our experiments Chronos-expressing mPFC 

fibers and the Chrimson-containing inputs within the DMS can be selectively activated by 

405- and 590-nm light, respectively.

Next, we recorded neurons in the middle portion of the DMS containing both the green and 

red fibers. As shown in Figure 1F, light stimulation of the mPFC and BLA induced 

responses in the same DMS neurons. In 22 neurons from 9 rats, 20 of them were responsive 
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to stimulation of both inputs, 2 neurons responded to the mPFC only, and no neurons 

responded to the BLA stimulation only (Fig. 1G). In addition, we found that optical 

stimulation of the Chronos-expressing mPFC input by 405-nm light evoked a large EPSC, 

whereas stimulation of the Chrimson-expressing BLA input using 590-nm light evoked a 

relatively small EPSC in the same DMS neurons (Fig. 1H). The amplitudes of the mPFC-

derived EPSCs were significantly greater than those of the BLA-EPSCs in the same slices 

(Fig. 1I; t(38) = 3.38, p < 0.01). Therefore, we focused most of our subsequent studies on the 

mPFC input. These results suggest that both the mPFC and BLA inputs could innervate the 

same population of medium spiny neurons in the DMS.

3.2 Excessive alcohol intake potentiates AMPAR-mediated mPFC inputs in rat DMS 
neurons

We recently reported that AMPAR-mediated spontaneous EPSCs in DMS neurons were 

potentiated by excessive alcohol intake (Wang et al., 2015). It is not known whether evoked 

EPSCs, particularly those elicited by activation of the mPFC input, are altered by alcohol. To 

address this question, we infused AAV-ChR2-tdTomato into the mPFC of adult rats and 

trained the animals to consume 20% alcohol for 8 weeks using the intermittent-access 2-

bottle choice drinking procedure (Wang et al., 2012; Wang et al., 2010). Twenty-four hours 

after the last alcohol exposure, we prepared striatal slices and measured electrically-evoked 

AMPAR-EPSCs in the DMS. Specifically, we placed stimulating electrodes within the DMS 

area receiving fluorescent mPFC fibers, and measured AMPAR-EPSCs in DMS neurons 

using whole-cell recording. To compare the alcohol group and their water controls, we 

measured EPSCs in response to a range of electrical stimulation intensities (Fig. 2A, 2B). 

We found that the amplitude of electrically-evoked AMPAR-EPSCs was significantly higher 

in DMS neurons from the alcohol group than in those from the water group (Fig. 2B; F(1,99) 

= 8.80, p < 0.01). This result suggests that excessive alcohol intake potentiates electrically-

evoked AMPAR-EPSCs in DMS neurons.

We then delivered 405-nm light to selectively activate mPFC inputs and measured the 

specific corticostriatal AMPAR-EPSCs in DMS neurons from the alcohol and water groups 

(Fig. 2C, 2D). We found that the amplitude of mPFC-elicited AMPAR-EPSCs were 

significantly higher in the alcohol group than in the water group (Fig. 2D; F(1, 104) = 6.96, p 
< 0.05). This result indicates that excessive alcohol consumption potentiates mPFC-derived 

AMPAR-mediated glutamatergic transmission in the DMS. Interestingly, we observed an all-

or-none relationship between light-stimulation intensities and amygdalostriatal AMPAR-

EPSC amplitudes (data not shown), which prevented us from exploring amygdalostriatal 

differences between water and alcohol groups.

3.3 Excessive alcohol intake potentiates NMDAR-mediated glutamatergic transmission 
elicited by the mPFC input to the rat DMS

The NMDAR is a well-characterized alcohol target that has been associated with alcohol 

drinking behavior (Lovinger et al., 1989; Wang et al., 2007). Chronic alcohol exposure has 

been shown to upregulate NMDAR function (Carpenter-Hyland and Chandler, 2006; 

Carpenter-Hyland et al., 2004; Kalluri et al., 1998; Kash et al., 2009; Wang et al., 2007; 

Wang et al., 2010). This increase in NMDAR function has been posited to play a role in the 

Ma et al. Page 6

Neuropharmacology. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hyperexcitable state (Hendricson et al., 2007) that is associated with alcohol withdrawal; 

however, no detailed analysis of the effects of chronic alcohol exposure on NMDAR activity 

at specific corticostriatal synapses has been performed. While measuring NMDAR-EPSCs, 

picrotoxin and NBQX were bath-applied to inhibit GABAA receptor-mediated and AMPAR-

mediated responses. Electrical and optical stimulation-elicited NMDAR-EPSCs were 

measured at a variety of electrical intensities and stimulating laser powers. We found that the 

input-output relationship for electrically evoked NMDAR-EPSCs was much steeper in 

alcohol-treated rats than in those receiving water only (Fig. 3A, 3B; F(1,104) = 6.14, p < 0.05 

by two-way RM ANOVA). Post hoc analysis revealed significantly higher EPSC amplitudes 

at stimulating intensities of 160 (q = 3.79, p < 0.01) and 320 (q = 6.82, p < 0.001) µA in 

alcohol-treated rats, as compared to the water group. Measurement of optically evoked 

NMDAR-EPSCs from the mPFC input also identified a significantly higher input-output 

relationship in the alcohol group, as compared to the water controls (Fig. 3C, 3D; F(1,76) = 

7,12, p < 0.05). Post hoc analysis demonstrated that the EPSC amplitude was higher at 

stimulating intensities of 0.5 (q = 4.57, p < 0.01) and 0.6 (q = 6.07, p < 0.001) mW in the 

alcohol-drinking rats, as compared with the water controls. These results suggest that 

excessive alcohol consumption potentiates synaptic NMDAR activity elicited by the mPFC 

input to the DMS.

3.4 Excessive alcohol intake selectively potentiates the GluN2B contribution to the mPFC 
input to the DMS

The NMDAR consists of GluN1 and GluN2 (A–D) subunits (Traynelis et al., 2010). Ex vivo 
and in vivo alcohol exposure has been shown to selectively upregulate the activity of 

GluN2B–containing NMDARs (Kash et al., 2009; Wang et al., 2007; Wang et al., 2011; 

Wang et al., 2010). Thus, we examined whether excessive alcohol intake altered the 

contribution of GluN2B to NMDAR-mediated synaptic responses in the DMS. We first 

measured electrically-evoked NMDAR-EPSCs in the absence and presence of a GluN2B 

antagonist, Ro 25–6981, and calculated the GluN2B/NMDAR ratio (see Methods for the 

detailed calculation). We found the ratio was significantly increased in the alcohol group, as 

compared to the water group (Fig. 4; 0.59 ± 0.04 for Alcohol versus 0.47 ± 0.03 for Water. 

t(26) = −2.44, p < 0.05). Since electrically-evoked EPSCs contain both mPFC and BLA 

inputs, we then optogenetically stimulated each afferent and measured corticostriatal and 

amygdalostriatal GluN2B/NMDAR ratios. Interestingly, we discovered that the ratio was 

significantly increased at the mPFC, but not BLA input in alcohol-drinking rats, as 

compared to their water controls (Fig. 4; Corticostriatal: 0.58 ± 0.03 for Water versus 0.75 

± 0.03 for Alcohol, t(24) = −4.31, p < 0.001; Amygdalostriatal: 0.59 ± 0.07 for Water versus 

0.61 ± 0.07 for Alcohol, t(13) = −0.17, p > 0.05). These results indicate that excessive 

alcohol intake potentiates GluN2B activity selectively at the site of mPFC input within the 

DMS.

3.5 Excessive alcohol intake enhances glutamate release probability selectively at the BLA 
input to the DMS

In addition to measuring postsynaptic alterations, we also assessed whether excessive 

alcohol intake changed the probability of presynaptic glutamate release. We measured the 

PPRs of EPSCs that were activated by two stimuli, delivered 100 ms apart. We found that 

Ma et al. Page 7

Neuropharmacology. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the PPR for electrically-evoked EPSCs, or for optically-evoked corticostriatal EPSCs, did 

not differ between the alcohol group and their water controls (Fig. 5; electrical: t(42) = 1.38, 

p > 0.05; corticostriatal: t(30) = 0.87, p > 0.05). However, the PPR for the BLA input was 

significantly lower in the alcohol-drinking rats than in the water controls (Fig. 5; t(15) = 2.57, 

p < 0.05). Since the PPR is inversely correlated with transmitter release probability (Zucker 

and Regehr, 2002), this reduced PPR indicates an increase in glutamate release. Together, 

these results suggest that excessive alcohol intake enhances the probability of glutamate 

release selectively at the BLA afferents within the DMS.

3.6 Pairing of mPFC and BLA afferents induces corticostriatal LTP in the DMS

Drug evoked-plasticity has been reported to share the same mechanism with LT P (Luscher 

and Malenka, 2011). To further explore the potential mechanism of alcohol-evoked 

plasticity, we investigated LT P induction at corticostriatal synapses, which are thought to 

contribute to the development of alcohol use disorder (Barker et al., 2015; Lovinger and 

Kash, 2015). However, corticostriatal LTP cannot be reliably induced in the striatum of adult 

rats (Lovinger, 2010). Interestingly, electrical stimulation studies reported that the BLA 

input regulated corticostriatal neurotransmission at posterior striatal neurons (Popescu et al., 

2007). The present study employed optogenetic stimulation to examine whether the BLA 

input regulated mPFC afferents in the DMS. Eight weeks after the infusion of AAV-

Chronos-GFP into the mPFC and AAV-Chrimson-tdTomato into the BLA, DMS slices were 

prepared. We selected medium spiny neurons in the GFP- and tdTomato-expressing DMS 

area, and stimulated each input using different wavelengths of light. The recordings were 

conducted with an intracellular solution containing the sodium channel blocker QX-314 to 

block generation of action potentials. As shown in Figure 6A, optical stimulation of either 

the mPFC or BLA input induced an EPSP. Simultaneous stimulation of both inputs induced 

a large membrane depolarization that was abolished by a cocktail of an AMPAR antagonist, 

NBQX, and a NMDAR antagonist, APV (Fig. 6A right), suggesting that the depolarization 

was induced by glutamatergic transmission. In addition, we found that the duration of larger 

depolarization by co-activation of both inputs was partially reduced by a voltage-gated 

calcium channel blocker, NiCl2 (Supplementary Fig. S3; t(3) = 6.76, p < 0.01). When 

comparing membrane depolarization in response to individual inputs and co-activation, we 

found that the amplitude of large membrane depolarization was significantly greater than the 

sum of the peak amplitudes of the individual responses following stimulation of either 

mPFC or BLA inputs (Fig. 6B, 6C left; t(5) = −3.70, p < 0.05). Similarly, the area under the 

large depolarization curve was significantly greater than the sum of the area under the 

individual responses (Fig. 6C middle; t(5) = −2.88, p < 0.05). In contrast, the decay time 

between the large depolarization and the summed response did not differ (Fig. 6C right; t(5) 

= −1.04, p > 0.05). Together, these results suggest that co-activation of the mPFC and BLA 

inputs induced a synergistic effect on the membrane depolarization in DMS neurons.

Next, we tested whether pairing of the mPFC and BLA inputs induced LTP. After stable 

baseline recordings of corticostriatal fEPSP/PS were achieved, mPFC and BLA stimulation 

was paired for 2 sec at 50 Hz, and corticostriatal fEPSP/PS were then continuously recorded 

for 40 min. As shown in Figure 6D, pairing of the mPFC and the BLA input induced reliable 

LTP (average fEPSP/PS amplitude 30–40 min post-induction: 113.78 ± 4.41% of baseline, 
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t(7) = −3.13, p < 0.05). In contrast, light stimulation of the BLA input alone did not induce 

corticostriatal LTP (average fEPSP/PS amplitude post-induction: 95.24 ± 5.21% of baseline, 

t(5) = 0.91, p > 0.05). The average fEPSP/PS amplitude 30–40 min post-induction was 

significantly higher after co-stimulation of the mPFC and BLA input than after BLA 

stimulation alone (t(12) = 2.73, p < 0.05). This result suggests that co-activation of the BLA 

and mPFC afferents reliably induces corticostriatal LTP. Lastly, we found that the LT P was 

completely blocked by the GluN2B antagonist, Ro 25–6981 (Fig. 6E; 96.91 ± 2.85% of 

baseline, t(4) = 1.09, p > 0.05), suggesting that the corticostriatal LTP is GluN2B–dependent.

4. Discussion

The present study demonstrated that both the mPFC and BLA inputs targeted the same DMS 

neurons. In addition, we found that excessive alcohol intake potentiated AMPAR- and 

NMDAR-mediated synaptic transmission at the mPFC input, and increased the probability 

of glutamate release at the BLA afferents (Fig. 7). These results indicate that excessive 

alcohol consumption specifically alters postsynaptic aspects of corticostriatal glutamatergic 

neurotransmission and presynaptic aspects of amygdalostriatal neurotransmission. These 

changes may, in turn, contribute to pathological alcohol consumption. Importantly, co-

activation of the mPFC and BLA inputs reliably induced corticostriatal LTP, a plasticity 

involved in goal-directed behavior and drug addiction (Balleine and O'Doherty, 2010; 

Lovinger, 2010).

4.1 Converging inputs from the mPFC and BLA onto the DMS

Although it has long been known that both the mPFC and BLA project to the DMS (Corbit 

et al., 2013; Hunnicutt et al., 2016; Kelley et al., 1982; McDonald, 1991; Oh et al., 2014; 

Pan et al., 2010; Wall et al., 2013), we demonstrated for the first time that both inputs 

overlapped in some DMS areas and targeted the same neuronal population. Previous studies 

used a single tracer to examine either the mPFC or BLA input; in this study, we employed 

two viruses encoding different fluorescence proteins (i.e., GFP and tdTomato) to label mPFC 

and BLA afferents in the same section. One concern about such double labeling is that the 

fluorescence of one protein (e.g., GFP) may bleed through into the other channel (e.g., 

tdTomato). However, we observed very weak fluorescence signals in the second channel 

when we expressed one protein at a time. The weak fluorescent signals were also observed 

in a far-red channel, indicating they were auto-fluorescence and not bleed-through 

fluorescent signals. Using electrical stimulation of posterior coronal sections containing the 

cortex, BLA, and striatum, Popescu et al. (2007) demonstrated that inputs from both the 

cortex and the BLA targeted the same striatal neurons. However, the limitations of electrical 

stimulation only allowed them to confirm the convergent inputs from the posterior cortex 

and BLA to the striatum. Since then, optogenetics has been used to investigate the mPFC 

and BLA inputs to the ventral striatum at desired anterior-posterior sections (Britt et al., 

2012; Joffe and Grueter, 2016; Lee et al., 2013; Ma et al., 2014; MacAskill et al., 2014; 

Pascoli et al., 2014). However, the limitations of single-channel optogenetics only allowed 

them to study one input in the same recording. Dual-channel optogenetics enables 

measurement of two synaptic transmissions in the same recording (Klapoetke et al., 2014; 
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Yizhar et al., 2011). Using this technique, we found that the mPFC and BLA inputs 

innervated the same DMS neurons, with a greater strength from the mPFC input.

4.2 Alcohol potentiates glutamatergic inputs from the mPFC and BLA via different 
mechanisms

We previously reported that excessive alcohol intake increased the amplitude of miniature 

EPSCs in DMS neurons (Wang et al., 2015) and it was therefore unsurprising that the 

present study identified an increase in electrically-evoked AMPAR-mediated EPSCs. 

However, optogenetically evoked AMPAR-EPSCs from the mPFC input were also 

potentiated, suggesting that the increase in electrically-evoked AMPAR-EPSCs arose, at 

least in part, from the mPFC input. Similarly, an increase in electrically-evoked NMDAR-

EPSCs was reported previously (Wang et al., 2010) and the present study found an alcohol-

mediated increase that also resulted, at least partially, from the mPFC input, because 

optogenetically evoked NMDAR-EPSCs from this input were potentiated. Furthermore, the 

increased NMDAR activity was associated with an increased contribution of GluN2B–

containing receptors to electrically-evoked EPSCs; this was consistent with a previous 

finding that excessive alcohol consumption increased GluN2B phosphorylation and activity 

(Wang et al., 2010). Again, the increased corticostriatal GluN2B/NMDAR ratio indicated 

that this change occurred, at least in part, at the site of the mPFC input.

Interestingly, while we found increases in corticostriatal AMPAR- and NMDAR-EPSCs, we 

did not detect a change in PPR. This indicates that this alcohol-induced glutamatergic 

change occurred predominantly at a postsynaptic site, i.e., via a modification of AMPAR 

and/or NMDAR responsiveness. This is consistent with our recent finding that AMPA- or 

NMDA-induced currents, as well as the mEPSC amplitude, were increased following 

excessive alcohol intake (Cheng et al., 2016; Wang et al., 2015). As for the BLA input, we 

found an alcohol-mediated decrease in the PPR, indicating an increased probability of 

glutamate release. This is congruent with previous reports of an increased mEPSC frequency 

following excessive alcohol consumption or cocaine administration (MacAskill et al., 2014; 

Wang et al., 2015). We observed a smaller PPR of optogenetically-evoked EPSCs (< 1.0) 

than that of electrically-evoked EPSCs (> 1.0), which is in line with previous studies (Ding 

et al., 2008; Wu et al., 2015). The small PPR of optogenetic EPSCs may result from strong 

inactivation and desensitization of ChR2 used (Lin et al., 2009); for instance, ChR2-

mediated response cannot follow light stimulation above 20 Hz (Wu et al., 2015). In fact, 

when Chronos, a channelrhodopsin with a faster kinetic than ChR2, was employed, the PPR 

was greater than 1.0 (Klapoetke et al., 2014). In addition, dopamine D2 receptor activation, 

which likely occurs in electrical but not optical stimulation, causes a decrease in the 

probability of striatal glutamate release and thus an increase in PPR (Yin and Lovinger, 

2006). The lack of D2 receptor activation may also contribute to a small PPR of 

optogenetically-evoked corticostriatal EPSCs. Nevertheless, alcohol consumption 

potentiated the mPFC inputs through a postsynaptic mechanism and enhanced BLA inputs 

via a presynaptic mechanism.
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4.3 Alcohol-induced plasticity, LTP, and mPFC and BLA afferents in the DMS

We observed that excessive alcohol consumption potentiated corticostriatal AMPAR-

mediated synaptic transmission. This alcohol-evoked synaptic plasticity may occur through 

two different but related mechanisms. First, alcohol consumption may potentiate 

corticostriatal AMPAR response through a GluN2B–dependent mechanism, given that 

alcohol enhancement of GluN2B was reported to facilitate LTP induction in the DMS (Wang 

et al., 2012; Wills et al., 2012). Second, the synergistic effect of simultaneous corticostriatal 

and amygdalostriatal inputs on membrane depolarization helps reliably induce LTP. Co-

activation of both inputs caused a larger membrane depolarization than the sum of 

depolarization elicited by individual inputs. The large membrane depolarization is expected 

to strongly remove Mg2+ blockade of NMDAR channels, leading to large calcium influx, 

and consequently reliable LTP induction. Alcohol enhancement of amygdalostriatal 

glutamate release may contribute to alcohol-evoked plasticity through this LTP mechanism. 

Furthermore, the LTP is GluN2B–dependent, which is consistent with alcohol-mediated 

GluN2B enhancement in this and previous studies (Kash et al., 2009; Wang et al., 2011; 

Wang et al., 2010; Wills et al., 2012).

4.4 Implication for alcohol use disorder

Since corticostriatal plasticity is essential for strengthening action-outcome association in 

goal-directed learning (Balleine and O'Doherty, 2010), alcohol-mediated synaptic plasticity 

at the corticostriatal input may contribute to goal-directed actions in alcohol-drinking 

behavior. Importantly, the amygdalostriatal input in the DMS is also required for the 

acquisition and expression of goal-directed actions (Corbit et al., 2013). In this study, we 

discovered that alcohol intake potentiated amygdalostriatal glutamate release and that 

amygdalostriatal and corticostriatal co-activation reliably induced LTP, suggesting that the 

BLA input may contribute to goal-directed actions by promoting corticostriatal plasticity. In 

addition, it is well known that the BLA contributes to relapse to drug and alcohol abuse 

(Koob, 2008), and a recent study found that the DMS was also involved in relapse (Caprioli 

et al., 2017). The BLA input may enhance corticostriatal transmission, leading to relapse to 

alcohol. Drug-induced synaptic plasticity is thought to share the same mechanism with LTP, 

which represents a long-lasting increase in the efficacy of glutamatergic synapses (Lovinger, 

2010; Luscher and Malenka, 2011). Therefore, we can infer that alcohol-induced 

corticostriatal and amygdalostriatal plasticity will promote goal-directed actions in excessive 

alcohol intake and relapse.

5. Conclusions

In summary, the present study showed that the mPFC and BLA inputs innervate the same 

DMS neurons and that co-activation of the mPFC and BLA inputs reliably resulted in 

corticostriatal LTP. Furthermore, excessive alcohol intake potentiates postsynaptic 

glutamatergic activity at the site of the mPFC input and increases the probability of 

glutamate release at the BLA afferent. These changes may contribute to pathological alcohol 

consumption.
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Abbreviations

AAV adeno-associated virus

ChR2 channelrhodopsin 2

GFP green fluorescent protein

DMS dorsomedial striatum

mPFC medial prefrontal cortex

BLA basolateral amygdala

EPSC excitatory postsynaptic current

EPSP excitatory postsynaptic potential

fEPSP/PS field excitatory postsynaptic potentials/population spikes

NMDAR NMDA receptor

AMPAR AMPA receptor

LTP long-term potentiation
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Highlights

• mPFC and BLA afferents innervate the same DMS neurons.

• Excessive alcohol intake enhances glutamate receptor activity at 

mPFC→DMS synapses.

• Excessive alcohol intake potentiates glutamate release at BLA→DMS 

synapses.

• Co-activation of mPFC and BLA inputs results in LTP at mPFC→DMS 

synapses.
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Fig. 1. Comparison of corticostriatal and amygdalostriatal synaptic inputs to the DMS
Coronal sections were prepared 8 weeks after the infusion of viral vectors into the rat mPFC 

(AAV-Chronos-GFP) and BLA (AAV-Chrimson-tdTomato). (A–B) Fluorescent micrographs 

showing the infusion sites of the mPFC (A) and BLA (B). The sections were counterstained 

with DAPI (Blue). The arrow indicates the fluorescence of GFP (A) and tdTomato (B) 

proteins expressed in the mPFC and BLA, respectively. D, dorsal; M, medial. Scale bar: 1 

mm. (C) Fluorescent micrograph (left-hand panel) showing the co-innervation of the DMS 

by afferents from the mPFC (green) and BLA (red). Scale bar: 1 mm. The boxed area is 
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presented at higher magnification in the right-hand panel, showing the overlap of the green 

mPFC and red BLA axonal terminals. Note the extensive terminal boutons from the mPFC 

axons (arrows) and the BLA axons (arrowheads). Scale bar: 10 mm. (D) Chronos-driven 

excitatory postsynaptic currents (EPSCs) under 405- or 590-nm light, obtained from a 

representative neuron (left), with population data (right). **p < 0.01, paired t test. n = 7 

neurons from 3 rats. (E) Chrimson-driven EPSCs under 405- or 590-nm light, obtained from 

a representative neuron (left), with population data (right). ***p < 0.01, paired t test, n = 14 

neurons from 3 rats. (F) AMPAR-EPSCs in response to optical stimulation of corticostriatal 

(CortSt) and amygdalostriatal (AmygSt) inputs within the DMS. Sample trace showing the 

AMPAR-EPSCs from a single neuron experiencing CortSt (top), AmygSt (center), and both 

input (bottom) stimulation. (G) Summary of percentages of neurons that received CortSt 

inputs, AmygSt inputs, and both. n = 22 neurons from 9 rats. (H) Representative traces of 

optogenetically-evoked EPSCs observed following light-induced stimulation of the CortSt 

and AmygSt inputs. (I) Bar graph comparing the individual and averaged EPSC amplitudes 

generated by CortSt and AmygSt activation. **p < 0.01, unpaired t test. n = 20 neurons from 

9 rats per group.
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Fig. 2. Excessive alcohol intake increases corticostriatal AMPAR-mediated EPSCs within the rat 
DMS
AAV-ChR2-tdTomato was infused into the mPFC of rats that were then trained to consume 

20% alcohol for 8 weeks using the intermittent-access 2-bottle-choice drinking procedure; 

DMS slices were prepared 1 d after the last drinking session. Whole-cell recording was used 

to detect AMPAR-EPSCs in DMS neurons following electrical (A, B) or optical (C, D; 470 

nm) stimulation. (A) Representative traces of AMPAR-EPSCs evoked by indicated electrical 

stimulation intensities in slices from alcohol-drinking rats (EtOH) and water controls. (B) 

Input-output curves of electrical AMPAR-EPSCs in DMS neurons from rats exposed to 

alcohol or water only. ##p < 0.01; two-way RM-ANOVA. *p < 0.05 and ***p < 0.001 vs. 

Water at the same stimulation intensity; post hoc SNK tests. n = 14 neurons from 7 rats for 

Water and 13 neurons from 7 rats for EtOH. (C) Sample traces of CortSt AMPAR-EPSCs 
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evoked by the indicated optical stimulation intensities in slices from alcohol-drinking rats 

and water controls. (D) Input-output curves of CortSt AMPAR-EPSCs in DMS neurons from 

rats exposed to alcohol or water only. #p < 0.05, two-way RM-ANOVA. *p < 0.05, **p < 

0.01, and ***p < 0.001 vs. Water at the same stimulating intensity; post hoc SNK tests. n = 

14 neurons from 9 rats for Water and 14 neurons from 8 rats for EtOH.
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Fig. 3. Excessive alcohol intake increases corticostriatal NMDAR-mediated EPSCs within the rat 
DMS
(A) Representative traces of NMDAR-EPSCs evoked by the indicated electrical stimulation 

intensities in slices from alcohol-drinking rats and water controls. (B) Input-output curves of 

electrical NMDAR-EPSCs in DMS neurons from the indicated study groups. #p < 0.05; 

Two-way RM-ANOVA. **p < 0.01 and ***p < 0.001 vs. Water at the same stimulation 

intensity, post hoc SNK tests. n = 15 neurons from 7 rats for Water and 13 neurons from 7 

rats for EtOH. (C) Sample traces of CortSt NMDAR-EPSCs evoked by the indicated optical 

stimulation intensities in slices from water controls and alcohol-drinking rats. (D) Input-

output curves of CortSt NMDAR-EPSCs in DMS neurons from the indicated study 

groups. #p < 0.05; Two-way RM-ANOVA. **p < 0.01 and ***p < 0.001 versus Water at the 
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same stimulation intensity; post hoc SNK tests. n = 11 neurons from 7 rats for Water and 10 

neurons from 6 rats for EtOH.
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Fig. 4. Excessive alcohol intake potentiates the GluN2B/NMDAR ratio selectively at the mPFC 
afferents onto the rat DMS neurons
GluN2B-EPSCs were calculated by comparing the EPSCs generated in the present and 

absence of a GluN2B antagonist, Ro 25–6981 (0.5 µM). (A) Sample traces of NMDAR-

EPSCs (black) and GluN2B–EPSCs (gray) in the DMS of alcohol (EtOH)-drinking rats and 

their water controls, evoked by electrical stimulation with the DMS (Elec, top), by optical 

stimulation of the CortSt input, (middle), or by optical stimulation of the AmygSt input, 

(bottom). (B) Bar graphs comparing the corresponding mean GluN2B/NMDA ratios in the 

indicated groups. Note that the GluN2B/NMDA ratio was greater for the CortSt input. *p < 

0.05, ***p < 0.001 by un-paired t test. n = 16 neurons from 10 rats for Water and 12 neurons 

from 9 rats for EtOH (Elec); 13 neurons from 8 rats for both groups (CortSt); 7 neurons 

from 5 rats for Water and 8 neurons from 7 rats for EtOH (AmygSt).
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Fig. 5. Excessive alcohol intake reduces the paired-pulse ratio selectively at the BLA afferents to 
the DMS neurons
(A) Representative traces of paired-pulse AMPAR-EPSCs induced by electrical stimulation 

(top) or optical (middle) activation of the CortSt input in the alcohol and water groups. The 

bottom panel shows the EPSCs generated by optical stimulation of the AmygSt input. (B) 

Bar graph summarizing these paired-pulse ratios in the indicated study groups. *p < 0.05 by 

un-paired t test. n = 22 neurons from 16 rats for Water and 22 neurons from 17 rats for EtOH 

(Elec); 18 neurons from 15 rats for Water and 14 neurons from 8 rats for EtOH (CortSt); 8 

neurons from 6 rats for Water and 9 neurons from 9 rats for EtOH (AmygSt).

Ma et al. Page 24

Neuropharmacology. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. Pairing of corticostriatal and amygdalostriatal inputs induces LTP in the rat DMS
(A) Sample traces of optogenetically-induced synaptic responses resulting from the 

individual activation of CortSt and AmygSt inputs (left) and from co-activation of both 

inputs (CortSt+AmygSt, right). Whole-cell current-clamp recording was used to measure 

membrane depolarization. Note that the membrane depolarization induced by co-activation 

of CortSt and AmygSt inputs were abolished by a cocktail of a NMDAR antagonist (APV, 

50 µM) and AMPAR antagonist (NBQX, 10 µM). (B) Dashed traces (data from A) showing 

that co-activation induced a depolarization with a greater peak amplitude than the sum of the 
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individual peak amplitudes. (C) Bar graphs summarizing the amplitude of (left), the area 

under (middle), and the decay time (10–90% from the peak amplitude, right) of membrane-

potential responses to light stimulation of CortSt, AmygSt, or both inputs. The calculated 

additive responses [sum(CortSt, AmygSt)] are added for comparison. Note that co-activation 

induced a membrane-potential response with a greater peak amplitude and area than the sum 

of the individual responses. *p < 0.05, paired t test. n = 6 neurons from 6 rats. (D) Paired 

stimulation of the mPFC and BLA afferents at 50 Hz for 2 sec induced significant LTP in the 

rat DMS. Left, Representative recording showing long-term changes in the fEPSP/PS 

amplitude following the paired stimulation. The inset depicts the averaged 10-min response 

of the baseline (BL) and the averaged response 30–40 min after LTP induction (LTP). Scale 

bars: 5 ms, 50 mV. Right, Averaged responses before and after pairing CortSt and AmygSt 

stimulation (dark circles) or AmygSt stimulation only (gray circles). n = 8 slices from 4 rats 

(CortSt + AmygSt) and 6 slices from 3 rats (AmygSt only). (E) Bath application of Ro 25–

6981 (5 µM) abolished the LT P induced by pairing CortSt and AmygSt inputs. The 

horizontal bar indicates the duration of Ro 25–6981 application. n = 5 slices from 5 rats.
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Fig. 7. Schematic illustrating the mPFC and BLA inputs to DMS MSNs and their responses to 
excessive alcohol intake and LTP induction
(A) In the normal condition, MSNs receive mPFC and BLA inputs with a great extent from 

the mPFC. (B) Excessive alcohol consumption potentiates AMPAR and NMDAR activities 

(as shown by the larger receptor size) at the mPFC input, as well as the probability of 

glutamate release at the BLA input. These changes cause enhancement of CortSt and 

possibly AmygSt transmission. (C) Paired stimulation of the mPFC and BLA inputs leads to 

large membrane depolarization and reliable LTP induction at the mPFC input.
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