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Optogenetic stimulation of VTA dopamine neurons reveals that tonic but not phasic patterns of dopamine transmission reduce ethanol self-administration
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There is compelling evidence that acute ethanol exposure stimulates ventral tegmental area (VTA) dopamine cell activity and that VTA-dependent dopamine release in terminal fields within the nucleus accumbens plays an integral role in the regulation of ethanol drinking behaviors. Unfortunately, due to technical limitations, the specific temporal dynamics linking VTA dopamine cell activation and ethanol self-administration are not known. In fact, establishing a causal link between specific patterns of dopamine transmission and ethanol drinking behaviors has proven elusive. Here, we sought to address these gaps in our knowledge using a newly developed viral-mediated gene delivery strategy to selectively express Channelrhodopsin-2 (ChR2) on dopamine cells in the VTA of wild-type rats. We then used this approach to precisely control VTA dopamine transmission during voluntary ethanol drinking sessions. The results confirmed that ChR2 was selectively expressed on VTA dopamine cells and delivery of blue light pulses to the VTA induced dopamine release in accumbal terminal fields with very high temporal and spatial precision. Brief high frequency VTA stimulation induced phasic patterns of dopamine release in the nucleus accumbens. Lower frequency stimulation, applied for longer periods mimicked tonic increases in accumbal dopamine. Notably, using this optogenetic approach in rats engaged in an intermittent ethanol drinking procedure, we found that tonic, but not phasic, stimulation of VTA dopamine cells selectively attenuated ethanol drinking behaviors. Collectively, these data demonstrate the effectiveness of a novel viral targeting strategy that can be used to restrict opsin expression to dopamine cells in standard outbred animals and provide the first causal evidence demonstrating that tonic activation of VTA dopamine neurons selectively decreases ethanol self-administration behaviors.
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INTRODUCTION

Alcoholism is a devastating socio-economic problem estimated to account for 4% of the global burden of disease. Despite the widespread use and abuse of alcohol, little is known about the neurocircuitry responsible for the development and progression of alcoholism. Ethanol affects brain function by modulating numerous neurotransmitter and neuromodulator systems, including, but not limited to, GABA (Koob, 2004; Siggins et al., 2005; Weiner and Valenzuela, 2006), glutamate (Woodward, 2000), serotonin (Grant, 1995), norepinephrine (Weinshenker et al., 2000), neuropeptide Y (Thiele et al., 1998), vasopressin (Edwards et al., 2012) adenosine (Nam et al., 2013a,b) and dopamine (Weiss and Porrino, 2002; Gonzales et al., 2004; Koob, 2013). Over the past 20 years, much attention has focused on the mesolimbic dopamine system, which is thought to play an integral role in mediating the positive reinforcing effects of ethanol and other drugs of abuse (Berke and Hyman, 2000; Grace, 2000; Weiss and Porrino, 2002; Gonzales et al., 2004; Stuber et al., 2012). This circuit is comprised of the dopaminergic neurons in the ventral tegmental area (VTA) and their projections to the nucleus accumbens and several other brain regions. A large and growing body of evidence suggests that ethanol acutely enhances mesolimbic dopamine release without significant changes in dopamine transporter function (Budygin et al., 2001; Jones et al., 2006) and that ethanol stimulation of VTA dopamine signaling may contribute to ethanol-drinking behaviors. For example, electrophysiological studies demonstrate that ethanol can directly increase the firing rate of VTA dopamine neurons (Brodie et al., 1999) and elegant microdialysis studies have shown that increases in extracellular dopamine concentrations in the nucleus accumbens are tightly linked to the initial phases of ethanol self-administration (Weiss et al., 1993; Howard et al., 2009; Carrillo and Gonzales, 2011). Pharmacological studies have demonstrated that blockade of dopamine receptors in the nucleus accumbens can significantly decrease operant ethanol self-administration (Czachowski et al., 2001; Samson and Chappell, 2004). However, D2 dopamine receptor antagonists have two distinct actions within the striatum, first they diminish dopamine signaling at the postsynaptic level and secondly these compounds enhance dopamine release through several different presynaptic mechanisms (Wu et al., 2002; Garris et al., 2003; Kita et al., 2007; Park et al., 2010; Belle et al., 2013). Due to these contrasting actions of dopamine antagonists on dopamine dynamics during the time course of ethanol self-administration, it is difficult to relate specific patterns of dopamine transmission to behavioral changes. Furthermore, direct electrical stimulation of the nucleus accumbens in animal models, or deep-brain stimulation (DBS) of the accumbens of alcoholics, reduces ethanol drinking (Kuhn et al., 2007, 2011; Knapp et al., 2009; Muller et al., 2009; Henderson et al., 2010). However, it is possible that DBS, which induces the release of numerous neurotransmitters in the stimulated brain region, accomplishes its effect via non-dopaminergic mechanisms. Therefore, despite many compelling findings, several questions regarding the role of dopamine signaling in the regulation of ethanol drinking remain unanswered. For example, can DBS-induced changes in mesolimbic dopamine transmission alone be responsible for these alterations in alcohol drinking behaviors? If so, which patterns of VTA-accumbal dopamine transmission are responsible for the inhibition and triggering of ethanol seeking and drinking behaviors?

Until recently it has been impossible to parse the causal role of specific neurotransmitter systems in the regulation of ethanol drinking behaviors. Optogenetics provides a means to experimentally control the activation of specific neuronal sub-populations in heterogeneous brain regions where multiple neuronal subtypes exist and to do so with exquisite temporal precision. While several transgenic strategies have been developed to target opsins to dopaminergic neurons in rats and mice, we have developed a novel viral vector approach that can theoretically be used in any rodent species or strain. In this approach, the expression of channelrhodopsin-2 (ChR2) is driven by a tyrosine hydroxylase (TH) promoter, which has previously been shown to restrict expression primarily to dopaminergic neurons (Oh et al., 2009).

Here, we injected an adeno-associated virus (AAV) construct, in which ChR2 expression is restricted to TH-positive neurons into the rat VTA and characterized the effect of tonic and phasic activation of VTA dopaminergic neurons on dopamine release in the nucleus accumbens and ethanol drinking behaviors. Our data confirm that the viral strategy selectively targets ChR2 expression to dopamine neurons within the VTA and that low (5 Hz) and high (50 Hz) frequency stimulation of VTA dopamine neurons results in distinct patterns of accumbal dopamine release. Moreover, ethanol drinking behaviors were selectively reduced by tonic, but not phasic, VTA dopamine release. Collectively, these data demonstrate a novel strategy that successfully targets opsins to VTA dopamine cells in standard outbred rats and provide new insight in the specific temporal dynamics of dopamine signaling that regulate ethanol drinking behaviors.

MATERIALS AND METHODS

VIRAL PACKAGING

Viruses were packaged using a standard triple transfection packaging protocol to generate pseudotyped AAV2/10 (Xiao et al., 1998). The three plasmids consisted of an AAV2 plasmid containing the transgene to be packaged, pHelper (Stratagene, La Jolla, CA) which contributed the necessary adenoviral helper functions, and an AAV2/10 rep/cap plasmid that provides the AAV2 replicase and AAV10 capsid genes (Gao et al., 2002; De et al., 2006). Dr. K. Deisseroth (Stanford University) kindly provided the ChR2-EYFP construct while the TH promoter (Oh et al., 2009) was obtained from Dr. K-S. Kim (McLean Hospital). Virus packaging and titering has been described previously (Bass et al., 2010).

STEREOTAXIC VIRUS INJECTION

Naive male Long-Evans rats were anesthetized with ketamine hydrochloride (100 mg/kg, i.p.) and xylazine hydrochloride (20 mg/kg, i.p.) and placed in a stereotaxic frame. The scalp was shaved, swabbed with iodine and a central incision made to expose the skull. Two small holes were drilled and 2 skull screws were placed in to secure a cement cap. A third hole was drilled above the right VTA (from bregma: anterior-posterior, 5.8 mm; lateral, 0.7 mm) and an optic-fluid cannula (OFC) (Doric Lenses, Canada) was implanted (dorsal-ventral, 7.3 mm). Finally, 1.3 μl of virus that expresses ChR2-EYFP with expression driven by a TH promoter was slowly injected into the VTA (dorsal-ventral, 7.3 mm) over 3 min via a Hamilton syringe connected to the OFC. The exposed skull was coated with dental cement secured by skull screws and upon drying the animals were returned to their home cages for recovery.

ETHANOL SELF-ADMINISTRATION

Ethanol drinking was assessed using an intermittent home-cage drinking procedure which we and others have previously shown to engender relatively high levels of ethanol intake in male Long-Evans rats (Wise, 1973; Simms et al., 2008). Briefly, subjects were given access to 20% ethanol (v/v) and water for 24 h periods every Monday, Wednesday, and Friday with only water available on the remaining days. Water and ethanol were given in graduated drinking tubes (MED Associates, St. Albans, VT, USA), and the position of the bottles was alternated on each drinking day to control for potential side preferences. During ethanol sessions, water and ethanol consumption were measured daily after 30 min and 24 h (daily) access to ethanol. Prior data from our lab have shown that brain ethanol concentrations at the 30 min time point in this model (in rats showing similar intake levels) approximate 40 mg/dl (Chappell et al., 2013). The latency to the first lick and total number of licks during the first 30 min of each drinking session were also measured using custom-made lickometers.

VOLTAMMETRIC RECORDINGS

For the evaluation of changes in extracellular dopamine concentrations in response to optical stimulation of the VTA, rats were anesthetized with urethane (1.5 g/kg, i.p.) and placed in a stereotaxic frame. The cement above the striatum was removed and a hole for a carbon fiber electrode (~100 μm in length, 6 μm in diameter) insertion was drilled (from bregma: anterior-posterior, 1.2 mm; lateral, 2 mm). An Ag/AgCl reference electrode was implanted in the contralateral hemisphere and a carbon fiber electrode was positioned in the striatum (dorsal-ventral, 4.2–7.2 mm). An optic-fluid cannula (Doric Lenses, Canada) with fiber 200 μm in diameter (dorsal-ventral, 7.3 mm) was connected to the laser (Viasho, China). The reference and carbon fiber electrodes were connected to a voltammetric amplifier (UNC Electronics Design Facility, Chapel Hill, NC) and voltammetric recordings were made at the carbon fiber electrode every 100 ms by applying a triangular waveform (−0.4 to +1.3 V, 300 V/s). Data were digitized (National Instruments, Austin, TX) and stored on a computer. Light evoked dopamine release was identified by the background-subtracted cyclic voltammogram. Carbon fiber microelectrodes were calibrated in vitro with known concentrations of dopamine (2–5 μM). Dopamine uptake was determined from the clearance rate of dopamine and was assumed to follow Michaelis-Menten kinetics. The changes in dopamine during and after optical or electrical stimulation were fit using the equation:
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where f is the stimulation frequency (Hz), [DA]p is the concentration of dopamine released per stimulus pulse, and Vmax is the maximal rate of dopamine uptake, which is proportional to the number of available DAT proteins. The baseline value of Km was calculated to be between 0.16–0.2 μM, a value determined in rat brain synaptosomes and commonly used in the analysis of voltammetric data (Near et al., 1988; Garris and Rebec, 2002). The derivative form of the above equation was used to simulate the dopamine response (Garris and Rebec, 2002; Phillips et al., 2003a; Oleson et al., 2009; Pattison et al., 2011, 2012).

OPTICAL DELIVERY

The optical setup consisted of a laser at wavelength 473 nm (Beijing Viasho Technology Co., Ltd, Beijing, China) with a maximum power output of 100 mW. The laser was modulated using the TTL input control port on the laser power supply with the control signals provided by a programmable function generator (Hewlett-Packard model 8116A). The start of the whole optical pulse procedure was initiated by manually firing a pulse generator (Systron Donner Model 100C) that then triggered a digital delay generator (SRS Model DG535) that was used to gate the function generator. The main purpose of the digital delay generator was to make sure that the function generator was properly gated to only select out a finite number of pulses from the continuous waveforms normally produced by the function generator. The function generator would produce a series of either 5 Hz or 50 Hz square pulses, and the total number of pulses in one data stream (50 and 250 respectively) would be controlled by the digital delay generator, since the temporal length of a gate pulse sent to the function generator would determine the number of square pulses the function generator would produce for each trigger. Each pulse within a series of pulses had a temporal width of 4 ms. The laser power output was measured using a commercial power meter (Newport Model 1815C). Synchronization of the laser to the voltammetric recording was achieved by manually triggering the laser 5 s after initiating the voltammetric recording that was controlled through an electronic controller instrument that was built by the Electronics Design Facility at the University of North Carolina at Chapel Hill. The light paradigm was 50 light pulses at 50 Hz with 30 s intervals for phasic stimulation and 250 light pulses at 5 Hz with 1 s intervals for tonic stimulation.

IMMUNOHISTOCHEMISTRY

Rats were deeply anesthetized with a mixture of ketamine (100 mg/kg) and xylazine (100 mg/kg) and transcardially perfused with 10% normal buffered formalin. Brains were removed and incubated overnight with fix at 4°C and then transferred and incubated again overnight in 25% sucrose until the brains sank. They were sectioned at 50 microns on a dry ice chilled stage using an American Optical 860 sliding microtome. Floating coronal sections containing the midbrain were processed for immunohistochemistry. Briefly, sections were rinsed in PBS for 5 min, and again in PBS + 0.5% triton X-100 three times for 10 min. Sections were incubated with primary antibody overnight at 4°C while shaking. Primary antibodies consisted of a mouse anti-tyrosine hydroxylase (ImmunoStar #22941) at a 1:4000 dilution and a rabbit anti-GFP (Invitrogen #A6455) at 1:2000. All antibodies were diluted in PBS + 0.3% triton X-100. The next day the sections were rinsed 3 times for 10 min each in PBS and then incubated with secondary antibodies consisting of Alexa 555 donkey anti-mouse (Invitrogen #A31570, 1:4000) and Alexa 488 goat anti-rabbit (Invitrogen #A11034, 1:2000) for 2 h at room temperature while shaking. Sections were rinsed again in PBS three times for 10 min, then mounted on slides and coverslipped using Prolong Gold media. Slides were visualized on a Zeiss Axio Observer Confocal microscope.

STATISTICAL ANALYSIS

Data were analyzed in GraphPad Prism (GraphPad Software, San Diego, CA). A two-way ANOVA was performed for the neurochemical studies characterizing differences between the effect of tonic and phasic light activation on accumbal dopamine efflux and for the effect of these stimulation patterns on the number of ethanol and water licks. The effects of optical stimulations on other ethanol drinking parameters (e.g., intake, latency to first lick) were analyzed by one-way analysis of variance. Bonferroni's tests were used for all post-hoc comparisons. Pearson correlation analysis was used to evaluate the relationship between the number of ethanol licks and the amount of ethanol consumed (g/kg). The data are presented as mean ± SEM and the criterion for significance was set at P < 0.05.

RESULTS

TARGETING CHR2 TO VTA DOPAMINERGIC NEURONS IN WILD-TYPE RATS

To determine the contribution of VTA dopaminergic neurotransmission to alcohol seeking behavior, we generated AAVs that target dopaminergic neurons in the VTA. A TH promoter was used to restrict expression of ChR2 to TH-positive neurons. When injected directly into the VTA, expression was restricted to TH-positive neurons as revealed by immunohistochemical staining (Figure 1). Robust TH expression was observed throughout the VTA and substantia nigra, however, ChR2 expression was found only on cell bodies in VTA in sections containing the entire midbrain. Co-staining revealed many TH-positive cells (Figure 1B) that also expressed ChR2 (Figures 1C,D). We did not observe ChR2 expression on VTA cells that did not express TH (Figures 1C,D). However, there were some apparent TH-positive cells that did not express observable levels of ChR2. This pattern of expression is expected from viral delivery in that not all neurons in a given virus infusion site will be transduced, or receive equivalent DNA payloads.
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FIGURE 1. ChR2-EYFP expression is targeted to dopaminergic neurons in the VTA. Coronal section containing the midbrain of a representative rat injected with TH restricted ChR2 AAVs were co-stained with EYFP and TH antibodies. TH staining was apparent throughout the VTA and substantia nigra. Robust EYFP expression was observed in the VTA only. EYFP immunohistochemical staining revealed multiple ChR2 positive cell bodies present (A). Tyrosine hydroxylase co-staining (B) demonstrated many TH positive neurons in the VTA, which colocalized with the ChR2 signal (C). A portion of the merged image is magnified in (D). Neurons that express both TH and ChR2 are marked with arrows while neurons that are TH positive only (no apparent ChR2) are marked with asterisks. ChR2 was not observed in non-TH positive neurons. Scale bar equals 20 microns.



VOLTAMMETRIC ASSESSMENT OF OPTICALLY-EVOKED DOPAMINE RELEASE IN RAT NUCLEUS ACCUMBENS

We first employed in vivo fast-scan cyclic voltammetry (FSCV) to confirm that the level of ChR2 expression achieved in the VTA is sufficient for optical stimulation of dopamine release in the rat nucleus accumbens. Figure 2A demonstrates accumbal dopamine transients, triggered by blue-light stimulation of the VTA (30 Hz, 30 flashes with 4-ms flash length, 5.7 mW) in a single animal. The rising fractions of dopamine effluxes were time-locked to the 1-s blue pulse, whereas dopamine concentrations rapidly declined immediately at the end of the pulse. Background-subtracted voltammograms taken at the peak of stimulation confirmed that the signal detected is dopamine. No other electrochemical activity changes were observed during the period of detection. Notably, the viral targeting strategy we employed resulted in expression of ChR2 on dopaminergic terminals in VTA projection areas, such as the nucleus accumbens. As demonstrated in Figure 2B, robust light-activated dopamine signals could be consistently recorded in the nucleus accumbens, however when the recording electrode was moved to regions within the dorsal striatum, which receives rich dopaminergic innervation from the substantia nigra, no measurable dopamine responses were evoked. To calculate the parameters of dopamine release and uptake, light-evoked changes in dopamine concentration were modeled as a balance between release and uptake (Wightman et al., 1988; Wu et al., 2002; Phillips et al., 2003a). The magnitudes of dopamine uptake parameters, including maximal velocity of dopamine reuptake rate or Vmax and apparent Km (Michaelis-Menten constant) were indistinguishable from those previously reported for the rat nucleus accumbens using FSCV in vitro and in vivo (Phillips et al., 2003a; Jones et al., 2006; Oleson et al., 2009; Pattison et al., 2011, 2012). Vmax and Km were 2420 ± 314 nM/s and 176 ± 10 nM, respectively. The average magnitude of dopamine efflux per blue-light pulse or per flash (DApf) was 24 ± 6 nM, which is less than the amount dopamine released by an electrical pulse of the same length (4 ms).


[image: image]

FIGURE 2. (A) Light-induced dopamine release in the ventral striatum. The left panel demonstrates a three dimensional color plot topographically depicting voltammetric data collected with FSCV in the nucleus accumbens of a single anesthetized rat before, during and after optical stimulation of the VTA. Green spikes represent dopamine transients triggered by 30 Hz, 30 pulses light stimulation with 5 s intervals between pulse-train groups. Inset: Background-subtracted cyclic voltammograms taken at the end of the light stimulation indicate that the change in current is due to dopamine oxidation (solid line—for the first dopamine spike; dotted line—for the second spike). (B) Optically-evoked dopamine concentrations in different regions of the striatum from one representative animal are presented. The fiber optic was fixed in the VTA (anterior-posterior, 5.8 mm; lateral, 0.7 mm; dorsal-ventral, 7.3 mm), while the voltammetric carbon fiber electrode was lowered to various depths throughout the dorsal and ventral striatum to determine level of dopamine release (anterior-posterior, 1.2 mm; lateral, 2.0 mm and dorsal-ventral varied with 1: 4.2 mm; 2: 5.2 mm; 3: 6.2 mm; 4: 7.2 mm). Red bar indicates the time of light stimulation. Background-subtracted cyclic voltammograms from 1 and 4 are also presented.



Finally, we examined various parameters of optical stimulation of the VTA, which allows us to induce phasic (a relatively large but transient rise of extracellular dopamine concentration) and tonic (relatively low but sustained dopamine increase) release patterns in the nucleus accumbens. We found that high frequency (50 Hz), brief (1s) stimulation could mimic phasic dopamine responses, while low frequency (5 Hz), long lasting (50 s) stimulation resulted in a tonic elevation in dopamine concentration (Figure 3). As expected, there was a significant difference between these two contrasting dopamine responses [F(1, 782) = 71.21; p < 0.0001]. Changes in dopamine concentration over time were also significantly different [F(98, 782) = 14.38; p < 0.0001].
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FIGURE 3. Light activation of VTA dopaminergic neurons can mimic phasic and tonic dopamine release. Average dopamine concentration changes recorded in rat nucleus accumbens were evoked by 50 Hz, 50 pulses, and 5 Hz, 250 pulses (4 ms pulse width) optical stimulation of the VTA. Dopamine was identified by its oxidation (≈0.6 V) and reduction (≈−0.2 V on the negative going scan) features. These data are presented as a mean ± s.e.m. denoted by red solid and black broken lines, respectively (n = 5).



EFFECT OF TONIC AND PHASIC DOPAMINE RELEASE ON ETHANOL DRINKING BEHAVIORS

The overall goal of this study was to determine the relationship between accumbal dopamine release patterns and ethanol drinking behaviors. To that end, we first exposed eight rats to an intermittent drinking procedure for 7 weeks. This protocol engenders relatively high levels of ethanol intake and importantly, subjects consume approximately 25% of their daily ethanol intake in the first 30 min of each drinking session, consistently achieving blood ethanol levels between 40–80 mg % (Simms et al., 2008). Rats that demonstrated high and relatively stable levels of ethanol intake during 7 weeks of baseline drinking were then injected with the viral construct (n = 5). High drinking rats were selected for these initial studies to explore the effects of optogenetic manipulation of the VTA on the voluntary consumption of pharmacologically meaningful doses of ethanol (Samson and Czachowski, 2003).

Ten days following the injection, ethanol intake returned to baseline levels. Figure 4A shows licking patterns of ethanol and water during the first 30 min of 10 drinking sessions. As observed in previous studies, subjects robustly preferred ethanol to water as indicated by a significant difference in the number of licks between ethanol and water [F(1, 72) = 55.29; p < 0.0001]. Taking advantage of the stable drinking patterns, we explored the effects of tonic and phasic optical stimulation of dopaminergic neurons in the VTA on drinking behaviors (5 Hz and 50 Hz stimulations during the first 10 min of the 5 and 7th session, respectively). No significant change (p > 0.05) in the number of water licks was found, while a noticeable trend (t = 2.4) toward a decrease in ethanol licking following 5 Hz stimulation was evident (Figure 4A). As expected, there was a strong, positive correlation between the number of ethanol licks and the amount of ethanol consumed (Pearson r = 0.9; p < 0.0001, Figure 4B). We further explored the effects of optogenetic stimulation of VTA TH-positive neurons on drinking, using a larger group of animals (n = 8) in which optical stimulation was performed in a randomized order. This design allowed us to avoid possible confounds such as a habituation. In this larger cohort of animals, tonic activation of VTA dopamine cell bodies significantly affects ethanol drinking behaviors. Figure 5 demonstrates representative cumulative records of licking for a single rat on different drinking days. We observed a decrease in ethanol consumption measured as the number of licks (Figure 6A, 60 ± 16 % decrease from control, no stimulation, t = 3.45; p < 0.01) and the amount of ethanol consumed (Figure 6B, 53 ± 13 %, t = 4.42; p < 0.001), when rats were stimulated at 5 Hz in the drinking cage. In marked contrast, phasic stimulation of VTA dopamine cells during the first 10 min of the drinking session had no effect on any measures of ethanol intake. Moreover, no significant changes in ethanol intake measures were observed when subjects received tonic stimulation in their home cages just prior to the drinking sessions (p > 0.05). Finally, we found a significant two-fold delay for the first ethanol lick when rats were stimulated with the frequency that induces tonic dopamine release (Figure 6C, t = 3.08; p < 0.05). No significant changes in this parameter were evident during other stimulating protocols.


[image: image]

FIGURE 4. Average numbers of licks for ethanol and water in an intermittent 2-bottle choice drinking assay with optical stimulation. (A) Average daily ethanol (20%) and water licks during 10 drinking sessions was measured. There was a significant difference in the number of licks between ethanol and water [F(1, 72)= 55.29; ***P < 0.0001). The effects of tonic (5 Hz) and phasic (50 Hz) optical stimulation of VTA dopaminergic neurons applied during the first 10 min of the 5 and 7th session, respectively, were explored. No significant changes in the number of water licks was found, while there was a considerable trend (t = 2.4) toward a decrease in ethanol licking following 5-Hz stimulation. Data are presented as a mean ± SEM (n = 5). (B) Relationship between ethanol dose (g/kg) and total number of licks obtained during a 30 min drinking session. There was a strong, positive correlation between the number of ethanol licks and the amount of ethanol consumed (Pearson r = 0.9; p < 0.0001). The measures were taking from multiple sessions.
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FIGURE 5. Tonic but not phasic dopamine release reduces ethanol self-administration. Graphs demonstrate representative cumulative records of licking during consecutive 30 min drinking sessions, where 20% ethanol solution and water are available. The top panel demonstrates ethanol and water drinking patterns of a single rat during 3 separate sessions that were performed 2 days apart: (A,C) two sessions were with no stimulation; (B) one session was with optical stimulation of the VTA at 50 Hz frequency. The bottom panel shows drinking patterns from analogous sessions with 5 Hz frequency stimulation: (D,F) two sessions were with no stimulation; (E) one session with VTA stimulation at 5 Hz frequency. Optogenetic activation of VTA dopamine neurons at a low (5 Hz) but not high (50 Hz) frequency affects ethanol drinking behavior. The blue bar indicates a time of the stimulation.
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FIGURE 6. Tonic dopamine release alters ethanol drinking measures only when optogenetic stimulation is applied in the drinking cage. Bar graphs illustrate averaged values of (A) number of licks, (B) total dose of ethanol consumed (g/kg), and (C) latency for the first lick (s) across multiple sessions. The sessions were performed in the drinking cage (DC) with no stimulation (No Stim), with 5-Hz (5 Hz DC) and with 50-Hz stimulation (50 Hz DC), applied in the first 10 min, and in the home cage (HC, 10 min immediately prior to being placed in the drinking cage) with 5-Hz stimulation (5 Hz HC). The effect of 5-Hz stimulation applied in the drinking cage compared to No Stim was significant for all drinking parameters. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the session when no stimulation was applied.



DISCUSSION

It is increasingly clear that revealing the precise contribution of dopamine neurons to specific behaviors requires more sophisticated control over their activity than traditional techniques can provide (Tsai et al., 2009; Steinberg and Janak, 2012; Tye et al., 2012; van Zessen et al., 2012; Steinberg et al., 2013). Here, we employed newly developed optogenetic tools to address critical questions regarding the role of dopamine in alcohol drinking-related behaviors. A viral-mediated gene delivery strategy was used to selectively express ChR2 on dopamine cells in the VTA of wild-type rats. We then used this approach to manipulate mesolimbic dopamine transmission during ethanol drinking sessions. The results confirmed that optogenetic activation of VTA dopamine neurons can induce dopamine release in accumbal terminal fields with very high temporal and spatial precision. Brief (1 s) high-frequency (50 Hz) VTA stimulation induced phasic patterns of dopamine release, which were characterized by a relatively large (~100 nM) and transient rise of extracellular dopamine concentration in the nucleus accumbens. Lower frequency stimulation (5 Hz) for longer periods (50 s), mimicked tonic dopamine increases, characterized by relatively low (~40 nM), but longer-lasting elevations in accumbal dopamine levels. Finally, combining this approach with an intermittent ethanol drinking procedure, we found that forcing mesolimbic dopamine transmission into a tonic but not phasic mode significantly affects ethanol drinking measures while having no effect on water intake.

Although several elegant methods have been developed that achieve selective expression of opsins in dopamine cells, all of these methods are restricted to specific lines of genetically engineered rats and mice. A major goal of this study was to develop an alternative targeting strategy that could theoretically work in any animal. To that end, we used a previously characterized rat TH promoter to restrict the expression of ChR2. By infusing the virus directly into the VTA, we restrict the expression to dopaminergic neurons in this region only. Our in vivo neurochemical data demonstrate the effectiveness of this approach in a standard outbred wild-type rat strain. Optical stimulation of the VTA induced reliable dopamine efflux in the nucleus accumbens core with release dynamics consistent with previously published uptake and release values for this brain region. In addition, exquisite temporal and spatial control of dopamine release was achieved. High frequency, phasic stimulation resulted in large, rapid dopamine transients whereas longer duration, tonic stimulation evoked smaller but more sustained patterns of dopamine release. Importantly, dopamine release was restricted to VTA terminal fields in the nucleus accumbens. No detectable dopamine transients were observed when the recording electrode was moved to the dorsal striatum, which does not receive appreciable dopamine innervations from the VTA. In a previous study, where a non-selective AAV was used to express ChR2 in the substantia nigra, which preferentially innervates the dorsal, but not ventral striatum, similar spatial precision was achieved (Bass et al., 2010). Optical activation of the SN evoked dopamine transients in the dorsal striatum but not the nucleus accumbens. Dopamine neurons in the VTA and SN have distinct roles in various behavioral phenomena including motivation, reinforcement and learning (Steinberg and Janak, 2012; Stuber et al., 2012; Watabe-Uchida et al., 2012). Therefore, the ability to control dopamine release specifically, without induction of other neurotransmitters, in anatomically distinct terminal fields is crucial. The activation of both of these dopamine circuits using traditional electrical or pharmacological approaches may result in different (and more complex) behavioral consequences, and precludes our ability to establish a causal relationship between dopamine release in distinct brain regions and behavior changes. Importantly, although the VTA sends a robust dopamine projection to the nucleus accumbens, it also projects to the amygdala, prefrontal cortex and hippocampus (Beckstead et al., 1979; Swanson, 1982), which are also likely involved in the control of ethanol drinking. Optical stimulation of the VTA undoubtedly triggers dopamine efflux in these other brain areas, although the present study did not assess dopamine efflux in these regions. Thus, although these data provide causal evidence that VTA dopamine neurons directly modulate voluntary ethanol drinking behaviors, further studies will be needed to establish whether VTA dopamine terminal fields in the nucleus accumbens alone play a causal role in ethanol drinking behaviors.

It is well known that dopamine neurons exhibit two main firing modes: single spikes at a frequency of ~5 Hz and bursts of several action potentials at higher frequencies (≥20 Hz) (Grace and Bunney, 1983; Schultz et al., 1993; Anstrom et al., 2009). These firing patterns generate distinct tonic and phasic patterns of dopamine release, resulting in dopamine concentration fluctuations on a time scale of several minutes and seconds, respectively (Wightman and Robinson, 2002; Owesson-White et al., 2012). These patterns appear to subserve different functions that result in distinct behavioral consequences. Our results clearly demonstrate that both phasic and tonic patterns of dopamine release can be reproduced in the rat nucleus accumbens by optical stimulation of the VTA. These dopamine increases were time-locked to the light stimulation and their amplitudes were within the range seen with natural dopamine fluctuations as measured by voltammetry.

Dopamine neurotransmission in the nucleus accumbens contributes considerably to many vital behaviors, yet the nature of this contribution is a matter of debate (Salamone et al., 1997; Phillips et al., 2003b; Robbins and Everitt, 2007; Bromberg-Martin et al., 2010; Nicola, 2010; Steinberg et al., 2013). One prominent idea is that increases in dopamine release in this brain region are essential for the activation of reward-seeking for both natural rewards as well as abused substances, like alcohol. Although extensive and compelling studies have demonstrated increases in accumbal extracellular dopamine during ethanol self-administration and during the anticipatory period preceding ethanol availability (Weiss et al., 1993; Howard et al., 2009; Carrillo and Gonzales, 2011), it has been a challenge to establish whether specific patterns of dopamine transmission play a causal role in the initiation or suppression of ethanol seeking and consumption. Here, we provide clear evidence that ethanol drinking can be selectively influenced by distinct patterns of VTA dopamine cell activation. We found a significant delay to the first ethanol lick and a decrease in the total amount of ethanol consumed when VTA dopamine cell bodies were activated at a low frequency (5 Hz). Notably, high-frequency stimulation had no effect on these drinking measures. Low-frequency stimulation of VTA dopamine cells shifts accumbal dopamine release activity to tonic mode, characterized by a small but prolonged increase in extracellular dopamine levels. These changes have been suggested to reduce phasic dopamine release through a D2 dopamine autoreceptor–mediated feedback mechanism (Grace, 2000; Phillips et al., 2003b; Oleson et al., 2009). In fact, it has been proposed that phasic dopamine is required for the ability of reward predictive stimuli to motivate behavioral responding directed toward obtaining the reward (Steinberg et al., 2013).

Notably, the intermittent-access drinking procedure employed in this study promotes binge-like ethanol drinking during the first 5–10 min of each session where ethanol is available, coincident with the placement of animals in the drinking chamber along with the presentation of drinking-associated cues. We hypothesize that optogenetically forcing dopamine release into a tonic mode may prevent phasic dopamine signals normally triggered by the contextual cues associated with the drinking chamber, therefore decreasing ethanol intake during the stimulation period. Notably, ethanol remains available for the last 20 min of each session, providing subjects with the opportunity to compensate for the amount of ethanol that was not consumed during the first 10 min. However, when optical stimulation ceased, rats did not attempt to compensate for their loss. This may be due the fact that the tonic increase in accumbal dopamine concentration may mimic the pharmacological effect of alcohol. In this case, rats would require less ethanol to perceive the normal intoxicating effects of this drug. However, tonic optical stimulation delivered in the home cage, during the 10 min preceding ethanol drinking sessions, had no effect on ethanol consumption or the pattern of intake. Therefore, it seems more likely that optogenetic suppression of cue-induced phasic dopamine release associated with the onset of a drinking session may diminish drinking behaviors even after the optogenetic stimulation ceases.

High-frequency (50 Hz) optogenetic activation of VTA dopamine cells can induce measurable phasic dopamine response in the mouse nucleus accumbens and is sufficient to induce conditional place preference (Tsai et al., 2009). Moreover, high-frequency (60 Hz) electrical stimulation of the rat VTA also induces phasic dopamine release and this pattern of dopamine cell activation promotes the initiation of seeking behavior in rats self-administering cocaine (Phillips et al., 2003b). In addition, phasic activation of VTA dopamine neurons in mice has been reported to completely reverse chronic mild stress-induced anhedonia, significantly increasing sucrose intake (Tye et al., 2012). Therefore, we expected that phasic stimulation would increase ethanol drinking measures. Surprisingly, in our study no significant changes in the latency to the first ethanol drink or the total amount of ethanol consumed were seen. One possible reason for this finding is that we employed rats that were already habituated to the intermittent drinking procedure and also exhibited relatively high levels of ethanol intake at the time when optogenetic stimulation was delivered. Therefore, the inability of phasic stimulation to enhance ethanol drinking measures may have resulted from a ceiling effect. In other words, since these rats were likely already highly motivated to consume ethanol, perhaps additional optogenetic enhancement of phasic dopamine release could not further increase ethanol intake.

Previous studies have found that appetitive (or motivational) and consummatory measures of ethanol drinking are not correlated (Samson and Czachowski, 2003) and are likely mediated by distinct, albeit related, neural circuits. For example, blockade of accumbal D2 dopamine receptors selectively inhibits lever-pressing for ethanol (motivational behavior) but has no effect on ethanol consumption if the lever-press response requirement is removed (Samson and Chappell, 2004). Therefore, shifting dopamine transmission into a phasic mode may primarily promote ethanol seeking behaviors without significantly altering the amount of ethanol consumed. Unfortunately, the intermittent drinking self-administration protocol employed in our present study does not provide a clear separation of seeking and consummatory drinking behaviors. Future experiments employing an operant drinking paradigm that procedurally separates these drinking behaviors will be needed to more rigorously evaluate the role of phasic dopamine release on motivational aspects of ethanol seeking.
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The mesolimbic reward system is primarily comprised of the ventral tegmental area (VTA) and the nucleus accumbens (NAc) as well as their afferent and efferent connections. This circuitry is essential for learning about stimuli associated with motivationally-relevant outcomes. Moreover, addictive drugs affect and remodel this system, which may underlie their addictive properties. In addition to dopamine (DA) neurons, the VTA also contains approximately 30% γ-aminobutyric acid (GABA) neurons. The task of signaling both rewarding and aversive events from the VTA to the NAc has mostly been ascribed to DA neurons and the role of GABA neurons has been largely neglected until recently. GABA neurons provide local inhibition of DA neurons and also long-range inhibition of projection regions, including the NAc. Here we review studies using a combination of in vivo and ex vivo electrophysiology, pharmacogenetic and optogenetic manipulations that have characterized the functional neuroanatomy of inhibitory circuits in the mesolimbic system, and describe how GABA neurons of the VTA regulate reward and aversion-related learning. We also discuss pharmacogenetic manipulation of this system with benzodiazepines (BDZs), a class of addictive drugs, which act directly on GABAA receptors located on GABA neurons of the VTA. The results gathered with each of these approaches suggest that VTA GABA neurons bi-directionally modulate activity of local DA neurons, underlying reward or aversion at the behavioral level. Conversely, long-range GABA projections from the VTA to the NAc selectively target cholinergic interneurons (CINs) to pause their firing and temporarily reduce cholinergic tone in the NAc, which modulates associative learning. Further characterization of inhibitory circuit function within and beyond the VTA is needed in order to fully understand the function of the mesolimbic system under normal and pathological conditions.

Keywords: benzodiazepine, dopamine, acetylcholine, NAc, VTA, interneuron, pharmacogenetics, optogenetics

INTRODUCTION

Learning about motivationally relevant stimuli in the environment is critical for all aspects of survival, from feeding and reproduction to avoiding dangerous or aversive situations. This learning is primarily mediated by the mesolimbic system. Often referred to as the reward system, the mesolimbic system is primarily comprised of the ventral tegmental area (VTA) and the nucleus accumbens (NAc) as well as their afferent and efferent connections (Figure 1). Signaling the salience of an event or stimulus from the VTA in the midbrain to the NAc and other forebrain regions has largely been ascribed to dopamine (DA) neurons (Berridge and Robinson, 1998; Smith et al., 2011). Over the past several decades, extensive studies at the cellular and behavioral levels have shown that populations of DA neurons in the VTA increase their behavior in response to rewarding stimuli (Schultz et al., 1993). In response to aversive stimuli, the activity of most DA neurons is silenced (Mileykovskiy and Morales, 2011; Cohen et al., 2012), although a subset of DA neurons show activation (Joshua et al., 2008). Over training with reward experience, this DA activation will occur not only in response to the salient primary stimuli per se, but will also occur in response to previously neutral cues in the environment that the animal has associated with these motivationally relevant outcomes (Schultz, 2013). As a consequence of DA activity, DA in the NAc induces a motivational drive, and this DA signal is modulated by past experience of reward and punishment (Oleson et al., 2012; Howe et al., 2013). In this way, mesolimbic DA has been conceptualized as a teaching signal, coding the magnitude of aversive and rewarding environmental stimuli and increasing behavioral vigor related to these salient stimuli (Peciña and Berridge, 2013). The rewarding effect of addictive drugs is also mediated by mesolimbic DA. Following exposure to drugs of abuse, DA is elevated throughout the mesolimbic system (Lüscher and Ungless, 2006). This persistent increase in DA results in pathological salience attributed to drug-associated cues, and compulsive drug use despite negative consequences. In this way, drug addiction is an example of adverse behavioral consequences arising from a malfunction of the mesolimbic system.
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FIGURE 1. Inhibitory and modulatory connections between the VTA and the NAc. The VTA is composed of two major cell types: GABAergic neurons (green) and DA neurons (grey). Glutamate neurons are not schematized for clarity. GABA interneurons control the activity of DA cells that release DA in the NAc through their long-range projections. In turn, MSNs send projections back to the VTA, preferentially inhibiting GABA cells and thus disinhibiting DA neurons. Some GABA neurons also send long-range projections to the NAc, where they selectively inhibit CINs. Abbreviations: VTA: ventral tegmental area; NAc: nucleus accumbens; GABA: γ-aminobutyric acid; DA: dopamine; CIN: cholinergic interneuron; MSN: medium sized-spiny neuron.



As previously discussed, the role of DA in the mesolimbic system has been the subject of intense investigation over the past several decades. However, in addition to DA, the VTA also contains approximately 30% γ-aminobutyric acid (GABA) neurons, and the role of these inhibitory neurons in the mesolimbic system is less well understood. Within the VTA, there are two general populations of GABA neurons: interneurons, which provide local inhibition of DA neurons and projection neurons, which provide long-range inhibition of multiple brain areas including the NAc (Figure 1). In general, inhibition is critical for regulating neuronal excitability, and allows flexibility in circuit connectivity. A consequence of this flexibility is plasticity within the mesolimbic system, which permits reward-related learning. Despite their likely functional consequences, the role of VTA GABA neurons in reward- and aversion-related learning is not well understood. Until recently, it has been difficult to disentangle the function of DA neurons and GABA neurons, and between local VTA GABA neurons and GABAergic projection neurons (GPNs).

In this review we discuss studies using optogenetic and pharmacogenetic tools to dissect the precise role of GABAergic neurons in the mesolimbic system. Much of this recent work has characterized the functional neuroanatomy of inhibitory circuits in the mesolimbic system, and has begun to elucidate the precise mechanisms by which these inhibitory circuits regulate activity of DA neurons and other neuromodulatory systems, such as acetylcholine (ACh). It is now evident that these inhibitory circuits critically regulate DA neuron function and reward-related learning. VTA GABA neurons bi-directionally modulate activity of local DA neurons, which underlies reward or aversion at the behavioral level. Conversely, long-range GABA projections from the VTA to the NAc selectively target cholinergic interneurons (CINs; Figure 1), regulating local ACh release and modulating associative learning. We also use the example of drug addiction to discuss how inhibitory neurons contribute to dysfunction of the mesolimbic system and consequent maladaptive behaviors. Continuing to clarify the role of inhibitory neurons within the VTA and beyond will be necessary to fully understand the function of the mesolimbic system under normal and pathological conditions.

ACTIVATION OF LOCAL GABA NEURONS IN THE VENTRAL TEGMENTAL AREA (VTA)

As mentioned, the VTA contains a large proportion of GABA neurons (~30%; Dobi et al., 2010). We now appreciate the intimate role these neurons play in regulating activity of DA neurons, and the behavioral consequences of their activity. GABA released from local VTA neurons profoundly affects the activity of VTA DA neurons. Using Cre mice (GAD-cre (Tan et al., 2012) or VGAT-cre (van Zessen et al., 2012) to express channelrhodopsin 2 (ChR2) selectively in GABAergic neurons), it has been possible to selectively manipulate VTA GABA neurons in vitro and in vivo, and determine the effects on DA neurons as well as the consequences of this activation on behavior (Figure 2). Using in vivo extracellular recording in VTA ChR2 injected and anesthetized GAD-cre mice to monitor DA neuron activity, we have shown that driving activity of VTA GABA neurons strongly inhibits DA neuron spontaneous firing rate (Tan et al., 2012; Figure 2A). In stark contrast, shutting down the activity of GABA neurons, by expressing the proton pump halorhodpsin in VTA GABA neurons, leads to an increase or disinhibition of DA cells (Bocklisch et al., 2013). These results were confirmed with ex vivo patch clamp electrophysiology, showing that local VTA GABA neurons make direct synaptic connections with DA neurons. Blue-light activation of ChR2-expressing GABA neurons induced inhibitory post-synaptic responses in neighboring DA neurons. These light-evoked currents were abolished by the sodium channel blocker tetrodotoxin or by the chloride channel blocker picrotoxin, confirming a monosynaptic connection mediated by GABAA receptors (Tan et al., 2012; van Zessen et al., 2012). Through activation of GABAA receptors, local GABA cells control their target DA neurons, decreasing their excitability, thereby balancing excitation from glutamatergic inputs (Overton and Clark, 1992).
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FIGURE 2. VTA GABA neurons drive specific behaviors through the control of the DA and cholinergic systems. (A) Left, VTA GABA neurons are selectively infected to express ChR2-eYFP (green, AAV-ChR2-eYFP-flox in the VTA of GADcre+ mice). Middle, in vivo example trace of single unit recording of a GABA and a DA cell showing that blue-light stimulation induces a time locked increase of firing rate in infected GABA neurons and as a consequence a shut down in the activity of DA cells. Right, dynamic conditioned place aversion (CPA): GADcre+ mice developed an aversion for the blue-light paired chamber compared to GADcre− mice. This is shown on the example tracking trace of a GADcre+ mouse and on the aversive learning curve plotting the relative time spent in the conditioned chamber for both groups of mice. (B) Left, the ventral tegmental area (VTA) contains DA neurons expressing α3-containing GABAA receptors and GABA cells that express α1-containing GABAA receptors. Middle, in vivo example trace of single unit recording of GABA and DA cells before and after midazolam (MDZ) tail vein injection. GABA neurons decrease their basal firing rate, leading to the disinhibiton of DA cells, which increase their firing rate. These effects are abolished in α1-knock-in mice in which GABAA receptors containing the α1 subunit isoform are insensitive to BDZs. Right, oral-self administration of MDZ paradigm: WT mice preferred to consume from the MDZ containing solution whereas this preference is not developed in α1-knock-in mice. (C) Left, same preparation as in B, VTA GABA projection neurons selectively inhibit CIN of the NAc. Middle, in vivo example trace of single unit recording of GABA and CIN cells showing that in response to blue-light stimulation CIN are completely inhibited due to the excitation of VTA GABA cells. Right, activation of these fibers during the association of a conditioned stimulus (CS+, white noise) to an aversive outcome (brief mild footshock) enhances the ability to subsequently discriminate between the conditioned stimulus and the unconditioned stimulus (CS, pure tone) that was not paired with an aversive outcome, as shown on the graph for the percentage of freezing measured on the test day in response to CS+ and CS− for both groups of mice. Abbreviations: VTA: ventral tegmental area; NAc: nucleus accumbens; WT: wild type mouse; α1KI: α1 subunit point mutant knock-in mouse; BDZ: benzodiazepine; GABA: γ-aminobutyric acid; DA: dopamine; CIN: cholinergic interneuron; MSN: medium sized-spiny neuron. Adapted from Tan et al. (2010, 2012) and Brown et al. (2012).



This inhibitory control has important consequences for DA function and downstream behavior, particularly regarding significance to motivationally relevant outcomes (Schultz et al., 1997; Schultz, 2006; Fields et al., 2007; Bromberg-Martin et al., 2010). Specifically, exposure to salient but aversive stimuli can lead to the inhibition of VTA DA neurons (Mirenowicz and Schultz, 1996; Ungless et al., 2004, 2010; Brischoux et al., 2009; Matsumoto and Hikosaka, 2009; Hong et al., 2011; Zweifel et al., 2011; Tan et al., 2012; van Zessen et al., 2012). Recordings in anesthetized animals have demonstrated that aversive stimuli (such as a foot-shock) transiently and potently increase the spontaneous firing rate of GABAergic neurons of the VTA and decrease the activity of DA neurons (Ungless et al., 2004; Hong et al., 2011; Tan et al., 2012). Likewise, in vivo recording in awake behaving animals determined that aversive stimuli lead to excitation of the majority of VTA GABA neurons, which were optogenetically identified (Cohen et al., 2012). Conversely, mixed responses were observed in DA neurons, with the predominant response being inhibition (Brischoux et al., 2009; Cohen et al., 2012; Tan et al., 2012). The increase in GABA neuron spontaneous firing rate and decrease in DA neuron activity following the aversive stimuli of a foot-shock were prevented by a GABAA receptor antagonist, but were not affected by DA antagonists (Tan et al., 2012), indicating that the effects on DA firing rate were downstream of the increased activity of GABA neurons.

Confirming the regulatory role of VTA GABA neurons on motivationally relevant behaviors, driving local VTA GABA neurons with ChR2 results in strong aversion to a compartment associated with light stimulation (Tan et al., 2012). In this dynamic conditioned place aversion (CPA) paradigm (also named real time CPA task), the VTA of ChR2-infected GAD-cre mice was stimulated with blue light when the animal was exploring one of the two compartments, and the light was turned off as soon as the mice exited this chamber. On the test day, where no blue light is applied to the VTA, an aversion of the light paired-chamber was measured (Figure 2A). Interestingly, the CPA produced in response to activating VTA GABA neurons persisted during test sessions, indicating a strong learning effect resulting from DA neuron inhibition. Furthermore, driving VTA GABA neurons also disrupted reward consumption, as measured in a free-sucrose access paradigm (van Zessen et al., 2012). In another study, in vivo recordings of the activity of VTA cells were done while mice learned to associate an odor with appetitive rewarding or aversive outcomes. GABA neurons increased their firing during the delay between a conditioned stimulus (odor) and an unconditioned stimulus (reward or aversive air puff), while the firing rate was not changed during the delivery of the reward or punishment. The authors speculated that this ramping up of GABAergic firing may modulate DA activity during reward expectation and may help compute the reward prediction error (Cohen et al., 2012). Such cellular mechanism of action has been correlated with subsecond DA release measurements in the NAc of rat undergoing fear-conditioning tasks. These studies showed that a warning signal presentation (Oleson et al., 2012; Olesson and Cheer, 2013) or a fear conditioning cue (Badrinarayan et al., 2012) result in decreased DA levels as measured by fast scan cyclic voltametry.

Taken together, these observations implicate VTA GABA neuron activity in learning motivationally relevant outcomes associated with unconditioned stimuli. Specifically, driving VTA GABA neurons leads to negative modulation of DA neurons and aversion at the behavioral level. This learning signal may have implications for the involvement of VTA GABA neurons in maladaptive learned behaviors, such as those that characterized in drug addiction.

INHIBITION OF LOCAL GABA NEURONS IN THE VENTRAL TEGMENTAL AREA (VTA)

VTA GABA neurons receive inhibitory inputs mainly from medium sized-spiny neuron (MSN) of the NAc (Xia et al., 2011). Activation of MSNs with ChR2, for instance, leads to the inhibition of VTA GABA cells, and consequent disinhibition of DA neurons (Bocklisch et al., 2013). This mechanism of cellular disinhibition is implicated in the rewarding effects of several classes of addictive drugs (Lüscher and Ungless, 2006). Specifically, opioids (Johnson and North, 1992a), gamma-hydroxy butyric acid (GHB) (Cruz et al., 2004), cannabinoids (Oleson and Cheer, 2012) and benzodiazepines (BDZs; Tan et al., 2010, 2011) act on VTA GABA neurons (Johnson and North, 1992b) and inhibit their activity. We and others have examined how decreasing the activity of VTA GABA neurons, contributes to the synaptic and behavioral adaptations induced by addictive drugs.

BDZs are a class of drug used in clinic to treat anxiety, insomnia and muscle spasms. They also induce sedation and anterograde amnesia and unfortunately, they carry the potential for addiction. All these effects are mediated through BDZs action as positive allosteric modulators of GABAA receptors; they potentiate inhibition in the brain. In vivo administration of BDZs inhibits the activity of VTA GABA neurons and consequently increases DA neuron’s firing rate (Figure 2B). Along with BDZs, opioids are another class of addictive drugs that act initially on GABA neurons through binding to μ-opioid receptors specifically expressed on GABA cells (Pickel et al., 2002), decreasing their activity thus leading to the disinhibition of VTA DA neurons (Johnson and North, 1992a).

All addictive drugs, such as cocaine, amphetamine, morphine, GHB, nicotine and ethanol induce characteristic forms of synaptic plasticity on VTA DA neurons within 24 h following an acute exposure (Lüscher and Malenka, 2011). Specifically, an increase in excitatory synaptic strength (as measured by the ratio of the amplitude of AMPA to NMDA-mediated currents (Ungless et al., 2001)) is observed, as well as inward rectification of the AMPA current at positive potentials (Bellone and Lüscher, 2006), which results from the insertion of calcium-permeable AMPA receptors. Interestingly, activation of DA neurons is sufficient to induce this plasticity, since optogenetic activation of these neurons alone (using DA transporter-cre mice) induces the same form of plasticity (Brown et al., 2010). BDZs also trigger this critical feature (Heikkinen et al., 2009; Tan et al., 2010) indicating that they share a common mechanism of DA regulation with other classes of addictive drugs.

Using a pharmacogenetic approach, we demonstrated that the effect of BDZs and more specifically midazolam (MDZ, a BDZ potentiating all GABAA receptors) on neuronal activity and plasticity are mediated by α1-containing GABAA receptors. In the α1(H101R) point mutant mouse line, which carries a single nucleotide mutation that disrupts binding of BDZs to the GABAAR binding site (Rudolph et al., 1999), all effects of MDZ are abolished (Tan et al., 2010). Moreover, unlike wildtype mice, these α1(H101R) mice did not self-administer MDZ in an oral-self administration task where they had the option to drink from two bottles, differing only in that one contains a MDZ (Figure 2B).

Inhibition of VTA GABA cells results in the release of the inhibitory break onto DA neurons. Such disinhibition represents a means to trigger the release of DA in target brain regions to modulate synaptic transmission and hence regulate specific behaviors such as the oral-self administration of BDZs, a reward-related behavior.

LONG-RANGE GABAERGIC PROJECTIONS FROM THE VENTRAL TEGMENTAL AREA (VTA)

VTA DA neurons are long-range projection neurons, which target the prefrontal cortex and the NAc, among other areas. These same areas are also innervated by a subset of VTA GPNs; these neurons comprise approximately 25% of VTA GABA cells (Margolis et al., 2006; Figure 1). In the NAc, GPNs target CINs nearly exclusively, with very sparse innervation of MSNs (Brown et al., 2012). Conversely, VTA DA neurons modulate both MSNs and CINs, either through volume transmission or direct synaptic contacts (Moss and Bolam, 2008).

Using ex vivo whole cell recording methods in GAD-cre mice expressing ChR2 in VTA GABA cells, we showed that the connection between VTA GPNs and CINs in the NAc is monosynaptic. Light-evoked currents were recorded in 100% of CINs and blocked by picrotoxin or tetrodotoxin, whereas such currents were rarely detected in MSNs or parvalbumin-expressing interneurons (Brown et al., 2012). In vivo recordings confirmed that activating VTA GABA neurons at physiological frequencies potently inhibited CINs for the duration of the stimulation (Figure 2C). This anatomical and functional connectivity has important consequences for associative learning. In a fear conditioning task, when GPNs were optogenetically activated during presentation of a specific tone paired with a foot-shock, mice showed increased ability to discriminate this conditioned tone from an unconditioned tone (Brown et al., 2012; Figure 2C).

During Pavlovian conditioning, VTA DA neurons increase their firing in response to a stimulus predicting either reward or aversion resulting in increased DA release in the NAc. In parallel, the inhibition of CINs produced by GPNs would modulate information processing by MSNs either directly through the actions of muscarinic receptors (Surmeier et al., 2007) or by increasing DA release from VTA terminal fields in the NAc (Cragg and Rice, 2004). Moreover, CINs express DA D2 receptors and are subject to DA regulation (Alcantara et al., 2003) and tonic activity of CINs elicits DA release (Cachope et al., 2012). In this way, through their actions on MSNs and CINs, VTA GABA and DA neurons interact to coordinate activity and reward processing of the NAc. Interestingly, however, inhibiting GPNs terminating in the NAc was insufficient to disrupt reward consumption. These observations support a dual mechanism of VTA to NAc communication, in which targeting of NAc CINs by VTA GPNs and of MSNs and CINs by DA neurons operates in concert to enable the association of motivationally relevant outcomes to unconditioned stimuli.

CONCLUDING REMARKS

Within the mesolimbic reward system, communication of rewarding and aversive stimuli has largely been ascribed to DA neurons. The firing rate of DA neurons responds to salient stimuli that are both rewarding and aversive in valence, and is involved in computing reward prediction error. These DA neurons project to regions throughout the brain, including the NAc, which is implicated in behavioral responses to rewarding and aversive stimuli. As such, the mesolimbic DA system is critically involved in learning about motivationally-relevant outcomes. However, in addition to DA cells, the VTA contains GABA neurons, which synapse locally onto DA neurons, and send long-range projections to brain areas innervated by VTA DA neurons. Until recently, the role of VTA GABA neurons on the regulation of DA neurons and on reward-learning was not well understood. However, with the advent of selective optogenetic and pharmacogenetic tools, the role of these inhibitory neurons within the mesolimbic reward system has begun to be elucidated.

We have discussed how within the VTA, aversive stimuli drive the activity of GABA neurons, leading to inhibition of DA neuron firing. Conversely, inhibiting the activity of these VTA GABA neurons (for example, by administration of BDZs) increases the activity of DA neurons and is behaviorally rewarding. The contribution of long-range GABA projection neurons to mesolimbic system function, and the interaction of GPNs with DA projection neurons at the level of their projection areas have also begun to be investigated. For example, despite the established role of the NAc in the maintenance of reward-related behavior (From Introduction), optical inhibition of GPN afferents in the NAc had no effect on reward consumption (van Zessen et al., 2012), and produces no aversive state per se (Brown et al., 2012). By confirming that disruption of GABAergic signaling from VTA GPNs to the NAc is insufficient to disrupt reward or produce aversion, these observations further underscore the critical role of DA projections in reward-related learning and coding the valence of environmental stimuli. However, driving activity of GPNs from the VTA to NAc enhances associative learning despite this lack of effect on consumatory behavior or aversion. These observations lead us to the question of the heterogeneity of VTA GABA cells. Within the NAc, antidromic optical activation of VTA GABA neurons inhibited approximately 25% of VTA DA neurons (Brown et al., 2012), suggesting that only a subset of VTA GABA neurons project to the NAc and some others have local collaterals. In addition the population of GABA interneurons that do not project outside the VTA, it is likely that a distinct set of GABA neurons project to other brain regions involved in reward processing and behavior, such as the PFC and hippocampus.

To fully appreciate the role of inhibition in the mesolimbic system, a better understanding of upstream inputs onto VTA GABA neurons, and the role of GABA neurons originating in other nodes of the mesolimbic system are needed. Optogenetic manipulations have recently been used to explore both of these issues. Using these tools to map functional connectivity, it was revealed that both bed-nucleus of the stria terminalis (BNST) glutamatergic and GABAergic projections preferentially innervate putative GABA neurons in the VTA (Jennings et al., 2013). In vivo photostimulation of BNST glutamatergic projections resulted in aversive and anxiogenic behavioral phenotypes. Conversely, activation of BNST GABAergic projections produced rewarding and anxiolytic phenotypes, similarly to direct activation of VTA GABA cells (Jennings et al., 2013). Another source of input onto VTA GABA cells is through back-projections from the NAc. Dopamine receptor type 1 (D1R)-receptor-expressing MSNs, but not Dopamine receptor type 2 (D2R)-expressing MSNs of the NAc form functional synaptic contacts with GABA neurons in the VTA (Xia et al., 2011; Bocklisch et al., 2013). This connection is potentiated following exposure to cocaine (Bocklisch et al., 2013), and inhibitory transmission from VTA back to the NAc is suppressed (Ishikawa et al., 2013). These studies provide crucial information about upstream inputs onto VTA GABA neurons and may provide further insight into how DA release is controlled under normal and pathological conditions.

DA modulation is important for function of reward, aversion and reward related learning. While much work has been devoted to studying the function of DA neurons and their role in encoding salient information of rewarding or aversive in nature, the role of VTA GABA neurons has been less well characterized. However, as we have discussed, it is now understood that GABA neurons regulate the activity of both VTA DA neurons and target neurons in VTA projection areas. This intimate, bi-directional modulation of DA neurons not only contributes to reward prediction error and DA plasticity, but also encodes the valence state of rewarding and aversive stimuli and also helps orchestrate behavioral responses to salient stimuli. Further characterization of inhibitory circuit function within and beyond the VTA will be necessary to fully understand the function of the mesolimbic system under normal and pathological conditions.
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Stimuli previously associated with drugs of abuse can become triggers that elicit craving and lead to drug-seeking behavior. The basolateral amygdala (BLA) is a key neural structure involved in cue-induced reinstatement of cocaine seeking. Previous studies have also implicated projections from the BLA directly to the nucleus accumbens (NAc) in these behaviors. However, other structures critically involved in cocaine seeking are targets of BLA innervation, including the prelimbic prefrontal cortex (PL). It has been shown that BLA or PL innervation direct to the NAc can modulate reward-related behaviors but the BLA also projects to the PL, and given the importance of the PL projection to the NAc for reinstated drug seeking, we hypothesized the BLA to PL projection may indirectly influence behavior via PL innervation to the NAc. We delivered a virus expressing the inhibitory optogenetic construct ArchT into the BLA and implanted fiber optics above the injection site or axon terminal fields in either the NAc or PL. Rats then went through 12 days of cocaine self-administration followed by extinction training. Following extinction, animals underwent cue-induced reinstatement sessions in the presence or absence of optical inhibition. Inactivation of the BLA and either the BLA core subcompartment of the NAc (BLA-to-NAcore) BLA-to-PL projections inhibited cue-induced reinstatement. These data demonstrate that the BLA projection either directly into the NAc, or indirectly via the PL, is a necessary regulator of drug-seeking behavior.
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INTRODUCTION

Exposure to drug-associated cues elicits craving and increases the probability that drug users will relapse, even after extended periods of abstinence. Understanding the neural circuits that underlie relapse is imperative in order to identify targets for therapeutic intervention. A dynamic interaction between basolateral amygdala (BLA) and prefrontal cortex (PFC) inputs to the nucleus accumbens (NAc) is part of the neural circuitry underpinning cue-induced reinstatement of drug seeking. Excitatory inputs carrying goal- and reward-related information from both cortical and limbic structures converge on the NAc, are integrated, and ultimately influence reward-directed actions. Encoding of reward-predictive stimuli by the NAc relies on synaptic activity from both the BLA and prelimbic region (PL; McGinty and Grace, 2008). The BLA is critical for generating a response to conditioned cues (Buffalari and See, 2010), and direct innervation of the NAc by the BLA is necessary for cue-induced reward seeking (Setlow et al., 2002; Di Ciano and Everitt, 2004; Ambroggi et al., 2008; Mashhoon et al., 2010; Shiflett and Balleine, 2010; Stuber et al., 2011). However, these functional studies have assessed only one projection or relied on unilateral disconnections between the two regions. This leaves open the possibility that a BLA-core subcompartment of the NAc (NAcore) disconnection could impair behavior by nonspecifically interrupting other pathways, including a projection from the PL of the PFC that receives BLA afferents and in turn projects to the NAcore. Consistent with this hypothesis, previous work has demonstrated BLA control over NAc activity depends on an interaction with the PFC (Jackson and Moghaddam, 2001; McGinty and Grace, 2008), and that this interaction plays a role in cue-induced reinstatement (Fuchs et al., 2007; Mashhoon et al., 2010). Similarly, PFC neurons projecting to the NAc are also excited by conditioned stimuli (Ishikawa et al., 2008; McGinty and Grace, 2008), are essential for reward-seeking behavior (Park et al., 2002; McFarland et al., 2003; Stefanik et al., 2013b), and it has been hypothesized maladaptive changes in this pathway may be a common neural substrate that underlies the unmanageable drive to seek drugs (Goldstein and Volkow, 2002; Kalivas and Volkow, 2005).

Given that the BLA also projects to the PL (Sarter and Markowitsch, 1983; Reep, 1984), and that BLA inactivation can influence NAc projecting neurons from the PL (Jackson and Moghaddam, 2001; McGinty and Grace, 2008), it seems possible that this indirect pathway to the NAc might be an additional route in which BLA activity is influencing cued reinstatement. To test this hypothesis, we employed an inhibitory optogenetic strategy in which we delivered an adeno-associated virus (AAV) coding for the light sensitive proton pump archaerhodopsin (ArchT; Chow et al., 2010) into the BLA and selectively inhibited axon terminals in either the NAc or PL during cue-induced reinstatement of cocaine seeking.

MATERIALS AND METHODS

ANIMAL HOUSING AND SURGERY

All methods used were in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Medical University of South Carolina’s Institutional Animal Care and Use Committee. Male Sprague Dawley rats (250–300g, Charles River Laboratories) were individually housed under temperature- and humidity-controlled conditions with a 12 h reverse light/dark cycle (lights on at 6:00 P.M.). Rats were fed ad libitum until 7 days post-surgery, after which food was restricted to 25 g of chow pellets per day.

Following one week of handling and acclimation, rats underwent surgery for injection of AAV, implantation of fiber optics, and implantation of indwelling jugular catheters. Animals were anesthetized with ketamine HCl (87.5 mg/kg, i.m.) and xylazine (5 mg/kg, i.m.). Ketorolac (3mg/kg, i.p.) was administered before surgery to provide analgesia. Intra-jugular catheters were implanted as previously described (LaLumiere et al., 2012). Catheters were flushed daily with cefazolin (0.2 mL of 0.1 g/mL) and heparin (0.2 mL of 100 IU) for 1 week, then daily with heparin for the remainder of the experiment to maintain catheter patency.

For virus injections, 0.7 μl of virus (rAAV2-CAG-ArchT-GFP or rAAV2-CMV-GFP for BLA cell body experiment, ∼1012 viral particles/ml) was delivered bilaterally through 33 gauge needles (0.14 μL/min for 5 min). Needles were left in place for 10 min following injection to allow for virus diffusion away from injection site. For the virus injections, coordinates from Bregma were as follows: BLA: −2.8 mm anteroposterior, ±5.0 mm mediolateral, −8.5 mm dorsoventral. For fiber optic implantation, chronically implantable fiber optics (Precision Fiber) were implanted 0.5 mm dorsal to the site intended to receive light stimulation, coordinates from Bregma: NAcore: +1.5 mm anteroposterior, +3.5 mm mediolateral, −6.5 dorsoventral (10° angle); PL: +3.1 mm anteroposterior, +2.0 mm mediolateral, −4.0 dorsoventral (12° angle). Fibers we secured to the skull using small screws and dental acrylic and animals recovered for 1 week before behavioral testing.

SELF-ADMINISTRATION, EXTINCTION AND REINSTATEMENT PROCEDURES

Self-administration, extinction, and reinstatement procedures occurred in standard operant chambers equipped with two retractable levers, a house light, cue light, and 2900 Hz tone generator (Med Associates). Before cocaine self-administration training, animals were food deprived for 24 h and then underwent a single 15 h food training session in which presses on the active lever resulted in the delivery of a single food pellet (45mg, Noyes) on a fixed-ratio 1 (FR1) schedule of reinforcement. Following food training, animals were restricted to 25 g of food per day, given immediately after the behavioral session, for the remainder of the experiment. One day later, animals began 2-h sessions cocaine self-administration on an FR1 schedule with a 20 s time out. Each active lever press resulted in a 0.05 ml infusion of 0.20 mg cocaine (∼15–20 mg/kg per animal total over 2-h session, dissolved in 0.9% sterile saline, NIDA) and the drug-paired cues (concurrent illumination of the stimulus light above the active lever and tone) for 5 s. Active lever presses made during the time out were counted but did not result in drug delivery and inactive lever presses were of no consequence. Rats underwent self-administration 6 days/week for at least 2 weeks (minimum of 12 days), until they met maintenance criteria of ≥10 infusions of cocaine over 10 days, as well as discrimination between active and inactive levers (>75% lever presses on active lever). A total of three rats not reaching these criteria after 4 weeks were excluded from the study.

Following successful acquisition and maintenance of cocaine self-administration, extinction training (2 h/day) began. During extinction, presses on the previously active lever were recorded but no longer produced drug or presentation of the drug-paired cues. All rats underwent at least 10 days of extinction, until active lever pressing fell to <30% of the average responding during self-administration. Animals were habituated to the fiber optic leashes for ≥3 sessions of both self-administration and extinction. Immediately before testing, fibers were attached and remained in place for the duration of the session. During the reinstatement sessions, active lever presses produced the light/tone drug-paired cues that had been presented during self-administration, but no drug was delivered. All animals underwent two reinstatement sessions, counterbalanced with respect to whether illumination was given.

OPTICAL INHIBITION

Optical inhibition was delivered as previously described (Stefanik et al., 2013a,b). Briefly, chronically implantable optical fibers were housed inside stainless steel ferrules (for construction details, see Sparta et al., 2011) and implanted bilaterally ∼0.5 mm dorsal to the site intended to receive light. To permit bilateral inhibition, the single end of 2 × 1 fiber splitter (Precision Fiber) was connected via FC/PC connection to a rotating optical commutator, which was then attached via a fiber to a laser (diode-pumped solid-state, 200 mW, 561 nm multimode FC/PC fiber coupler connection, OEM Laser Systems). The two split ends of the fiber splitter were threaded through a metal leash, and epoxied into stainless steel ferrules which were then connected to the animal’s head via ceramic sleeves. Light output was measured with an optical power meter and adjusted to ∼10 mW of 561 nm light. Based on in vivo measurements, of light output in mammalian brain tissue, these parameters would be expected to provide sufficient light to at least 0.4 mm3 of tissue (Yizhar et al., 2011). Light was applied continuously for the 2 h reinstatement session, a procedure previously shown to inhibit neuronal firing without significantly desensitizing the opsin (Huff et al., 2013; Stefanik et al., 2013a,b; Tsunematsu et al., 2013). As work in our lab has previously shown no effect of light delivery to the NAcore or PL on behavior, GFP control experiments were conducted at the BLA cell bodies to control laser light on cue-induced reinstatement (Stefanik et al., 2013a,b).

IMMUNOHISTOCHEMISTRY AND IMAGING

For immunohistochemistry and imaging, animals were anesthetized with pentobarbital (100 mg/ml, i.p.) and then transcardially perfused with phosphate-buffered saline (PBS, pH 7.4) followed by PBS containing 4% (w/v) paraformaldehyde. Brains were post-fixed for 24 h at room temperature in the perfusion solution. Coronal sections (75 μm thick) were incubated for 60 min in 1% hydrogen peroxide, rinsed three times in PBS, and then incubated overnight in PBS containing 0.25% triton-X, 0.01% sodium azide, and anti-GFP (rabbit, 1:50,000, Abcam) antibody. Sections were then rinsed once in PBS and incubated for 30 min in PBS containing the biotinylated secondary antibody (donkey, 1:1000, Jackson Immunoresearch) for 30 min, rinsed four times in PBS, and incubated for 1 h in an ABC Kit (Vector Labs). Sections were then rinsed once in PBS and incubated in PBS with 0.05% diaminobenzidine with 0.05% hydrogen peroxide for 5 min. Slices were then mounted and ArchT-expression was visualized on a light microscope.

DATA ANALYSIS

Statistics were performed using Prism (GraphPad Software). Reinstatement sessions were compared between extinction pressing, cue-induced reinstatement without laser, and cue-induced reinstatement with laser, using a two-tailed paired Student’s t-test with probability values adjusted according to the method of Bonferroni. Data are presented as mean ± SEM.

RESULTS

OPTICAL INHIBITION OF THE BASOLATERAL AMYGDALA (BLA) REDUCES CUE-INDUCED REINSTATEMENT

The BLA is critically involved in the processing of cue-related information (Buffalari and See, 2010). To examine whether optical inhibition of this structure could alter cue-induced reinstated cocaine seeking, an AAV expressing the light-activated inhibitory proton pump ArchT (Chow et al., 2010) was microinjected into the BLA and fiber optics were implanted ∼0.5 mm dorsal to the injection site. Following self-administration and extinction training (Figure 1A), animals underwent cue-induced reinstatement in the presence or absence of ∼10 mW of 561 nm light in the BLA using a counterbalanced, within-subjects design. Rats microinjected with a control AAV virus expressing only GFP were treated identically. Figure 1B shows DAB staining for ArchT-GFP expression in the BLA. ArchT-expressing animals receiving laser light showed a reduction to nearly extinction levels of active lever-pressing compared to sham (no laser delivery) treatment (Figure 1C). To control for the potential effects of light delivery to this region, we showed that animals receiving the control GFP virus showed no difference in lever pressing regardless of the presence or absence of laser light (Figure 1D).
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FIGURE 1. Inhibition of BLA cell bodies reduces cue-primed reinstatement of cocaine seeking. (A) Active lever pressing during self-administration and extinction training for this group of rats (n = 10). (B) DAB staining shows ArchT-expressing neurons in the BLA. Dashed line outlines BLA. Scale bar, 300 μm. (C) Inactivation of ArchT-expressing neurons in the BLA significantly reduces cue-primed reinstatement of cocaine seeking. (D) Illumination of control GFP virus has no effect on reinstated cocaine seeking. #p < 0.05 compared with extinction levels of lever pressing for ArchT-expressing animals using a paired Student’s t-test with probability values adjusted for multiple comparisons according to Bonferroni, Sham t(5) = 5.50, p < 0.01; Laser t(5) = 4.15, p < 0.01. *p < 0.05 comparing laser and sham treatments, t(5) = 3.99, p = 0.010. For GFP controls, Sham t(3) = 2.91, p = 0.06; Laser t(3) = 4.32, p = 0.02. Comparing laser and sham treatments, t(3) = 0.77, p = 0.50.



INHIBITING THE BASOLATERAL AMYGDALA (BLA) TO CORE SUBCOMPARTMENT OF THE NAc (NAcore) PROJECTION INHIBITS CUE-INDUCED REINSTATEMENT

Multiple studies point to the projection from the BLA to the NAcore as being critically involved cue-induced reward seeking (Setlow et al., 2002; Di Ciano and Everitt, 2004; Ambroggi et al., 2008; Mashhoon et al., 2010; Shiflett and Balleine, 2010; Stuber et al., 2011). To assess the involvement of this connection in cue-induced reinstated cocaine seeking, ArchT was microinjected into the BLA and optic fibers were implanted above terminal regions in the NAcore. Animals underwent self-administration and extinction training (Figure 2A). DAB staining for ArchT-GFP confirmed strong expression of the virus at the terminal fields in the NAcore (Figure 2B). Figure 2C shows significant reduction in active lever pressing produced by optical inhibition compared to sham treatment.
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FIGURE 2. Silencing of BLA-to-NAcore projections inhibit cue-primed reinstatement. (A) Active lever pressing during self-administration and extinction training (n = 7). (B) ArchT-expressing terminal fibers in the NAcore after virus injection in the BLA. Scale bar, 300 μm. (C) Inactivation of ArchT-expressing fibers in the NAcore significantly reduces cue-primed reinstatement of cocaine seeking. #p < 0.05 compared with extinction levels of lever pressing, using a paired Student’s t-test with probability values adjusted for multiple comparisons according to Bonferroni, Sham t(6) = 8.19, p < 0.001; Laser t(6) = 2.38, p = 0.110. *p < 0.05 comparing laser and sham treatments, t(6) = 3.54, p = 0.024.



INHIBITING THE BASOLATERAL AMYGDALA (BLA) TO PRELIMBIC (PL) PROJECTION INHIBITS CUE-INDUCED REINSTATEMENT

The BLA also sends strong projections to the PL that transfer reward-related information (Fuchs et al., 2007; Mashhoon et al., 2010). Given the importance of the PL to NAcore projection in the relapse to drug seeking (Goldstein and Volkow, 2002; McFarland et al., 2003; Kalivas et al., 2005; Stefanik et al., 2013b), BLA neurotransmission in PL could regulate reinstated cocaine seeking. To test the involvement of the projection from the BLA to the PL in cue-induced reinstatement, ArchT was microinjected into the BLA and optic fibers were implanted in the PL. Figure 3A shows the self-administration and extinction data for these animals. Strong virus expression was detected from BLA injections at the terminal fields in the PL (Figure 3B). Optical inhibition of this pathway attenuated cue-induced cocaine seeking in laser treated animals, but not in sham animals (Figure 3C).
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FIGURE 3. Optical inhibition of BLA-to-PL fibers blocks cue-primed reinstatement. (A) Active lever pressing during self-administration and extinction training (n = 7). (B) ArchT-expressing fibers in the PL after virus injection in the BLA. Scale bar, 300 μm. (C) Inactivation of ArchT-expressing fibers in the PL significantly reduces cue-primed reinstatement of cocaine seeking, using a paired Student’s t-test with probability values adjusted for multiple comparisons according to Bonferroni, Sham t(6) = 3.31, p = 0.032; Laser t(6) = 2.47, p = 0.096. *p < 0.05 comparing laser and sham treatments, t(6) = 2.95, p = 0.051.



HISTOLOGY

Figure 4 shows the location of the fiber optic termination in each experiment. The area of illumination was estimated from the tip of the histologically identified fiber optic tip to expand in a cone shape for 0.5 mm in length and diameter from the most ventral penetration (Yizhar et al., 2011). While virus spread can be seen in a more widely distributed area of the amygdala, the placement of fiber implantations in the BLA were tightly focused just dorsal to the structure and medial to the external capsule and allow for precise targeting of the BLA alone (Figure 4A). Animals with fiber placement outside of the histologically identified BLA were excluded from analysis. Fiber implantations in the NAcore were located primarily dorsal to the anterior commissure (Figure 4B). Figure 4C shows the location fiber optic implants in the PL located lateral to the midline.
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FIGURE 4. Location of fiber optic terminations in the BLA, NAcore, and PL for each experiment. Triangle shape shows the approximate predicted perimeter of light diffusion in the brain. The apex of the triangle corresponds with the histologically identified ventral termination of the fiber optic and the triangle illustrates the approximate size of the illuminated tissue. (A) Locations of fiber terminations in the BLA following BLA virus injection. (B) Locations of fiber optic termination in the NAcore following BLA virus injection. (C) Fiber optic terminations in the PL following BLA virus injection. The numbers refer to the location of the coronal section in millimeters relative to bregma.



DISCUSSION

The BLA is a key neural structure involved in cue-induced cocaine seeking (Buffalari and See, 2010). Projections from the BLA to the NAc have also been implicated in these behaviors. As previous studies have relied primarily on unilateral pharmacological inactivation to demonstrate the role of the projection, they suffer from a potential interpretational inaccuracy since inactivating projections from the BLA to other regions that influence drug seeking behavior that in turn project to the NAc could be mediating the behavioral inhibition. The PL is one region that might be indirectly influenced since pharmacological and optogentic inhibition of the PL to NAc show that this pathway is critically involved in cocaine reinstatement (McFarland et al., 2003; Stefanik et al., 2013b). Additional evidence also suggests that the BLA-to-PL projection is critical to cue-induced reward seeking (Fuchs et al., 2007; Mashhoon et al., 2010). To address this issue, we used the inhibitory optogenetic construct ArchT to selectively inactivate the BLA or its projections terminating in the NAc or PL. We demonstrate that inhibition of the BLA or either projection is sufficient to markedly reduce cue-induced cocaine seeking. Together, these findings suggest a more nuanced influence of BLA projections on NAc function that previously thought. Thus, while BLA neurotransmission directly to the NAc provides necessary information to facilitate cue-induced cocaine seeking, the BLA can indirectly influence NAc function via selective activation of PL projections to the NAcore.

A role for activation of the PL to initiate behavior may seem paradoxical in the context of a recent finding by Chen et al. (2013) who were able to suppress compulsive cocaine seeking by optogenetically stimulating hypofunctioning PL neurons during the seeking phase of a cocaine-seeking task. They theorize that chronic drug use induces a hypofunctional state in the PFC causing habitual behavior to supersede cognitive control, and thereby promoting compulsive drug seeking. In line with this view, the hypofunctioning PFC and compulsive drug seeking observed by Chen et al. (2013) were reduced by enhancing activity in the PL. Conversely, the results of this and previous work (McFarland et al., 2003; Stefanik et al., 2013b) support a view that PFC activity is needed in order to recognize and integrate information from a number of structures to initiate drug-seeking behavior. Although seemingly paradoxical in the context of drug seeking paradigms, these studies are consistent with a well-established role for the PFC as a site where computations and decisions are made to execute adaptive responses that can include both behavioral activation and inhibition (Ghazizadeh et al., 2012).

The BLA conveys information to the PL about the cues that have been previously paired with reward delivery (Fuchs et al., 2007; McGinty and Grace, 2008; Mashhoon et al., 2010). Interestingly, while the glutamatergic projection from the BLA has been shown to excite PL neurons (Little and Carter, 2013), a proportion of the BLA projections inhibit pyramidal cell firing (Floresco and Tse, 2007) by synapsing onto interneurons in the PL (Dilgen et al., 2013), providing a potentially paradoxical feed forward inhibition of neurotransmission. BLA activation of both pyramidal neurons and interneurons might cause selective attention for cocaine-associated cues while simultaneously suppressing responses for non-drug stimuli. Consistent with this hypothesis, stimulation of BLA neurons can excite or inhibit PL pyramidal neurons projecting to the NAc (McGinty and Grace, 2008, 2009a,b). Work in other brain regions also supports the idea of selective suppression of information may work to funnel information into specific downstream circuits (Liang et al., 2013). Selective input from the BLA onto interneurons in the PL could be serving to gate other information arriving into the PL that might compete with the drug-paired stimuli. Coupled with direct excitation of NAc medium spiny neurons by BLA afferents, the NAc can then process a multi-layered association between the environmental stimulus and a given behavior. Given this possibility, future studies need to address the relationship between BLA-to-PL neurotransmission on selective populations of PL neurons projecting to NAc during the processing of drug-associated cues.
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With the accumulation of our knowledge about how memories are formed, consolidated, retrieved, and updated, neuroscience is now reaching a point where discrete memories can be identified and manipulated at rapid timescales. Here, we start with historical studies that lead to the modern memory engram theory. Then, we will review recent advances in memory engram research that combine transgenic and optogenetic approaches to reveal the underlying neuronal substrates sufficient for activating mnemonic processes. We will focus on three concepts: (1) isolating memory engrams at the level of single cells to tag them for subsequent manipulation; (2) testing the sufficiency of these engrams for memory recall by artificially activating them; and (3) presenting new stimuli during the artificial activation of these engrams to induce an association between the two to form a false memory. We propose that hippocampal cells that show activity-dependent changes during learning construct a cellular basis for contextual memory engrams.
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A BIOLOGICAL LOCUS FOR MEMORY

Memories thread and unify our overall personal narrative. Disruption of the putative neural correlates for memories in humans leads to devastating maladies and dramatically impairs cognition. Even when they are not subject to experimenter manipulations or natural insults, memories are not fully veridical representations of past experiences. Recalling a memory makes it labile, which can distort the mental representation of an event, incorporate misinformation, and sometimes even fabricate illusory episodes entirely (Schacter and Loftus, 2013). Despite the importance of memories in our daily lives and the comprehensive studies on this subject, the process by which memories emerge through the interactions of neurons distributed across various brain regions is a poorly understood phenomenon (Eichenbaum, 2004; Squire et al., 2007).

The biological conceptualization of a memory was given a name—an “engram”, by the German Zoologist Richard Semon in 1921 (Semon, 1921). A decade later, the American Psychologist Lashley et al. (1932) pioneered a systematic hunt for engrams in the rodent brain by lesioning various parts of cerebral cortex and relating the size and the location of the lesion to behavioral performance on a maze task. His experiments lead him to formulate the mass action principle, which posits that memories are spread throughout the cortex and not localized to discrete brain regions (Lashley et al., 1932). For Lashley, the biological locus for a single memory remained elusive. Years later, the Canadian Neurosurgeon Penfield and Rasmussen (1950) observed the first tantalizing hint that certain memories could be localized in defined brain regions. During his surgeries for patients with epilepsy, Penfield applied small jolts of electricity to the brain to reveal which regions were centers for causing seizures. Remarkably, while stimulating parts of the medial temporal lobe (MTL), he observed that 8% of his patients reported vivid recall of random episodic memories (Penfield and Rasmussen, 1950). This finding suggests that the MTL region harbors the biological locus for episodic memory.

Then in 1953, the American Neurosurgeon William Scoville and British Neuropsychologist Brenda Milner tested the conjecture that the MTL had distinct contributions to episodic memories (Scoville and Milner, 1957). To treat the epileptic convulsions that incapacitated his patient Henry Molaison (H.M.), Scoville and Milner (1957), like Penfield and Rasmussen (1950), resected the problematic neural tissue, which involved removal of large sections of the hippocampus and adjacent areas in this case. For the decades to come, H.M. lost his ability to form new memories—to bridge personal events across large spans of time (anterograde amnesia)—while simultaneously failing to recall events for years leading up to his surgery (retrograde amnesia). Scoville and Milner (1957) work on H.M. also pointed to the MTL in general and to the hippocampus in particular as an essential locus for episodic memory.

Since then, a large number of subsequent studies in humans (Rempel-Clower et al., 1996; Schmolck et al., 2002), as well as in non-human primates and rodents (Jarrard, 1993; Zola and Squire, 2001), have established that the hippocampus is crucial for the formation of memories that include “what-where-when” components, or context-temporal-informational domains, which are known as episodic memories (Eichenbaum, 2004). Additionally, the hippocampus’ structure and function has been extraordinarily conserved across mammalian clades, permitting a thorough experimental interrogation and deconstruction of its functions in animal models (Eichenbaum, 2003).

As a candidate mechanism supporting mnemonic processes, the strengths of synapses throughout the hippocampus are thought to be altered in an experience-dependent manner. The idea of neural plasticity dates back to Plato, who originally conjectured that memories leave a stamp or trace in the mind analogous to the impression on a wax tablet left by a signet ring (Campbell, 1883). In the 21st Century, Hebb (1949) put a modern spin on Plato’s dialogue and hypothesized that neurons that “fire together” also “wire together” (Hebb, 1949)—a conceptual antecedent of long-term potentiation (LTP). Bliss and Lomo (1973) experimental demonstration of LTP (Bliss and Lomo, 1973), followed by the essential role of NMDA receptors in LTP induction (Collingridge et al., 1983) opened a way to investigate LTP as synaptic mechanism underlying certain forms of learning and memory. The result of the initial pharmacological blockade experiments conducted with an NMDA receptor (NMDAR) antagonist, AP5, were consistent with the notion that LTP is essential for spatial learning (Morris et al., 1986), and the validity of this notion was demonstrated with the more definite targeted genetic ablation of the NMDAR in the CA1 region of the hippocampus (Tsien et al., 1996), although the cortical NMDAR may also have contributed to the phenotype (Fukaya et al., 2003). A subsequent report concluded that CA1 NMDAR were dispensable for spatial learning per se, but the same report showed an easily detectable level of NMDAR RNA in CA1 and hence the possibility that the remaining CA1 NMDAR supported spatial learning cannot be excluded (Bannerman et al., 2012). The authors reactivated an old hypothesis (Vinogradova, 1975) that ascribes CA1/DG NMDAR a different role in learning and memory processes. However, this provocative and controversial hypothesis would require careful and critical examination and further investigation in the future. Mice with NMDAR ablation in DG and CA3 showed impairments of pattern separation and pattern completion, respectively (McHugh et al., 1996, 2007; Nakazawa et al., 2003). Another study did not detect the effect of NMDAR deletion in the DG cells on pattern separation (Niewoehner et al., 2007), but this may be due to the fact that different behavioral paradigms were used. Overall, these observations supported the role of NMDAR-dependent synaptic plasticity, including LTP, in hippocampal-dependent memory.

MOLECULAR SIGNATURES OF MEMORIES

In more recent years, the role of the different circuits within the hippocampal-entorhinal cortex network, as well as young vs. old DG granule cells, in specific aspects of hippocampal-dependent learning and memory has been identified by using targeted genetic manipulations (Nakashiba et al., 2008, 2009, 2012; Clelland et al., 2009; Drew et al., 2010; Suh et al., 2011). While these past studies have been pivotal in our understanding of the role of the different subfields and circuits in learning and memory, they were conducted without distinguishing between cells that were activated by specific sensory or cognitive stimuli and cells that remained inactive.

To identify which cells are active during the formation of a memory, one can rely on the activity-dependent nature of immediate early genes (IEGs). It is believed that the formation of long-term memory (LTM) requires gene transcription and protein translation at the time of training to alter neural morphology, receptor densities, and overall excitability of the cells (Jones et al., 2001). Multiple rounds of transcription have been identified after learning and most studies focus on IEGs, which are transcribed within minutes in an experience-dependent manner by transcription factor proteins already present in the cytoplasm of a neuron (Guzowski, 2002).

The most well characterized IEGs are zif268, c-fos, and Arc/Arg3.1, and all of them have been implicated in supporting memory formation. Mice with a deletion of zif268 show deficits in contextual fear conditioning (CFC) and the hidden platform variant of the Morris Water Maze (MWM) test (Jones et al., 2001). A similar result was obtained in mice lacking the c-fos gene in the central nervous system (Fleischmann et al., 2003). These mice also had impaired LTP, but the developmental effects of c-fos gene deletion could not be excluded from contributing to the observed phenotypes. Post-developmental antisense oligodeoxynucleotide (As-ODN)-mediated blockade of c-fos translation in the hippocampus caused impaired consolidation of inhibitory avoidance, MWM, and socially transmitted food preference behaviors (Guzowski and McGaugh, 1997; Guzowski, 2002; Countryman et al., 2005), all of which are tasks thought to depend on the integrity of the hippocampus. Translational inhibition of Arc by As-ODN, and mice with global genetic deletion of Arc, have demonstrated an obligatory role for this IEG in memory consolidation for MWM, fear conditioning, conditioned taste aversion, and novel object recognition tasks (Guzowski et al., 2000; Plath et al., 2006).

In addition, studies of Arc and c-fos expression after behavioral training have shown that the proportion of cells expressing these IEGs in DG (2–6%), CA3 (20–40%), and CA1 (40–70%) after exposure to a novel environment resembles the proportion of hippocampal excitatory cells physiologically active in a given environment, which further validates the use of IEGs as an indicator of recent neural activity (Vazdarjanova and Guzowski, 2004). The cellular expression pattern of c-fos and Arc is different for different contexts, but remains stable upon re-exposure to the same context. These observations indicate that memory engram is highly conjunctive in nature but with remarkably labile synaptic properties that allow flexible memory updating (Guzowski et al., 2006; Richards and Frankland, 2013). It is in light of these studies that our first hypothesis for memory engrams emerges—namely, cells expressing c-fos after a training episode are participating in the encoding of the memory for that specific experience. Therefore, these cells may represent a component of the stored memory engram.

EXPERIMENTAL EVIDENCE FOR MEMORY ENGRAMS

To pinpoint a biological process as the underlying mechanism for a specific phenomenon, three types of evidence are normally required. These are: correlation, blockade, and mimicry. Correlation is to record the parallel occurrence between the phenomenon and the process, which will show an indirect relationship between these two; blockade means interrupting the candidate process, and if this also interferes with the phenomenon, then this shows the necessity of the process for the expression of the phenomenon; mimicry is to artificially generate the process, and if by doing so one can recreate the phenomenon, then this demonstrates sufficiency.

These principles also apply if one wants to demonstrate that engram-bearing cells are the basis for memories. For correlation experiments, molecular and physiological changes were found in specific neuronal ensembles accompanying memory formation from insects to humans. In the Drosophila olfactory learning circuit, defined neuronal populations or even single neurons change their response properties selectively towards odors used in training after olfactory conditioning (Yu et al., 2006; Liu and Davis, 2009). In mice, overlapping populations of cells in the amygdala are activated during the acquisition and recall of a fear memory (Reijmers et al., 2007). IEGs are expressed in largely overlapping populations of neurons in the rat hippocampus and neocortex during repeated exposure to the same environment (Guzowski et al., 1999; Vazdarjanova et al., 2002). In addition, single neurons recorded from the human hippocampus and MTL are shown to respond reliably to the same images or episodes (Quiroga et al., 2005; Gelbard-Sagiv et al., 2008). These observations suggest that, if there is a cellular basis for memory across different species, then it is sparsely encoded in a stable population of neurons.

Researchers have also conducted blockade experiments on selected cells to show the necessity of engram-bearing cells for different types of memories. In two studies, researchers pioneered a novel loss-of-function approach to perturb a component of a memory engram. By selectively ablating or inhibiting sparse population of cells in the amygdala that are preferentially recruited into the representation of a fear memory, the researchers interfered with the recall of that memory in mice (Han et al., 2009; Zhou et al., 2009). Moreover, in rats, selective inactivation of a small population of neurons in the nucleus accumbens that were previously activated by cocaine has also been shown to attenuate the memory for the drug-associated environment (Koya et al., 2009).

Compared to the observation and blockade experiments, the mimicry experiments for memory engram studies remained a considerable challenge. Although it had been widely recognized and agreed that such experiments are essential to test the engram hypothesis (Martin and Morris, 2002; Gerber et al., 2004), the lack of tools that could precisely label and control selected neurons involved in a particular memory posed a formidable obstacle to carry out these experiments. Demonstrating the existence of memory engrams at the cellular level requires a system that can selectively label and activate the memory engram-bearing cells to induce the predicted behavioral changes caused by learning.

IDENTIFYING MEMORY ENGRAMS

To selectively activate a cell population bearing an engram for a particular memory, one needs to be able to isolate and label these cells for future manipulation. Our first goal was to develop and characterize an activity-dependent and inducible system to label only the cells involved in the formation of a specific memory with channelrhodopsin-2 (ChR2). ChR2 is a light-sensitive channel that allows the influx of cations when illuminated by ~470 nm blue light (Nagel et al., 2003), resulting in the activation of the neurons expressing this channel. We began by expressing ChR2-EYFP fusion protein in an activity dependent, doxycycline (Dox)-regulated manner. This approach ensures that only neurons active during a defined episode become labeled for subsequent control by light stimulation.

We used the TetTag mouse (Reijmers et al., 2007), which harbors a pivotal transgene of interest, c-fos- tetracycline transactivator (tTA). This transgene contains the c-fos promoter, which drives the expression of the tTA. In this transgenic line, tTA can mimic the expression pattern of endogenous c-fos and only transiently appear in activated cells. The tTA protein will bind to the tetracycline-responsive element (TRE) to trigger the expression of a downstream target gene. The binding of tTA to TRE is blocked by Dox, which can be administered through an animal’s diet. If Dox is removed from the food, a window for activity-dependent labeling is opened and tTA can bind to TRE to turn on the expression of a gene of interest—ChR2-EYFP in this case—only in activated cells (Figure 1A).
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FIGURE 1. Activity-dependent labeling of neurons. (A) Training-induced neuronal activity drives the expression of tTA, which in turn activates downstream gene expression through TRE promoter and labels active cells with ChR2-EYFP (yellow). This process can be blocked by the presence of Dox. (B) The animals are kept on Dox (green background) before the training, so any irrelevant stimuli (represented by various symbols) during this period will not cause cells to express ChR2-EYFP. The animals are taken off Dox during training, so cells active during the memory formation will be labeled. Animals are put back on Dox diet post-training and during testing, so no further labeling happens.



Consistent with its role in processing various aspects of spatial and temporal information, the hippocampus is known to be critical for the formation of the contextual component of fear memories (Kim and Fanselow, 1992; Phillips and Ledoux, 1992). Of the various hippocampal subregions, computational models predict that DG in particular orthogonalizes inputs from entorhinal cortex into separate spatial representations (Treves and Rolls, 1994). Behavioral data support DG’s essential role in discriminating between similar contexts (McHugh et al., 2007), and in vivo recordings in freely moving animals show that DG granule cells are exquisitely sensitive to subtle changes in contextual information (Leutgeb et al., 2007). Cellular studies of IEG expression show that sparse populations of DG granule cells (2–6%) are activated in a given context (Chawla et al., 2005; Schmidt et al., 2012). Moreover, whereas a largely overlapping population of DG granule cells is activated repeatedly in the same environment, different environments or even different tasks in the same environment activate different populations of DG (Kubik et al., 2007; Satvat et al., 2011). These lines of evidence point to the DG as an ideal target for the formation of contextual memory engrams that represent discrete environments, guiding us to select the DG as our target for potential engram cell labeling.

We targeted the DG of c-fos-tTA transgenic mice with an AAV virus vector carrying TRE-ChR2-EYFP and implanted an optical fiber directly above the site of injection for light delivery. The mice were raised on a Dox diet to prevent any tTA-dependent transcription. This ensures that tTA produced by unintended activity throughout development or other experiences prior to our behavioral training will not induce the expression of ChR2-EYFP. When the mice are fear conditioned while on a Dox-free diet, the tTA expresses in a similar pattern as c-fos and enables the transcription of ChR2-EYFP, thus tagging putative fear engram-bearing cells. Then the mice are put back on diet containing Dox right after training to prevent the labeling of new cells in response to experiences after training (Figure 1B).

ACTIVATING MEMORY ENGRAMS

Prior to fear conditioning, we performed habituation sessions to measure the animals’ basal freezing levels to a novel context (context A), during which they were on Dox diet and ChR2-EYFP was not expressed. As expected, the animals showed minimal amounts of freezing behavior during both light-on and light-off epochs. They were then taken off Dox to open a window for activity-dependent labeling and fear conditioned in a different context (context B) to label fear memory engram-bearing cells, and placed back on Dox diet immediately after training. A day later, the animals were placed back into context A and stimulated with light to activate the neurons labeled during fear conditioning in context B and test the behavioral consequences.

This experiment directly tests the hypothesis that the c-fos-expressing cells in the hippocampus activated during training are sufficient for memory recall. Indeed, optogenetic reactivation of these cells resulted in freezing behavior indicative of fear memory recall (Liu et al., 2012), thus demonstrating their causal contributions to activating the behavioral expression of a memory.

Two control groups were also tested, and none of them showed any light induced freezing before or after training. The first control group did not receive foot shocks during the training. Histological data suggested that simply exposing mice to a novel context elicited as much DG activity as exposure to a novel context plus shock, as similar numbers (~6%) of DG cells became c-fos positive after either condition. This group demonstrated that the freezing in the experimental groups was not due to the optical activation of a population of hippocampal neurons unrelated to a fear memory. The second control group underwent the exactly same training as the experimental group but expressed EYFP alone instead of ChR2-EYFP. This control demonstrated that the light-induced freezing in the experimental groups was not due to changes in the salience of light after fear conditioning or other non-specific effects induced by light.

We also tested whether the light-activated memory recall was context-specific. We began by exposing animals that were off Dox to context A and label DG cells with ChR2-EYFP, then the animals were placed back on Dox to prevent any further labeling. They were then fear conditioned the next day in context B. Thus, these animals have both a ChR2-labeled non-fear memory engram for neutral context A and an unlabeled fear memory engram for context B. Crucially, our neuronal data showed that two statistically independent populations of DG cells were recruited to encode two discrete environments. These observations argue that DG orthogonalizes input at the neuronal ensemble level and recruits distinct sets of cells for distinct experiences. As predicted, this group of animals did not show increased freezing upon light stimulation, despite the presence of a fear memory from context B. This result argues that DG memory engram cell populations are context-specific.

Together, these data suggest that re-activating DG cells that were active during fear conditioning training is sufficient to induce the recall and behavioral expression of that fear memory. Accordingly, we propose that these cells form a cellular basis of a memory engram, and that two different contexts are parsed out as independent experiences represented by independent neuronal ensembles in DG.

Our study provides a methodological framework to study how an animal’s environment is represented in neuronal ensembles in the hippocampus. The strength of our system lies in its precision of tagging only relevant cells for future manipulation. This system can target specific brain regions, specific cell types, and also specific cell populations involved in a particular memory, which are otherwise indistinguishable from their neighboring cells. It focuses the tremendous power of optogenetics onto behaviorally relevant cell ensembles and enables the circuit and functional mapping of multiple memory engrams throughout the brain.

FALSE MEMORIES IN THE BRAIN

In the early 1930s, the British psychologist Frederic Bartlett constructed and recited short but slightly inconsistent fables, most famously The War of the Ghosts, to test subjects from various cultural backgrounds (Bartlett, 1932). Strikingly, when asked to recall the fable, many subjects unknowingly modified the fable into a logical story that also contained new elements that fit within their cultural milieu. Bartlett (1932) discovered that memory distortion can occur in such a way that contextual information currently in mind (i.e., information being recalled) can act as a backdrop for the addition of new information.

The integration of new information into an already constructed memory has been shown to occur in both humans and animals. Mnemonic processes are reconstructive in nature, as the act of recalling a memory renders it labile and highly susceptible to modifications (Nader et al., 2000; Debiec et al., 2002; Tse et al., 2007). Memory’s imperfections are not limited to pathological cases, as they are also present in healthy humans, in whom distortions and illusions of memories occur frequently. Such modifications can occur through the incorporation of misinformation into memory from external sources, such as leading questions, deception, and other causes—a phenomenon termed suggestibility. They can also occur through the phenomenon of misattribution, when retrieved information is assigned to the wrong source. Striking examples abound demonstrating the dramatic instances in which suggestibility and misattribution errors distort memories of crime scenes, childhood events, and traumatic experiences, which were often recalled under interrogation in the court of law or during psychotherapy sessions (Loftus et al., 1978; Schacter and Loftus, 2013).

Interestingly, the activity of the anterior MTL in general and the hippocampus in particular have been positively correlated with the strength of both veridical and false memory recall (Cabeza et al., 2001), thus making the hippocampus an ideal candidate region for interrogating the neuronal conditions that support false memory formation. Amnesic patients with MTL atrophy, likewise, are sometimes less susceptible to false recognition than normal controls (Schacter et al., 1996). Taken together, these results suggest that MTL networks participating in generating episodic imagery are also involved in misremembering imagined events as previously experienced episodes.

Human studies utilizing behavioral and fMRI techniques, however, have not been able to delineate which hippocampal subregions are sufficient for false memory formation, thus necessitating animal models for a more spatially and temporally precise analysis of these neural circuits. While cognitive psychology has greatly enhanced our understanding of false memories through functional neuroimaging and behavioral studies, the underlying neuronal and circuit level processes that enable these cognitive quirks remain vastly unexplored. Few studies to date have utilized rodent models specifically to study the neural substrates underlying false memories. Two studies (McTighe et al., 2010; Romberg et al., 2012) investigated object recognition memory in rats with surgical or pathological perirhinal cortex lesions and found that experimental rats tended to treat novel experiences as familiar, thus leading to the false recognition of objects. Three caveats abound, however: such lesions are difficult to restrict spatially and to reproduce reliably across subjects in terms of volume of brain damaged; these lesions are temporally imprecise; and finally, they do not directly target the cells that participate in forming the engram under investigation.

OPTOGENETIC INCEPTION OF A FALSE MEMORY

Building on our previous finding that DG hippocampal cells recruited during learning define an active neural population that is sufficient for memory recall upon subsequent activation (Liu et al., 2012), we asked the following question: can an artificially activated contextual memory engram serve as a conditioned stimulus (CS) and become associated with an unconditioned stimulus (US) to form an artificial CS-US association?

To test this, we began by taking the animals off Dox and labeling cells active during the exploration of a neutral context (context A) with ChR2-mCherry. We then put the animals back on Dox and fear conditioned them in a different context (context B) while optically activating the labeled cells involved in encoding the context A. We hypothesized that light-activated context A cells could produce an artificial CS while the mice were simultaneously administered an US to form an artificial associative fear memory. Indeed, when placed back in context A, the experimental group of animals displayed increased freezing levels and hence were freezing to a context in which they were never actually shocked before (Ramirez et al., 2013)—a result that perhaps parallels some types of false recognition memories in humans. Importantly, when placed in a novel context (context C), the animals showed low freezing levels, which indicated that the freezing is context-specific and is not simply a result of generalization (Figure 2).


[image: image]

FIGURE 2. Inception of a false fear memory. Top: The behavior paradigm for the experimental animals. Animals were kept on Dox post-surgery (green background), then taken off Dox and allowed to explore context A to label active cells with ChR2. Then they were put back on Dox and fear conditioned (lightening symbol) in context B while receiving light stimulation (blue shower symbol) to activate cells representing context A. When they were put back to context A, they showed a false fear memory for A (freezing indicated by wavy lines) where they were never actually shocked. They showed no fear memory for a control context C and a genuine fear memory for context B where they were shocked. Bottom: Cellular activity. Red, gray, and white circles indicate neurons representing contexts A, B, and C respectively. Asterisks indicate neurons activated either naturally by contextual exposure or artificially by light stimulation.



It is possible that the light-induced activity from context A cells interfered with natural fear memory acquisition of context B. To test this possibility, we re-exposed the trained animals to context B and measured freezing levels across groups. Three findings emerged: (1) the experimental group of animals showed decreased freezing compared to control groups of animals trained in context B alone, suggesting that the activity of context A cells interfered with the animal’s ability to form a representation of context B normally; (2) when given light-on epochs, the experimental group displayed an increase in freezing, which indicated that a natural fear memory (for context B) and an artificially-inducted false fear memory (for context A) can have an additive effect; and (3) in a group of animals that had context A cells labeled with ChR2-mCherry but in which light was omitted during fear conditioning in context B (so that context A cells still represent a neutral context), light-on epochs decreased the freezing responses while re-exposed to context B, suggesting that the activity of cells representing a neutral context A may have a competitive effect on natural fear memory recall for context B.

We could now also probe the behavioral relevance of the DG cells that were artificially associated with an aversive event of high valence (e.g., US). If an artificial CS-US association was generated using our experimental parameters, then activation of these labeled cells should now be sufficient to elicit the associated behavioral output (i.e., freezing). Indeed, when placed in a novel context D and stimulated with light, the experimental group displayed light-induced freezing, suggesting that these activated DG cells have become part of a fear engram as a result of being associated with an US. In a sense, the false memory became a real memory.

To map the downstream brain areas involved in light-induced false memory formation, we measured c-fos expression after three different treatments: the false fear memory recall in context A, the natural fear memory recall in context B, and the neutral memory recall in context C. We measured the number of c-fos positive cells in the amygdala, which is an essential site for forming fear memories (Rogan et al., 1997). Previous electrophysiological and immunohistochemical studies have shown positive correlations between amygdala IEG activity and freezing levels (Holahan and White, 2004; Knapska and Maren, 2009). Accordingly, we observed that natural fear memory recall in context B and false memory recall in context A elicited similarly robust levels of c-fos expression in the basolateral amygdala (BLA) as well as in the central amygdala (CeA), whereas animals exploring context C showed low basal c-fos levels. Quantifications revealed that the recall of a natural and false memory both activated 25% of BLA and CeA (Ramirez et al., 2013). These results show that natural fear memory recall and false fear memory recall activate similar proportions of amygdala cells, arguing that both memories recruit similar circuits involved in producing fear memories.

Interestingly, a previous study attempted a similar experimental schedule to generate an artificial memory using pharmacosynthetic methods, and failed to see increased freezing upon re-exposure to either context A or context B alone. Instead, a synthetic memory was observed, which can be recalled only with the presence of both context A (artificially activated by a pharmacosynthetic ligand) and context B (naturally occurring during re-exposure; Garner et al., 2012). Compared to our viral-based optogenetic manipulations, a key difference in their system is that all c-fos-expressing cells in the forebrain and midbrain were labeled and activated over the span of minutes to hours with a synthetic ligand. The differences observed here have two implications: the region-specific optogenetic manipulations with millisecond precision, when compared to forebrain-wide pharmacogenetic perturbations that last several minutes, perhaps more reliably recapitulates the endogenous neural activity required for behavioral expression; and, perhaps not all c-fos-expressing brain regions are sufficient to elicit the recall of a CS. To further explore this conjecture, we performed the same experiments described above but targeted CA1 instead. We found that 40–70% of CA1 neurons are labeled with ChR2-mCherry in response to context exposure, and we hypothesized that optical activation of such a large population of CA1 neurons, which are also known to utilize highly precise temporal codes to encode information, may not activate a context-specific representation. Indeed, optical stimulation of CA1 engram-bearing cells failed to act as a discrete CS during the presentation of an US to construct an association between the two, as was observed in the DG (Ramirez et al., 2013).

Together, these experiments showed that optical activation of a hippocampal contextual memory engram could act as an artificial CS during fear conditioning to form an artificial CS-US association, or a putative false memory, because the artificial memory never had its contiguous experiences naturally linked. Along similar lines, a recent optogenetic study elegantly showed that pairing lateral amygdala (LA) stimulation—such that activated LA cells substituted as an US—with an auditory CS was sufficient to induce freezing responses later when the CS was presented alone (Johansen et al., 2010), while a second study demonstrated that activating a random population of piriform cortex neurons paired with rewards or shocks could elicit the associated appetitive or aversive behavioral output upon stimulation of the same neurons (Choi et al., 2011). These two studies provide strong evidence that CS and US information can be artificially driven in subpopulations of neurons, and our data expand these findings by providing activity-dependent and context-specific leverage over a defined memory.

While the relationship between our animal model and human false memories remains unclear presently, it does enable future study of memory-updating processes at the level of discrete engrams. Notably, the formation of false memories in humans often occurs as a result of recombining mnemonic elements of discrete experiences into a new, reconstructed memory that is not a veridical representation of the past. These memories are often not de novo and require pre-existing memories as a scaffold onto which distinct experiences can be incorporated to update the memory itself (Gershman et al., 2013). Similarly, in our mouse model, our artificial memory is not a de novo construction; rather, it is a result of artificially linking a pre-existing memory and an event of high valence. Whether or not the reactivated memory is purely Pavlovian in nature or contains episodic components is a topic currently under investigation.

CONCLUSIONS

In summary, we have shown that hippocampal engram-bearing cell populations underlying previously acquired memories can activate the recall of the associated memories upon subsequent stimulation, and that this activity can form a functional CS, which in turn can be integrated into the simultaneous formation of a discrete fear memory. Our work also suggests that IEG-expressing neurons can form a cellular basis for memory engrams and that these cells have direct, causal relevance in producing memory recall. Identifying the neural underpinnings behind engram formation may yield important clues into the treatment of patients with pathological MTL atrophy, in whom episodic memory is profoundly impaired (Carlesimo and Oscar-Berman, 1992; Fleischman and Gabrieli, 1999).

Since episodic memory is essential to a normal life, an understanding of the normal circuitry underlying hippocampal function is crucial if we are to understand the diseased state in disorders that give rise to episodic memory impairments (Hodges et al., 1990; Storandt et al., 2002; Tamminga, 2013). The findings presented here enable the cellular and functional mapping of memories in different brain regions and the causal dissection of their role in producing associated behaviors.

Indeed, the DG cells we activated to produce recall could also serve as both a technical and conceptual gateway to access memory engrams distributed throughout the brain to produce a variety of behaviors. Such activity-dependent neuronal ensembles are not limited to the DG of the hippocampus, and their roles are not limited to contextual memory either. For example, a recent study found that activating specific ensemble of neurons in the LA was sufficient to induce the recall of an established fear memory (Kim et al., 2014). Similar neuronal ensembles in areas like the prefrontal cortex (PFC), thalamus, BLA, and nucleus accumbens (NAc) have also been shown to play important roles in conditioned addiction (Cruz et al., 2013).

Looking into the future of memory engram research, many challenging questions still remain to be addressed. For example: what is happening at synapse level in these engram-bearing cells (Takeuchi et al., 2013); what is the minimum cell population required to activate a memory (Deng et al., 2013); what occurs to these cells during memory consolidation (Tayler and Wiltgen, 2013) and extinction (Trouche et al., 2013); whether or not defined engram-bearing cells are necessary for memory recall (Drew et al., 2013); and, whether or not similar principles also apply to appetitive memories. From a broader point of view, it is foreseeable that similar engram technologies can be applied to other neuronal circuits to understand complex processes such as anxiety (Felix-Ortiz et al., 2013), depression (Li et al., 2013), and social interaction (Adolphs, 2010; Stowers et al., 2013). On the technology development front, new tools are concurrently being generated to meet these increasing demands. These tools include innovative molecular biology constructs (Mayford, 2013), engineered artificial promoters (Kawashima et al., 2013), novel transgenic animal models (Guenthner et al., 2013; Huang and Zeng, 2013; Sando III et al., 2013), advanced optics (Packer et al., 2013), and cutting-edge nanotools (Alivisatos et al., 2013). Equipped with these powerful tools, memory engram studies will continue to advance our understanding of the brain by causally probing the neuronal basis of learning and memory.
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Understanding habits at a biological level requires a combination of behavioral observations and measures of ongoing neural activity. Theoretical frameworks as well as definitions of habitual behaviors emerging from classic behavioral research have been enriched by new approaches taking account of the identification of brain regions and circuits related to habitual behavior. Together, this combination of experimental and theoretical work has provided key insights into how brain circuits underlying action-learning and action-selection are organized, and how a balance between behavioral flexibility and fixity is achieved. New methods to monitor and manipulate neural activity in real time are allowing us to have a first look “under the hood” of a habit as it is formed and expressed. Here we discuss ideas emerging from such approaches. We pay special attention to the unexpected findings that have arisen from our own experiments suggesting that habitual behaviors likely require the simultaneous activity of multiple distinct components, or operators, seen as responsible for the contrasting dynamics of neural activity in both cortico-limbic and sensorimotor circuits recorded concurrently during different stages of habit learning. The neural dynamics identified thus far do not fully meet expectations derived from traditional models of the structure of habits, and the behavioral measures of habits that we have made also are not fully aligned with these models. We explore these new clues as opportunities to refine an understanding of habits.
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There is a distinguished history of scientific attention to habitual behaviors. In early thinking in psychology, much of behavior was framed in terms of lack of mindfulness, and this mode of behavior was considered as habitual. This was, and remains, a straightforward and intuitive way of thinking. This line of thinking was convolved with the classic reflex arcs of Sherrington and his students, the ubiquity of habits emphasized by William James, the “law of effect” of Thorndike, the formalized drive theory of Hull, and with the general behaviorist research tradition. As a consequence, many aspects of animal behavior were viewed in terms of sensory inputs and movement outputs linked by what we would now call neural networks (James, 1890; Thorndike, 1898; Sherrington, 1906; Hull, 1943). As ethologic approaches developed, views emerged emphasizing that species-specific instinctual behaviors are characterized by a consistency in performance similar to, or exceeding, that of learned behaviors (Tinbergen, 1950; Lorenz and Leyhausen, 1973). It now is clear that even so-called simple reflex arcs lie within modifiable microcircuits (Marder, 2011), as already forecast in the work of Sherrington and embedded in the ideas of William James.

In other fields, also, there has been pushback against the idea that animals other than humans behave without some form of mindfulness. Affective and incentive motivational processes have been seen as guiding forces for behavior as potent as stimulus-response (S-R) associations (Bolles, 1972; Bindra, 1978; Toates, 1986; Berridge, 2004; Salamone and Correa, 2012). Many features of behavior have been identified as being driven actively as intentional processes, rather than by habit (Tolman, 1932; Holland, 2008). Habits were, accordingly, sometimes separated from mainstream fields investigating behavior, especially cognitive decision-making behavior. Now, in part due to new methods emerging to approach this issue more directly, an active field is exploring what habits might be and what they might not be (Dickinson, 1985; Graybiel, 1997, 2008; Daw et al., 2005a; Yin and Knowlton, 2006; Wood and Neal, 2007; Holland, 2008; Redish et al., 2008; Belin et al., 2009; Packard, 2009; Balleine and O’Doherty, 2010; Berridge and O’Doherty, 2013; Dolan and Dayan, 2013).

Here we summarize the results of experiments in which we asked whether we could, by employing optogenetic methods, manipulate habitual behaviors—either changing them after they had formed, or preventing them from being formed. This attempt at gaining causal evidence about the control of habits suggests that they are not always stand-alone S-R behaviors, but rather, can be behaviors that are carefully monitored and controlled by neural circuits on-line in real time despite their apparent automaticity. We suggest that habits can be characterized as constituting sequences of actions that have been chunked together through simultaneous cortical and basal ganglia activity dynamics and as arising from multiple core operators in the brain that control habits in real time. Our intent here is to focus on the results and implications of newer optogenetic and recording studies, but we encourage readers to compare and contrast recent articles for comprehensive views on brain mechanisms related to learned actions and habits (Graybiel, 2008; Balleine et al., 2009; Packard, 2009; Balleine and O’Doherty, 2010; Dolan and Dayan, 2013).

OPERATIONAL DEFINITIONS AND MEASURES OF HABITUAL BEHAVIOR

Studies of habitual behaviors use a range of contemporary empirical approaches to probe their structure in species ranging from flies to rodents to humans (Dickinson, 1985; Yin and Knowlton, 2006; Brembs, 2009; Tricomi et al., 2009; Balleine and O’Doherty, 2010). We categorize a few of these approaches here, and the criteria they set up for definitions of habitual behavior, but the list that we give is not exhaustive; nor is each measure exclusive of others. Even within single tasks, key task demands can push behavior either into more mindful, goal-directed, flexible modes, or into more habitual, repetitive or fixed modes (Adams, 1982; Dickinson, 1985; Daw et al., 2005a; Yin and Knowlton, 2006; Balleine et al., 2009; Packard and Goodman, 2013). For example, in order to encourage habits, protocols often include extended and distributed training, increased reward exposure, diluted contingency between actions and rewards or increased informational uncertainty, and reduction in reward contiguity with sensory inputs. The fact that habitual and cognitively driven behaviors can vary inversely when task conditions change (or when experimental brain lesions are imposed) suggests that there is likely to be a competitive or at least parallel architecture in neural circuits driving habitual and goal-directed expression of behavior, a point much emphasized in current theoretical work (Dickinson, 1985; Balleine and Dickinson, 1998; Killcross and Coutureau, 2003; Daw et al., 2005b; Packard and Goodman, 2013) (but also see Dolan and Dayan, 2013).

OUTCOME REPRESENTATION

In a clever extension of the early logic that S-R and non-S-R modes of behavior might both exist, revaluation of the reinforcement outcome offered was introduced into an operant task in order to pit the two behavioral strategies against one another (Adams, 1982; Dickinson, 1985; Dickinson and Balleine, 2009). Logic held that if behaviors were driven more by “cognitive” associations between an action and a particular expected outcome (goal-driven behavior), then changing the value of the expected outcome should directly influence the action. Conversely, if a behavior were like an inflexible S-R reflex lacking outcome representation, then outcome changes ought to not affect it.

In an early experiment testing this logic (Adams, 1982), animals were trained on a simple operant task (e.g., press a lever for reward). They then received a devaluation of the reward, which involved induction of conditioning an aversion to the reward through pairings of the reward with administration of a nauseogenic agent, lithium chloride. In this paradigm, once the reinforcement is experienced in its newly devalued state, and knowledge about the value reduction is acquired, animals are returned to the task and tested in a probe trial in which no reinforcement is present—so-called extinction conditions. Animals that have been trained in the task, but have not been trained far past their initial acquisition performance levels, reduce their performance of the action that was paired with obtaining the newly devalued reward. This finding suggested that the animals recognize the identity of the outcome that they are working for, and can flexibly adjust whether they will or will not work to receive it when its subjective value changes, providing support for earlier notions of animal purposefulness in behavior (Tolman, 1932; Tolman and Gleitman, 1949; Holland, 2008; Dickinson and Balleine, 2009). By contrast, animals that have been over-trained on the task, that is, trained over and over long after they reached an initial learning criterion, will continue working for it. This persistence of seeking the reinforcement despite its devaluation is considered to be a defining mark of habitual behavior.

Over-training is, however, not necessary for such habitual behavior. Habits can also form in animals without extended training if they are trained on variable interval task schedules (rather than on ratio schedules) (Dickinson et al., 1983). In these variable interval schedules, a reward is given after a varying length of time, once the initial task behavior is established, in order to dilute directly the contingency between each action and each reward experience (Dickinson, 1985; Balleine and Dickinson, 1998). Thus, an additional criterion for defining a behavior as habitual emerged from this line of work, by which animals should be insensitive both to outcome value as well as to changes in the consistency of the action-outcome (A-O) contingency (Dickinson, 1985; Balleine and Dickinson, 1998).

Among associative learning psychologists, these two instrumental learning constructs are contrasted to Pavlovian stimulus-stimulus (S-S) learning, because this form of learning (as in bell indicates food) tends to be directly sensitive to reward revaluation (Holland and Rescorla, 1975; Balleine and Dickinson, 1992; Dickinson and Balleine, 2009) and generally insensitive to A-O contingencies (Williams and Williams, 1969; Stiers and Silberberg, 1974; Hershberger, 1986) (see also below for exceptions).

A large number of loss-of-function neuroscience experiments supports this framework for interpreting habits as outcome-insensitive S-R near-reflexes (Figure 1). For example, normally outcome-insensitive behaviors can be rendered outcome-guided following disruption (through lesions, chemical inactivation, or gene knockout) of the sensorimotor striatum (called the dorsolateral striatum or DLS). Similar effects are found after disruption of the dopamine-containing input to the DLS from the pars compacta of the substantia nigra, after disconnection of the DLS and the central nucleus of the amygdala (indirectly connected), or after disruption of pallidum-projecting neurons in the striatum in general (Yin et al., 2004; Faure et al., 2005; Yu et al., 2009; Wang et al., 2011; Lingawi and Balleine, 2012). Disruption of the infralimbic subdivision of medial prefrontal cortex (here called the infralimbic (IL) cortex) produces similar effects (Coutureau and Killcross, 2003; Killcross and Coutureau, 2003; Hitchcott et al., 2007; Smith et al., 2012; Barker et al., 2013). The fact that the IL cortex is not directly connected with the DLS, along with the many other regions implicated, suggests a widespread distribution of habit-promoting regions in the brain.


[image: image]

FIGURE 1. Schematic of known habit-related mechanisms using measures of behavioral outcome-sensitivity. At left, diagram of loss-of-function results in which habits are suppressed or blocked following neural interventions. The IL cortex is viewed as necessary for habit expression due to greater outcome-sensitivity in behavior resulting from lesions, temporary pharmacologic or optogenetic inhibition, or manipulations of dopamine-containing input including intra-IL infusion of dopamine, a D1 antagonist, or a D2 agonist (Coutureau and Killcross, 2003; Killcross and Coutureau, 2003; Hitchcott et al., 2007; Smith et al., 2012; Barker et al., 2013). The DLS is similarly needed for habit expression, as demonstrated through lesions, chemical inhibition, molecular signaling inhibition, gene deletion, and dopaminergic denervation (Yin et al., 2004, 2006; Faure et al., 2005; Yu et al., 2009; Gourley et al., 2013;). Burst firing of dopaminergic neurons is also needed, demonstrated by NMDA-R1 receptor knockout (Wang et al., 2011). Interaction between the CeA and the DLS, through unknown anatomical routes, is required as well (Lingawi and Balleine, 2012). Although lesions confound acquisition and expression phases of habits, a role for IL in habit acquisition specifically has been shown using optogenetics (Smith and Graybiel, 2013a). At right, diagram and list of some key features of IL and DLS neural activity related to habit formation and expression as uncovered from electrical recording and fMRI approaches (Tang et al., 2007; Tricomi et al., 2009; Thorn et al., 2010; Gremel and Costa, 2013; Smith and Graybiel, 2013a). Concomitant to these dynamics are a decline in activity in areas that might oppose habits, including the PL, DMS, and OFC (Thorn et al., 2010; Gremel and Costa, 2013; Smith and Graybiel, 2013a). IL, infralimbic cortex; DLS, dorsolateral striatum; VTA, ventral tegmental area; CeA, central nucleus of the amygdala; PL, prelimbic cortex; DA, dopamine; DMS, dorsomedial striatum; OFC, orbitofrontal cortex.



MULTIPLE MEMORY SYSTEMS

Related to this line of thinking is the notion that behaviors in environments requiring navigation (e.g., mazes) can be guided by spatial cues, or instead can be driven by learned movement plans. In one famous test, a so-called plus maze was used to tease apart such “place” (allocentric) and “response” (egocentric) strategies (Tolman et al., 1947; Packard and McGaugh, 1996). Animals might start at the south arm and be required to turn east (right) to receive reward. After a training period, animals then would be started in the north arm. If they followed the spatial cues, as trained rats often do, they would turn left to enter the east arm. If, instead, they had learned to make a particular response, as over-trained animals might do, they would turn right to enter the west arm. Habitual behavior, according to this work and its precedents, was identified by the adoption of such a response-based maze running strategy. In lesion work, the DLS and dopamine have once again been implicated as required for such a habitual strategy (McDonald and White, 1993; Lee et al., 2008; Packard, 2009; Wang et al., 2011).

LEARNED RESPONSE VS. TREE-SEARCH

Tasks also are often designed to assess the acquisition and persistence of stimulus-evoked responses, such as in having animals learn to respond in one way to a specific cue in order to receive a reward and to use various decision-making strategies that are more or less cognitive or habitual. Recent computational work has conceived of habits as resulting from model-free learning systems in the brain (Daw et al., 2005a; McDannald et al., 2012; Dolan and Dayan, 2013). In this view, behavior is ultimately brought under the control of two systems—one forward-looking (model-based), and one that stores value based on experience (model-free). Model-free control, analogous to habitual behavioral control, is thought to capture a multitude of behavioral phenomena and corresponding neural findings, the idea being that behaviors that have been stored through prediction-error learning might share a common computational structure (Doya et al., 2002; Daw et al., 2005a; Dolan and Dayan, 2013). This framework of learning covers traditional instrumental and Pavlovian conditioning realms, in which instances of both model-free and model-based control is thought to occur (Berridge and O’Doherty, 2013; Dolan and Dayan, 2013), and has been used to positive effect in work on brain function in both rodents and humans (Daw et al., 2005a; Bornstein and Daw, 2011; McDannald et al., 2012; Dolan and Dayan, 2013). The emerging views are at a stage of vigorous debate. Lines of evidence have arisen that support the existence of dissociable biological substrates for each system, for competition between them, for toggling between them in single behaviors, for merging them, and even for model-based systems teaching model-free systems as collaborators (Dolan and Dayan, 2013). Nonetheless, once again, such work has implicated the striatum, dopamine, and particular circuits in the neocortex in controlling the acquired model-free behavioral plan (Daw et al., 2005a; McDannald et al., 2012; Dolan and Dayan, 2013).

PERFORMANCE OPTIMIZATION

Reminiscent of early thinking is the idea that habits are behaviors that have become well-practiced, routine, and predictable. Useful hallmarks for the formation of skills and habit-like behaviors include increased speed to start and complete tasks, more stereotypic and routed movements through a task environment, fewer deliberations at decision points, reduced distractibility, indifference to negative feedback, and increased performance accuracy (Poldrack et al., 2005; Graybiel, 2008; Belin et al., 2009; Desrochers et al., 2010; Hikosaka and Isoda, 2010; Smith and Graybiel, 2013a). Such measures do not distinguish the possible covert strategies or task representations that might be controlling behavior; but they do provide an important set of reference points for understanding a behavior as more or less exploratory and might serve as reference points for understanding the progression of habit formation and the involvement of potential brain mechanisms.

NEUROPHYSIOLOGICAL CORRELATES OF HABITUAL ACTION LEARNING

We turn now to insights gained from exploiting relatively recent technological advances, including chronic recording from behaving animals and gene-based targeting strategies for manipulating brain activity in real time by optogenetics. Loss-of-function studies, such as those highlighted above, provided strong evidence for regions of the neocortex and basal ganglia as being critical for the expression of habits. It is possible at some level to map these roles onto changes in neural activity recorded from these regions. However, they have not yet converged on a unified view of the underlying structure of a habitual behavior. This difference is the main focus of our discussion.

Numerous changes in neuronal activity in the neocortex and basal ganglia have been documented in rodents and primates as learned behaviors shift with practice from exploratory to skillful in their execution. Ensembles of neurons develop time-locked responses to well learned or innate sequences of actions such as grooming patterns or sequences of motifs in birdsong, often with distinct representations of distinct steps within a sequence (Berns and Sejnowski, 1998; Brainard and Doupe, 2002; Fujii and Graybiel, 2003, 2005; Aldridge et al., 2004; Jin et al., 2009; Hikosaka and Isoda, 2010; Fee and Goldberg, 2011). Related work in rats has focused on the plasticity of somatotopic representations in the striatum during motor learning. For example, by recording the activity of forelimb-sensitive neurons in rats performing a forelimb reaching task, Carelli and West found that as the movements were repeated over time for reward, there was a decline in the response of movement-related neurons (Carelli et al., 1997; Tang et al., 2007). This result points to a contrast with the findings in cortical recording experiments on related tasks (Karni et al., 1995; Nudo et al., 1996; Plautz et al., 2000); instead of increasing the representation of movements as they are put to use in a task, the striatum appears to become more selective or efficient in such representations. This work raised the important possibility that regions needed for habit expression are themselves key sites of neuroplasticity. The way in which these plasticity changes reshape neural ensemble activity has been surprising.

AS THE DORSOLATERAL STRIATUM (DLS) SEES HABITS: ACTION CHUNKING REPRESENTATIONS

We have explored this plasticity in striatal activity in the DLS region targeted in the loss of function studies, by recording for the entire time during which rats and mice develop habitual behaviors with extensive training on T-maze tasks (in which reward is obtained following correct navigation in response to instruction cues) (Figure 1). The findings in these studies have provided evidence for viewing habits fundamentally as sequence of actions that are grouped together, or “chunked”, for ready deployment. By recording simultaneously from many putative medium-spiny neurons (MSNs) in the DLS day by day, we asked what neural activity might occur during task training and over-training.

An initial study (Jog et al., 1999) documented a remarkable change in patterning of spike activity in the DLS viewed in the framework of entire run-times. In the relatively naïve animals, DLS ensembles were active during the runs, but as training continued and the runs became well-practiced and faster, many individual units in the DLS ensembles developed activity that was particularly pronounced at the beginning and/or at the end of the runs, and fewer were active mid-run. This beginning-and-end task-bracketing activity provided a compelling candidate neural correlate for the chunking of actions together into a habitual unit (Graybiel, 1998). It has long been noted that individual elements of memories can be chunked together to aid recall (Miller, 1956)—as we recall PIN numbers, passcodes, and phone numbers. It is difficult to remember the elements other than within the whole, as witnessed by the trouble we have in picking up in the middle after interruptions in recall. In the context of actions, plausibly, a well learned action-sequence could similarly be chunked into a performance unit. The recorded DLS activity certainly appeared to reflect this process and suggested indeed that a habit might in part be a chunked-together sequence of behavioral steps.

It soon became clear that not only the numbers of neurons, but also the spike rates of the neurons, contributed to the task-bracketing patterns (Barnes et al., 2005). Moreover, the chunking pattern grew as the animals learned the habit, but changed if conditions changed during extinction and reinstatement tests (Barnes et al., 2005). When the rewards presented at the goal sites during the training phase were then removed or greatly reduced, the DLS bracketing pattern returned to roughly the same pan-run pattern present in the untrained animals, and when the rewards were suddenly returned, the bracketing pattern returned in nearly its fully developed form. Was the neural activity pattern suppressed? Passed to another brain region? Too small to detect with extracellular ensemble recording methods? These are very live issues that need answers. What these dynamics do suggest is that just as habits, once developed, are difficult to forget, so the patterned neural activity that accompanies them can be suppressed but still is maintained so that it can be expressed rapidly when conditions call for it (Pavlov, 1927; Rescorla, 1996; Barnes et al., 2005). The DLS dynamics appear to play a key role in this rapid loss and recovery of learned habits.

This bracketing pattern has since been found in other regions as well. It emerges as part of the neural representation of song repetition in HVC of Bengalese finches (Fujimoto et al., 2011), in primate prefrontal cortex as a series of saccades are performed by highly trained monkeys (Fujii and Graybiel, 2003), and in the substantia nigra of mice as they learn to press a lever repeatedly for reward (Jin and Costa, 2010). The DLS “end-related activity” can phasically precede or follow the end of a performance sequence, or appear as phasic activity around finalizing actions, such as turning in the T-maze task, depending on task-type or potentially the trial-to-trial time-locking of repeated actions for analysis (Barnes et al., 2005; Kubota et al., 2009; Jin and Costa, 2010; Thorn et al., 2010; Smith and Graybiel, 2013a).

Within the DLS, the chunking pattern is not restricted to the MSNs, but can be expressed by interneurons as well, but with interesting differences. Kubota et al. (2009) trained and then over-trained mice in the standard maze T-maze task in which turn directions were instructed by auditory cues, and then without warning switched the modality of the instruction cues from auditory to tactile. Remarkably, in MSNs, the chunking pattern was unaffected by this task change and accompanying drop in performance accuracy; it continued to emphasize the beginning and end of maze runs despite the cue shift and the resulting robust shift in performance. Fast-firing neurons, putative striatal fast-spiking interneurons (FSIs), recorded simultaneously with MSNs, also developed the task-bracketing activity pattern. But the activity of these FSIs did change when the sudden task modification was introduced; they developed a phasic response at the onset of the new cue, a response that then faded with several days of further training.

These distinct MSN and FSI dynamics could be important for the striatum to maintain an overall structure of the task—a general plan or action set—while still processing changes in task details to adjust performance (Kubota et al., 2009). In other studies, the activity of striatal FSI populations has also been shown to relate to the suppression of unwanted or unselected movements (Wickens et al., 2007; Berke, 2011), suggesting that one important role of their sudden engagement at the T-maze cue shift could be to suppress pre-potent responses to the initial cue. They could effectively halt or segment the chunked behavior to permit flexibility in incorporating the new cue-response segment into a newly chunked behavioral pattern. Another important class of striatal interneurons, the cholinergic cells or tonically active neurons (TANs), show even further distinction in their dynamics related to task performance (Aosaki et al., 1994; Kimura et al., 2003; Apicella, 2007; Graybiel, 2008; Goldberg and Reynolds, 2011; Thorn and Graybiel, in press). The question of how interactions among these subtypes of striatal neurons relates to DLS function can now be addressed with cell-type specific markers.

DORSOMEDIAL STRIATUM (DMS) PLASTICITY TRACKS HABIT FORMATION ALONGSIDE DORSOLATERAL STRIATUM (DLS) STABILITY

From the point of view of the field focusing on habit learning, a key issue for these T-maze experiments was the relation of the DLS task-bracketing pattern to activity in other striatal regions, particularly in the dorsomedial striatum (DMS). Inhibition of the DMS leads to a loss of behavioral flexibility and outcome-sensitivity, and an increase in habitual mode of responding, in multiple task conditions (Yin et al., 2005b; Ragozzino, 2007; Packard, 2009). These results were opposite to the results of inhibiting the DLS, suggesting that the two regions have opposing functions in relation to balancing flexible and inflexible behavior. If the DLS chunking pattern found in the T-maze experiments were related to habits, as suspected, then DMS activity recorded in parallel ought to be quite different, related to cognitive-associative components of the task rather than to habitual performance.

This prediction turned out to have support from the experiments of Thorn et al. (2010), who recorded simultaneously in both the DLS and the DMS while rats were trained on auditory and tactile versions of the T-maze task. The DLS formed its task-bracketing ensemble activity pattern early and maintained it as the animals proceeded through the extensive training protocol. Simultaneously, DMS ensemble activity during the decision time in the task increased as animals were learning—the time of lessened activity in the DLS. Then, as the animals became familiar with the task during over-training, this DMS decision-period activity waned. Thus a different set of dynamics marked habit learning in the two striatal regions. The DMS region in which these recordings were made was at about the same anteroposterior level as that of the DLS recordings, and so was anterior to the region studied in the loss of function studies (Yin et al., 2005a,b; Bradfield et al., 2013). A shift in the balance of DMS and DLS activity is emerging as a common marker of acquired habits in neural recording studies. For example, a recent experiment (Gremel and Costa, 2013) adapted a context-dependent habit task (Killcross and Coutureau, 2003) in which rats would behave habitually in one environment (in this case, where reward was delivered on a random interval schedule) but non-habitually in another environment (where reward was delivered on a random ratio schedule). Switching between habitual and non-habitual performance states in these environments was accompanied by a shift, in presumably the same neurons, between higher overall firing activity in DLS vs. DMS, respectively. Similarly, strengthening of DLS activity with decline of DMS activity has also been found in mice undergoing training on a rotarod task (Yin et al., 2009), suggesting this shifted medial-lateral balance in striatal activity also extends to skilled behaviors that were acquired through negative reinforcement.

The contrast in DLS and DMS neural dynamics suggests that, in a reinforcement context, changes in DMS activity might direct the expression of behaviors as they are being formed into habits, but once the DMS activity falls, then DLS-related circuits might take over the control of the behaviors, allowing them to be expressed as habit (Thorn et al., 2010). This notion meshes well with models derived from the results of lesion work, in which the rapid establishment of a habit following DMS (or prelimbic cortex) lesions is considered to reflect the uncovering of a DLS-associated habit that was dormant or occluded when the goal-directed system was intact (Killcross and Coutureau, 2003; Daw et al., 2005a; Yin and Knowlton, 2006; Balleine et al., 2009). In new work (Thorn and Graybiel, in press), evidence is emerging that theta-band oscillatory activity might allow the DMS and DLS to have different information flow through channels favoring sub-bands of theta. Moreover, in the T-maze task, which involves elements of both place and response learning, oscillatory local field potential activities in the striatum and hippocampus become progressively linked by the development of inverse phase relationships in the theta-band oscillations that they exhibit, especially during the decision-making parts of the runs (DeCoteau et al., 2007a,b; Tort et al., 2008).

If, as these studies suggest, there is parallel operation and possibly competition between circuits engaged by these striatal sub-regions in controlling behavior, then the brain might have a selection or arbitration mechanism for guiding the switch between them (Killcross and Coutureau, 2003; Daw et al., 2005a; Yin and Knowlton, 2006; Dolan and Dayan, 2013). The T-maze work suggested that the dynamics of the DMS activity might accomplish this function (Thorn et al., 2010), but left unresolved was which of the many DMS inputs might be driving the change, as well as the potential existence of similar habit-related neural dynamics in other brain regions. One potential route toward increasing or decreasing habit strength could be to enhance experimentally the decision-related DMS activity. However, the increase in strength of the bracketing pattern seen in some of these studies (Barnes et al., 2005) together with the increase in overall DLS activity that appears to occur as skills emerge in other studies (Tricomi et al., 2009; Yin et al., 2009; Gremel and Costa, 2013) raises the possibility that some task environments or types of learning might recruit late-stage plasticity in both DMS and DLS. As we discuss below, our evidence suggests that DLS is participating actively in action sequence expression and run-to-run automaticity of behavior at all stages, and is not only keeping the task-bracketing pattern ready for selection according to changes in the activity of other brain regions.

DORSOLATERAL STRIATUM (DLS) ENCODES ACTION SEQUENCES AND AUTOMATICITY DURING AN OUTCOME-INSENSITIVE HABIT

Loss-of-function studies rooted in associative learning theory have largely been done separately from studies of the neural plasticity related to the formation of rewarded action sequences, but important attempts are being made to bridge the two research strategies (Tang et al., 2007; Kimchi et al., 2009; Stalnaker et al., 2010; Fanelli et al., 2013; Gremel and Costa, 2013; Smith and Graybiel, 2013a). In the T-maze, for instance, major questions remained about whether changes in neural activity, particularly in the DLS, related to habit formation as formally defined in outcome representation terms. Did maze performance reflect an A-O or place-based strategy, or an S-R or response-based strategy? Were dynamics of the DLS task-bracketing pattern related in any way to shifts between these strategies? How would S-R learning be reflected in the DLS dynamics?

To address some of these questions, we developed a modified version of the T-maze task in which a distinct reward was to be found at each of the two end-arms of the maze, and the reward-specific devaluation-sensitivity test was used to assay habitual behavior. Throughout this time, single-unit activity was recorded in both the DLS and its counterpart in the IL cortex, two canonical habit-promoting regions.

In the DLS, we observed the familiar task-bracketing pattern, with the firing of MSNs accentuating the run start, turn, and goal arrival. This pattern formed rapidly, around the time that animals reached a criterion of accuracy on the task. Importantly, however, parallel experiments in a set of control animals established that behavior was markedly goal directed at this early training point. In the probe test given on the day after devaluation, animals trained just to the learning criterion would immediately avoid the devalued goal (Smith et al., 2012). Thus, the DLS chunking pattern was emerging prior to habit expression proper. Once it formed, the DLS pattern remained steady during the over-training period, and, judging from the probe test given after the over-training period, the animals formed a devaluation-insensitive habit. After the probe test, when rewards for correct runs were returned, the animals’ behavior changed sharply; runs slowed, deliberative head movements increased, and accuracy dropped. However, as in the cue modality switch study discussed above (Kubota et al., 2009), the DLS pattern remained nearly unchanged. The DLS activity at the start, turn, and end of the runs remained as strong as it had been before. Behaviorally, animals were running correctly to the devalued goal (fewer trials) or to the non-devalued goal, or running the “wrong way” to the non-devalued goal when instructed to the devalued goal. At the session-wide level, it appeared that as long as animals were running a familiar route smoothly, whether the run was rewarded or not, the DLS ensemble pattern persisted. This possibility was supported further when we devalued all goals, which led to extinction of maze runs and a corresponding rapid loss of the chunking pattern (Smith and Graybiel, 2013a).

In trial-by-trial analyses of the DLS ensemble activity, and also in analyses of the activity of other subpopulations of DLS neurons, we did not find any clear relationship between the action-encoding in the DLS in any given trial and the timing of habit formation and suppression. DLS activity similarly lacked any correlation with sensitivity or insensitivity to outcome value on single runs. What we did find, however, was a remarkably close DLS relationship to the automaticity of a given run. During some runs, particularly early in training, animals would deliberate at the junction of the goal-arms, essentially conducting a “vicarious trial and error” by using their head to check each one before making a choice (Muenzinger, 1938; Tolman, 1948; Johnson and Redish, 2007). Both the strength of the DLS activity at the start of the run and the strength of the overall DLS chunking pattern were correlated inversely with these deliberative head movements: the DLS pattern was much stronger on trials that lacked this deliberation. This finding suggested that the DLS keeps track of or controls the level of automaticity or decisiveness of behavior at points of choice options. Much like the increased efficiency of movement-related signals that occurs in the DLS as actions are learned (Carelli et al., 1997; Jog et al., 1999; Graybiel, 2008), an increase in performance optimization appeared to characterize the buildup of DLS activity around major task actions. However, a particularly intriguing aspect of the results is that the major correlate of deliberative head movements occurred in DLS activity at the start of the run, and not in DLS activity at the turn itself when the deliberations were occurring or not (Smith and Graybiel, 2013a). Thus the activity was not related to the head movements themselves, but was anticipatory or predictive. This correlation of DLS activity with non-deliberative running was evident in early training as well as in late over-training, indicating a close involvement of the DLS run-to-run, more than just at the phase of behavioral learning when the behavior was expressed as a habit. In short, although the DLS pattern could mark the early formation of a habitual response plan (and “memory” of this plan after devaluation), it appears to relate quite closely to behavior on a trial-to-trial basis, even in demonstrably goal-directed performance phases.

IMPLICATIONS FOR UNDERSTANDING HABITS: VIEWING DORSOLATERAL STRIATUM (DLS) ACTIVITY AS A STARTING POINT RATHER THAN A FINISHING LINE

A PUZZLING DISCONNECT BETWEEN DORSOLATERAL STRIATUM (DLS) PHYSIOLOGY AND STIMULUS-RESPONSE (S-R) BEHAVIORAL THEORY

Some of these DLS dynamics seem surprising in the context of reinforcement learning models. As noted, there is a long tradition of referring to chained S-R associations as the underlying base of habitual behavior, and developments in learning theory have pinpointed conditions under which behavior might be understood as an S-R habit as opposed to an A-O behavior or Pavlovian conditioned response (Dickinson, 1985; Balleine and Dickinson, 1998; Daw et al., 2005a; Yin and Knowlton, 2006; Holland, 2008; Schneck and Vezina, 2012). The DLS is widely regarded as a source, if not the source, for such associations in the brain. Yet fitting aspects of the neural recording data within this framework is not straightforward. Concerning our maze task alone, we have highlighted the many dynamic processes that exist in DLS physiology, including those of different types of task-related patterns, different task epochs, and different neuronal types. Notable for this discussion is the finding that the DLS pattern forms prior to habit emergence, correlates with how automatic a run is from early on, and remains stable after devaluation despite major accompanying changes in behavior and valuation of stimuli, responses, and outcomes. Moreover, we, as our colleagues, find relatively few neurons in the DLS that have preferential responses to S-R combinations (Berke et al., 2009; Thorn et al., 2010; Smith and Graybiel, 2013a). One complex way that these findings might be reconciled with an S-R view is if behavior were partly habitual from the moment of DLS pattern formation (which it might be), and if that particular habit memory were stored stably and used selectively during over-training but not used during most runs after reward devaluation.

Contrasts have also arisen in related work showing that as a devaluation-insensitive habit develops, there is a loss of specific head-movement-related activity in DLS neurons in a head-bobbing task (Tang et al., 2009). However, a similar weakening of neural activity of tongue-related units in lateral striatum occurs with training on a licking task, but this licking behavior remains devaluation-sensitive (Tang et al., 2009). In another study, action-related neural responses that are modulated by the identity of a preceding cue arise in the DLS (Stalnaker et al., 2010). Although this result would appear to offer evidence for an S-R association, the same correlates arise simultaneously in the DMS, a “non-habit” site. The authors speculate that S-R integration was occurring elsewhere, perhaps in sites receiving DLS outputs. All of these incongruities might be good indicators that we should look elsewhere than in the DLS or its outputs for habit-related activity. However, if the neural dynamics that dominate DLS recordings in these studies are considered to reflect important features of ongoing behavior, as they certainly appear to, different conclusions arise. One is that stimulus-specific response plans might be supported more widely in the striatum than we thought. Another is that the increased efficiency of performance-related representations in DLS activity might aid behavior in a wide variety of Pavlovian, goal-directed, and habitual tasks. And as is so often true, the specific demands of tasks shape the patterns of activity found.

Returning to the T-maze, the findings that we review suggest that the DLS can contribute to habits in a way that does not encode a chain of task-related S-R associations, a possibility that has at least some support in the literature. Although S-R associations need not take any particular form in neural activity, the lack of stimulus-evoked firing in the DLS has raised the question of how habits are represented in this region if not by responses to paired Ss and Rs (difficult-to-isolate contextual S’s notwithstanding) (Berke et al., 2009; Root et al., 2010; Thorn et al., 2010; Smith and Graybiel, 2013a). Similarly, although abolishing dopamine input to the DLS leads some behaviors to be devaluation-sensitive (i.e., not “habitual”) (Faure et al., 2005), a task designed to tap into S-R learning strategies can be performed mostly normally in Parkinsonian patients with similar dopaminergic dysfunction, suggesting to the authors an independence of S-R learning from the DLS (de Wit et al., 2011). From the brain’
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Optogenetics is a powerful tool for investigating causal links between neural circuits and behavior. In recent years, optogenetic studies have expanded into the emotional realm, elucidating new facts about the circuits that underlie anxiety, depression, and reward. One caveat with investigating this realm is that emotional responses can be non-linear. Reward is pleasurable to a point, beyond which it can produce mania, an anxious, and unpleasant state. Consistent with this, stimulant drugs that increase dopaminergic function are reinforcing across a limited dose range, above which they are no longer reinforcing, presumably because of anxiogenic effects (Ettenberg and Geist, 1991, 1993; Yang et al., 1992; Deroche et al., 1997). Many published optogenetic studies have not examined potential non-linearities in the relationship between neural activity and the behavior being studied, nor identified where on such a curve their optogenetic manipulation is acting. In addition, the state a neural system achieves during optogenetic stimulation may not necessarily reside on a physiological curve at all, as optogenetics can drive firing parameters outside of physiological ranges (Figure 1). We believe that further consideration of this point may lead to more accurate insights into the relationships between neural activity, emotions, and behavior.
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FIGURE 1. Optogenetics can drive firing parameters outside of physiological ranges.



Largely for technical reasons, early optogenetic studies did not record neural activity during behavioral manipulations, but instead used slice physiology to validate their manipulations. These studies linked increased activity in specific circuitry to wakefulness (Adamantidis et al., 2007), movement (Aravanis et al., 2007; Gradinaru et al., 2007, 2009; Kravitz et al., 2010), reinforcement (Tsai et al., 2009; Lobo et al., 2010; Stuber et al., 2011; Britt et al., 2012; Kravitz et al., 2012; Liu et al., 2012), anxiety (Tye et al., 2011), and feeding (Aponte et al., 2011), among others. In these studies, slice experiments demonstrated that light could evoke spiking specifically in the target cell types, but could not address how spiking was altered during the behavioral manipulation. The technical barriers to recording from awake animals during optogenetic stimulation have been bridged in recent years, as many researchers have integrated optogenetics with awake in vivo recording (Cardin et al., 2010; Royer et al., 2010; Anikeeva et al., 2012; Cohen et al., 2012; Kravitz et al., 2012; Warden et al., 2012; Tye et al., 2013). This allows for comparisons between spiking during spontaneous behavioral and emotional states and optogenetically evoked states. However, defining and quantifying the relevant parameters for such comparisons is still not trivial. Important parameters include firing rates, spatial and temporal firing patterns of individual neurons, and synchrony among populations of neurons. Investigating these parameters in both the spontaneous and stimulated conditions will improve our ability to interpret optogenetic studies, especially when the relationship between firing rates and behavior is not linear.

The efficacy of optogenetically-evoked firing depends on many factors, including viral expression and optical transmission efficiency. In spite of the variability of these factors between laboratories, we believe that many studies are driving firing rates at the high end of, or above, rates achieved under spontaneous conditions. For example, when striatal neurons were tested with a range of stimulation intensities (0.1–3.0 mW), 1 mW was found to achieve nearly maximal firing rates of light-activated neurons within ~0.5 mm of the stimulation fiber (Kravitz et al., 2012). Other studies have stimulated striatal neurons with higher intensities of light (up to 20 mW) (Lobo et al., 2010; Britt et al., 2012; Tai et al., 2012), likely saturating the firing of many neurons. Excitable structures such as hippocampus and cortex are susceptible to seizure activity, which defines a hard upper limit to usable stimulation intensities. Seizures have been induced with ~20 mW stimulation of the hippocampus at 10–20 Hz (Osawa et al., 2013), and alluded to with ~10–20 mW stimulation of the motor cortex at 20 Hz(Gradinaru et al., 2009). These stimulation paradigms are not much stronger than what has been used to stimulate hippocampal cells to re-activate fear memory (~9 mW at 20 Hz) (Liu et al., 2012), stimulate cortical cells to facilitate movement (~10–20 mW, constant or pulsed) (Aravanis et al., 2007; Gradinaru et al., 2009), and stimulate amygdala pyramidal cells to facilitate fear conditioning (~30 mW at 20–50 Hz) (Johansen et al., 2010). Again, without in vivo recordings it is difficult to relate different stimulation paradigms to actual firing rates. Still, it is still fair to conclude that most published studies have focused on stimulating near the high end of usable stimulation intensities, which could result in firing outside of that which occurs spontaneously. Moving forward, it may also be worth exploring the low end of stimulation intensity, to examine the effects of more subtle changes in firing which may relate more closely to physiological conditions, or at least reveal a more complete relationship between firing and behavior.

In addition to firing rates, neural systems contain information in spatial (the physical location of the neurons in the brain) and temporal codes (changes in firing rate of these neurons over time) (Pouget et al., 2000; Jortner et al., 2007; Ainsworth et al., 2012). With regard to these spatial and temporal codes, one potentially surprising result of published optogenetic stimulation studies is that most stimulation paradigms have produced relatively normal behavioral responses while presumably saturating and overpowering these codes. This may suggest that rate coding is more important than temporal or spatial coding, although this conclusion is difficult to reconcile with the ubiquity and wealth of information contained in these codes (Pouget et al., 2000; Jortner et al., 2007; Ainsworth et al., 2012). Alternatively, it is possible that stimulation of certain cell groups is “permissive,” rather than “informative,” in which case the exact pattern or even intensity of firing may not be relevant. As a final possibility, spatial, and temporal codes could be preserved during optogenetic stimulation, riding “along the top” of the stimulated increase in firing rate. While it is not possible to replicate spatial codes with single light sources, new advances with multiple micron-scale light sources (Grossman et al., 2010; Kim et al., 2013a,b), or holographic methods for delivering light (Lutz et al., 2008) may allow for more physiological manipulations of both spatial and temporal coding. This said, such multi-site light sources would need to achieve cellular resolution to truly replicate physiological spatial codes.

Finally, optogenetic stimulation can alter correlations and synchrony among groups of neurons. Most published optogenetic studies have used pulsed stimulation to drive neural activity, which effectively synchronizes populations of neurons at the optical stimulation frequency (Aravanis et al., 2007; Gradinaru et al., 2009; Johansen et al., 2010; Stuber et al., 2011; Tye et al., 2011; Anikeeva et al., 2012; Liu et al., 2012; Burguiere et al., 2013; Osawa et al., 2013). There is growing consensus that aberrant synchronization is a pathological hallmark of many neurological diseases including Parkinson's disease, epilepsy, autism, and schizophrenia (Uhlhaas and Singer, 2006; Brown, 2007). Parkinson's disease is characterized by aberrant synchronization of multiple basal ganglia structures including the subthalamic nucleus (STN) in the beta band (~10–30 Hz) (Brown, 2007). Optically stimulating fibers innervating the STN at 20 Hz (at ~10 mW) worsened parkinsonian motor deficits, while stimulating these same fibers at 130 Hz (also at ~10 mW) alleviated these deficits (Gradinaru et al., 2009). In motor cortex, 130 Hz stimulation again alleviated parkinsonian deficits, while 20 Hz had no effect. In this way, synchronizing a structure at a particular frequency can have effects beyond altering firing rates. One way to mitigate potential issues with synchrony may be to stimulate circuits with a range of frequencies, including irregular patterns of stimulation that avoid synchronizing a structure at a specific frequency (Tai et al., 2012). Alternatively, more subtle stimulation such as low power constant illumination or step-function opsins may avoid synchronizing the cells at any particular frequency, while still increasing the output of target cells (Kravitz et al., 2010).

Optogenetic inhibition can side step the above problems of over-stimulation, although it can still induce aberrant synchronization from both optogenetic inhibition and potential rebound spiking. However, as the principal neurons in many brain structures are low firing and optogenetic inhibition is often incomplete in vivo (Aravanis et al., 2007; Gradinaru et al., 2009; Royer et al., 2012; Calu et al., 2013; Kim et al., 2013a,b), it may be more difficult to push neurons below their physiological firing rates with optogenetic inhibition. This may be an inherent benefit of optogenetic inhibition for studies that aim to manipulate activity of specific cells to rescue or mimic physiological states. However, other loss-of-function experiments can benefit from inhibiting neurons, irrespective of physiological ranges. Complementary methodologies such as designer receptors exclusively activated by designer drugs (DREADDs) can also investigate the contribution of specific cell types while avoiding aberrant patterns of synchronization (Ferguson et al., 2011; Krashes et al., 2011). Ideally both inhibition and stimulation can be examined in the same system [e.g., (Stuber et al., 2011; Tye et al., 2011, 2013; Britt et al., 2012; Chaudhury et al., 2013; Chen et al., 2013)], in combination with in vivo electrophysiology to test whether firing parameters during the manipulations are physiologically relevant. This impressive trifecta has been accomplished by a few studies to date [e.g., (Jennings et al., 2013; Tye et al., 2013)].

The above issues are central for optogenetic experiments that make inferences about neural activity during naturally occurring emotional or behavioral states. However, a second type of experiment sets aside concerns regarding physiological patterns of activity, and aims to stimulate or inhibit with the sole objective of interfering with, and thus mitigating unwanted behavior for therapeutic utility. Here, understanding the relationship between physiological firing of a structure and the emotion or behavior of interest is not as relevant as reducing the unwanted behavior, quite like how deep brain stimulation (DBS) or trans-cranial magnetic stimulation (TMS) can mitigate pathological conditions in neurological disorders without necessarily replicating normal physiological conditions (Miocinovic et al., 2013). In this vein, optogenetic manipulations have been therapeutic for reducing symptoms associated with movement disorders (Gradinaru et al., 2009; Kravitz et al., 2010), depression (Chaudhury et al., 2013; Tye et al., 2013), and compulsive cocaine seeking (Chen et al., 2013).

Regardless of the specific stimulation parameters or methodology, optogenetics has revolutionized neuroscience and offers unprecedented mechanistic and therapeutic opportunities to understand and treat neurological and psychiatric diseases. Quantification of the relationships between physical brain states and perceptual states, as well as firing during optogenetic manipulations will further this progress by facilitating easier quantitative comparisons between studies, reduce the potential for spurious conclusions, and ultimately provide more meaningful insights into the relationships between neural circuits, emotions, and behavior.
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RP24-238K3
RP24-238K3
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RP23-246812
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none reported

Citations

Gong et al., 2007
Gong et al, 2003
Farrell et al., 2013
Zhao et al., 2011
Gong et al., 2007
Witten etal., 2011
Gong et al., 2003
Tallini et al., 2006
Lobo et al., 2006
Gong et al, 2007
Gong et al, 2003
Ade etal. 2011
Gong et al, 2007
Gong et al., 2003
Zhao etal., 201
Gong et al., 2007
Witen etal, 2011
Zhao et al, 2011
Zhao et al, 2011
Hagglund et al 2013
Chao etal, 2010

Unique lines.
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Line 5
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“Partial gene sequence only.
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