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Abstract

45

In order to reinforce relevant behavior, reinforcement-evaluating brain structures interact with

46

circuits involved in sensory processing. During reward-based auditory learning, the ventral

47

tegmental area (VTA) conveys a dopaminergic teaching signal to the primary auditory cortex.

48

It has been shown that dopaminergic levels within the auditory cortex are constantly increased

49

during initial auditory acquisition learning (Stark and Scheich, 1997). It is currently unknown,
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50

however, how the VTA circuitry thereby influences cortical frequency information processing

51

and spectral integration. In this study, we therefore investigated the temporal effects of direct

52

VTA stimulation on sensory processing in the auditory cortex of anesthetized male Mongolian

53

gerbils on a synaptic circuit level by current-source-density analysis. While auditory lemniscal

54

input predominantly terminates in the granular input layers III/IV, we found that reward-related

55

modulation of spectral processing is relayed by a different circuit, namely thalamic inputs to

56

the infragranular layers Vb/VIa under the control of the VTA. Activation of this circuit yields

57

a frequency-specific gain amplification of sensory input and enhances corticocortical

58

information transfer, especially in supragranular layers I/II. We further verified that the gain

59

modulation of early thalamocortical inputs increase local intracolumnar processing, while

60

supragranular amplification is due to strengthened corticocortical processing. Altogether, this

61

modulation manifests as a long-lasting influence transcending the signaling of a mere reward-

62

prediction error, as previously suggested by the aforementioned behavioral experiments. For

63

the first time, our findings demonstrate a cellular and circuit substrate substrate for reward-

64

mediated influences in the auditory cortex.

65

Keywords:

66

Dopamine, auditory cortex, Mongolian gerbil, current source density, ventral tegmental area,

67

optogenetics

68

Significance Statement

69

Phasic release of dopamine from the ventral tegmental area has long been associated with the

70

reward prediction error signal postulated by reinforcement learning theory. How dopamine

71

released by the VTA affects the plasticity that integrates sensory information and such learning-

72

related signals in sensory cortex, however, is unknown.
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73

Here, we show that VTA-based dopamine effectuated a long-lasting gain modulation of sensory

74

thalamocortical inputs into the infragranular layers in gerbil auditory cortex. Our findings

75

therefore assign a specific function to this rather understudied cortical circuit: VTA-modulated

76

input to deep layer neurons in the sensory cortex mediates the integration of sensory and task-

77

related information even when they are not precisely temporally contingent.

78
79
80
81
82
83
84
85
86

Introduction

87

The sensory cortex receives both bottom-up input relaying stimulus information from the

88

sensory epithelia and top-down input from, for example, reinforcement-evaluating brain

89

structures (Ohl, 2014). Among the latter, the ventral tegmental area (VTA) is a key structure

90

associated with the coding of reward, reward prediction, and reward prediction error

91

(Bromberg-Martin et al., 2010). Especially in the framework of reward prediction error coding,

92

projections of dopamine neurons in the VTA to the striatum and prefrontal cortex have been

93

investigated in great detail (Schultz, 2015). In contrast, the anatomy of projections from the

94

VTA towards sensory cortices (Dinopoulos and Parnavelas, 1991; Budinger et al., 2008;
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95

Gardner et al., 2018), and consequently its direct impact on cortical processing, has remained

96

rather elusive.

97

Dopamine released in the sensory cortex may complement bottom-up stimulus processing with

98

a behaviorally relevant representation of stimulus value and salience to support adaptive

99

behavior (Ohl and Scheich, 2005; Bromberg-Martin et al., 2010; Happel, 2016). Consistently,

100

for the case of the auditory cortex (ACx), intracortical dopamine levels (Stark and Scheich,

101

1997) and their experimental manipulation (Schicknick et al., 2008, 2012) were shown to affect

102

behavioral measures in auditory learning scenarios. Thus, dopamine appears to be involved in

103

several general behaviorally relevant functions, including auditory perceptual decision making,

104

prediction, and learning, which are increasingly realized to be supported by the ACx (King et

105

al., 2018). In agreement, we have previously shown that the pharmacological stimulation of

106

D1/D5 receptors influences sensory processing at the level of both local and wide-spread

107

circuits in auditory cortex (Happel et al., 2014).

108

In order to determine the contribution of VTA projections to these cortical effects of dopamine,

109

we optogenetically stimulated the projection neurons of the VTA in adult male Mongolian

110

gerbils (Meriones unguiculatus) and measured the layer-specific processing in the auditory

111

cortex by tone-evoked current-source density (CSD) analysis. We demonstrate that VTA

112

stimulation effectuated a sensory gain amplification via thalamocortical inputs in the deep

113

layers Vb/VIa, rather than via recurrent excitation in layer III/IV (Liu et al., 2007; Happel et

114

al., 2010). Our results demonstrate for the first time a functional diversification of the

115

anatomically distinct thalamocortical input systems in the sensory cortex. Reward-modulated

116

sensory input in deep layer neurons therefore might provide a cellular substrate for integrating

117

sensory and task-related information in the service of sensory-based decision-making and

118

reinforcement learning.

119
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120
121

Materials and Methods

122

All experiments were carried out in adult male Mongolian gerbils (Meriones unguiculatus, age

123

4-8 months, body weight: 70-100 g; n= 26). The C1V1 group (n=12) consisted of animals that

124

were expressing the viral construct, allowing for optogenetic stimulation of the VTA whilst

125

recording. The control group (n=7) consisted of non-transfected animals to control for temporal

126

stability of the signal. In order to investigate effects due to laser-stimulation itself, an opsin-less

127

YFP group (n=7) was tested. Experiments were conducted in accordance with ethical animal

128

research standards defined by the German Law and approved by an ethics committee of the

129

State of Saxony-Anhalt.

130
131

Viral transfection of the VTA

132

Gerbils were anesthetized by intraperitoneal injection (0.06-0.08 ml/h) of 45% v/v ketamine

133

(50 mg/ml, Ratiopharm GmbH), 5% v/v xylazine (Rompun, 2%, Bayer Vital GmbH) and 50%

134

v/v of isotonic sodium-chloride solution (154 mmol/l, B. Braun AG). Animals were fixed in an

135

automated stereotaxic injector (Neurostar) for virus transduction (700 nl; 100 nl/min; 5 min

136

resting; C1V1: AAV5-CamKIIα-C1V1(E162T)-p2A-eYFP or YFP: AAV2-CamKIIα-eYFP

137

3E12 particles/ml, UNC Vector Core; target side: AP: -3.8-4.0; ML: 0.5; DV: -6.2 mm, bregma

138

for reference) and fiber implantation with a planar setting of bregma and lambda. Custom made

139

fiber implants (fiber implant length 8 mm, Ø 230 µm, NA 0.39) were implanted at target side

140

(AP: - 3.8-4.0; ML: 0.5; DV: -5.8 mm). Fiber positions were determined by histological analysis

141

and compared with the gerbil brain atlas (Fig. 1 D and E) (Radtke-Schuller et al., 2016).

142

Animals were kept for 3 weeks to allow recovery and enough protein expression.

143
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144

Intracranial self-stimulation using optogenetic VTA activation

145

Successful activation of the VTA through optogenetic stimulation was confirmed in an

146

intracranial self-stimulation paradigm. Animals were trained for 10 consecutive days (at 20 min

147

per day). By activating a lever with their nose, they could elicit brief laser stimulation (10

148

pulses, 25 Hz, 473 nm, 10 mW) delivered to the VTA through the implanted fiber (Fig. 1 A, B

149

and C). Only animals pressing the lever more than 50 presses/minute were kept for the C1V1

150

group (Fig. 1 G) (Helbing et al., 2016; Brocka et al., 2018; Lippert et al., 2018).

151
152

Electrophysiological recordings

153

Surgical procedure for electrophysiological recordings have been described in detail elsewhere

154

(Deliano et al., 2018). Briefly, animals have been anesthetized by intraperitoneal injection

155

(0.06-0.08 ml/h) of 45% v/v ketamine (50 mg/ml, Ratiopharm GmbH), 5% v/v xylazine

156

(Rompun, 2%, Bayer Vital GmbH) and 50% v/v of isotonic sodium-chloride solution (154

157

mmol/l, B. Braun AG). The right auditory cortex was exposed by trepanation and target location

158

of AI was chosen based on vascular landmarks. Status of anesthesia was checked via paw

159

withdrawal-reflex on a regular basis (10-20 min). Body temperature was kept stable at 34°C.

160

Due to an epileptic seizure during the electrophysiological recordings we had to omit an animal

161

from the YFP group.

162

Experiments have been carried out in a Faraday-shielded acoustic soundproof chamber. The

163

animals head was fixed 1m away from the speaker (Tannoy arena satellite KI-8710-32) by

164

screwing the head post to a custom-made head holder. Local field potentials (LFPs) have been

165

recorded with a linear 32-channel shaft electrode (NeuroNexus A1x32-50-413), which was

166

implanted perpendicular to the surface area of AI (Happel et al., 2010). LFPs have been pre-

167

amplified 500-fold and band-pass filtered (0.7-300 Hz) with a PBX2 preamplifier (Plexon Inc.).
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168

Data were digitized at a sampling frequency of 1 kHz with a multichannel recording system

169

(Multichannel Acquisition Processor, Plexon Inc.).

170

Pure tones spanning 8 octaves (frequency range between 125 Hz-32 kHz, tone duration: 200

171

ms, ISI: 0.6-0.8, 50 pseudorandomized repetitions, 65 dB SPL, 7.5 min per measurement) were

172

generated in MATLAB, converted into an analog signal by a data acquisition card (NI PCI-

173

BNC2110, National Instruments, Germany), rooted through a controllable attenuator (gPAH,

174

Guger, Technologies, Austria) and amplified by an audio amplifier (Thomas Tech Amp75). A

175

measurement microphone and conditioning amplifier were used to calibrate acoustic stimuli

176

(G.R.A.S. 26AM and B&K Nexus 2690-A, Bruel & Kjaer, Germany).

177

Electrophysiological measurements were performed according to the scheme of Fig. 2 A. After

178

implantation, laminar LFPs were measured for 45-75 min until evoked CSD profiles had been

179

stabilized (Pre-measurements). The last three recordings before laser treatment were taken as

180

the referencing Pre-measurements. For the C1V1and YFP groups, light fibers were additionally

181

connected to a laser for VTA stimulation. Laser stimulation (10 mW at the optical fiber of the

182

setup) was then coupled and synchronized with tone presentation for one measurement (25 Hz,

183

473 nm, 10 mW; 400 repetitions in total). This measurement was taken as the laser

184

measurement followed by a series of post-measurements (>60 min). After the experiment,

185

gerbils were perfused with 4% PFA as described previously (Saldeitis et al., 2014) and brains

186

were removed for anatomical and histological validation.

187
188

Current source density analysis

189

Based on the tone-evoked LFPs for each presented stimulus we calculated the second spatial

190

derivative, indicating the laminal evoked current-source density (CSD) distribution in AI

191

(Mitzdorf, 1985):
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𝛿²∅(𝑧)

(1) −𝐶𝑆𝐷 ≈

193

The formula reflects the relation of the field potential (Ø), the spatial coordinate of the cortical

194

laminae (z), the inter-channel distance (∆z, 50 µm) and the differentiation grid (n). Prior to

195

CSD calculation, LFPs were smoothed using a weighted average of 9 channels (Hamming

196

window, spatial filter kernel size of 400 µm; linear extrapolation of 3 channels at boundaries)

197

(Happel et al., 2010).

198

CSD profiles revealed patterns of current influx (sinks) and efflux (sources). Based on CSD

199

profiles of the Pre-measurements, cortical layers were assigned to the respective channels of

200

sink components. Early sink components were used as indicators of layers III/IV, Va, and

201

Vb/VIa, whereas later sink activities were assigned to layers I/II, and VIb (Fig. 2; Fig. 2-1).

202

CSD data was also transformed by rectifying and averaging the waveforms of each single

203

channel (n). This average rectified CSD (AVREC) provides a temporal waveform of the overall

204

local columnar transmembrane current flow (Givre et al., 1994; Schroeder et al., 1998).

205

(2) 𝐴𝑉𝑅𝐸𝐶 =

206

We further quantified the residue of the CSD defined as the sum of the non-rectified magnitudes

207

divided by the rectified magnitudes for each channel. Thereby, the ResidualCSD quantifies the

208

balance of the transmembrane charge transfer along the recording axis (Harding, 1992) and

209

gives rise to the lateral corticocortical contribution to stimulus related activity (Happel et al.,

210

2010).

211

(3) 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝐶𝑆𝐷 =

212

In order to quantify the early (0-50 ms) and late (80-300 ms) contributions of the AVREC and

213

ResidualCSD, root mean square (RMS) amplitudes were calculated. Based on the previously

214

described layer indexing, averaged layer-dependent CSDs were calculated, which were used

𝛿𝑧 2

=

∅(𝑧+𝑛∆𝑧)−2∅(𝑧)+∅(𝑧−𝑛∆𝑧)

192

(𝑛∆𝑧)²

∑𝑛
𝑖=1 |𝐶𝑆𝐷𝑖 |(𝑡)
𝑛

∑𝑛
𝑖=1 𝐶𝑆𝐷𝑖 (𝑡)
𝑛
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215

for the semi-automatic sink detection (Fig. 2-1). Briefly, before detection of significant tone-

216

evoked activity, sources were omitted before calculating the mean of CSD traces within a

217

cortical layer. Then, the 1.5-fold standard deviation (SD) of the baseline (-200-0 ms before tone

218

presentation onset for all channels and stimuli) was used to calculate the intercepts of the

219

smoothed (10 ms gaussian sliding window) mean CSD trace. For early tone-evoked sink

220

activity in cortical layers III/IV, Va, and Vb/VIa, we used an onset of the first intercept between

221

0-50 ms after tone onset. For subsequent tone-evoked sink components in layers I/II and VIb

222

onsets were only taken >50 ms after tone-onset. Offsets of each sink were defined as the

223

crossings below the 1.5 SD baseline and for each cortical layer. Peak amplitudes of layer-

224

dependent CSD-traces were determined within time windows of on- and offsets from the

225

average of the corresponding CSD channels. For calculating the RMS value of AVREC and

226

ResidualCSD we used fixed time windows of 0-50 ms after tone-onset for early and 80-300 ms

227

for late activity.

228
229

Data sorting and analysis

230

Tuning curves of layer-specific CSD-traces, AVREC, and ResidualCSD were averaged

231

according to the best-frequency of each animal separately to plot an averaged group tuning

232

curve. For illustration, all non-BF frequencies above and below the BF were binned pairwise,

233

resulting into the grouping of near-BFs (± 1-2 octaves) and non-BFs (± 3-4 octaves) in 5

234

frequency bins [- non-BF, - near-BF, BF, + near-BF, + non-BF]. For further analysis of BF-,

235

near- and non-BF evoked responses, we observed data from time windows before, during, and

236

after laser stimulation. Evoked responses were normalized within each animal using the

237

corresponding mean values of the last three Pre-measurements before laser-stimulation (Fig. 2

238

A.
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239

For statistical comparison, parameters of interest were analyzed on a single-trial level using

240

linear-mixed effect (LME) models (R Studio; R 3.5.1) (Chang et al., 2018) binned across

241

measurements as follows: pre 1-3 (-22.5 - -7.5 min), laser (0 min), post 1-3 (7.5-22.5 min), post

242

4-5 (30-37.5 min), post 6-7 (45-52.5 min). Peak amplitudes of single-trial data were determined

243

within the time windows from on- and offsets revealed on averaged CSD traces. LME models

244

were calculated and fitted using normalized data with the lmerTest-package (3.0-1) and a Wald-

245

chi-square-test was performed using the car-package (3.0-2). Animals were used as “by-

246

subject” random effects, to account for the repeated measurements during and across time

247

points whereas measurements and groups were used as fixed effects to explain physiological

248

data. As significance criterion for effects on single-trial level, the normalized signal needed to

249

i) exceeded a ± 10% criterion compared to Pre-measurement (based on the SEM of the average

250

jitter before laser treatment), and ii) show significant difference from control group data

251

revealed by significant fixed effects of the LME models. For slope estimations and comparison

252

between measurements, we used the R-package Ismeans (version 2.27-62) to calculate a least

253

square linear fit for non-, near- and BF data bins and check significant changes in tuning slope

254

properties between measurements.

255
256

Anatomical estimation of fiber position

257

PFA fixated brains of the C1V1 group (n =7) were cut in 50 µm thick slices around the region

258

of the VTA. Every second slice was used for Nissl staining to anatomically evaluate the fiber

259

position, whereas the remaining slices were used for immunostaining to determine the distance

260

from fiber tip to areas of TH- and YFP-co-fluorescence with FIJI ImageJ (1.51g). Pictures were

261

taken with a Leica microscope (Axioscop 2, Leica GmbH).

262

Immunostaining was performed as previously described (Brocka et al., 2018) with a primary

263

antibody against tyrosine hydroxylase (1:1000 rabbit anti-TH, Milipore) and a secondary Alexa
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264

Fluor 546 goat-anti-rabbit (1:400 anti-rabbit, Molecular probes) using an antibody diluent

265

(Zytomed Systems). Position of the fiber was estimated using the recently published gerbil

266

brain atlas for reference (Radtke-Schuller et al., 2016).

267
268
269
270
271
272
273
274
275

Results

276

Optogenetic stimulation of the VTA evokes self-stimulation behavior

277

To selectively target the excitatory projection neurons of the VTA, we expressed the red-shifted

278

opsin C1V1 under the CamKIIα-promotor (Guo et al., 2014) by a stereotactically guided

279

microinjection (Fig. 1 A; 700 nl; AAV-CamKIIα-C1V1(E162T)-p2A-eYFP, 3e12 particles per

280

ml, UNC Vector Core). Opsin expression in the VTA overlapped significantly with tyrosine

281

hydroxylase (TH)-immunostaining, selective for dopaminergic cell populations. The

282

connectivity of the transduced neurons with the auditory cortex was confirmed by histology

283

(Fig. 1 A,B) in agreement with previous reports (Budinger et al., 2008; Budinger and Scheich,

284

2009). After viral transduction, we waited 2-3 weeks for sufficient transgene expression before

285

subjects were trained over the course of 10 days in an optogenetic intracranial self-stimulation

286

task (Fig. 1 C; Movie 1-1; 10 pulses, 25 Hz, 473 nm laser-light per nose-poke; 10 mW power
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287

at fiber implant) (Lippert et al., 2018). Animals that showed more than 50 presses/minute were

288

chosen as the C1V1 group for electrophysiological experiments (Fig. 1 G ) (Helbing et al.,

289

2016; Brocka et al., 2018). Anatomical validation of the fiber position relative to Bregma (AP:-

290

3.57 mm, ML: 584.14 µm; cf. Fig. 1 D and E), as well as the fiber distance towards the area of

291

opsin expression (Fig. 1 F, 146.8 ± 38.9 µm), was performed in a subset of animals (n=7) in the

292

C1V1 group (see Materials and Methods). In contrast to the opsin group, animals of the YFP-

293

control group showed no self-stimulation behavior (Fig. 1 G).

294
295

Effect of VTA-activation on tone-evoked columnar activity in the auditory cortex

296

After evaluation of self-stimulation behavior in the C1V1 and YFP group, we performed acute

297

laminar local field potential electrophysiological recordings from their auditory cortices under

298

ketamine-xylazine anesthesia. This approach allows the investigation of circuitry effects by the

299

stimulation of the VTA on sensory cortical processing. Additionally, we also recorded from a

300

control group of naïve animals, which underwent no implantation or laser stimulation, to

301

determine which effects were due to opsin activation or laser light. Pure tones were presented

302

in iso-octave steps in order to cover the main tonotopic range of the gerbil (Stimulation

303

frequencies ranged from 0.125 kHz – 32 kHz, duration: 200 ms, ISI 0.6-0.8s, 50 rep., 65 dB

304

SPL). After insertion of the recording electrode (NeuroNexus A1x32-50-413), sets of 50

305

repetitions per stimulus (~7.5 minutes) were recorded over 45-75 min to guarantee stable

306

recordings (Fig. 2 A; see Materials and Methods). We then paired the presentation of each pure

307

tone with laser-stimulation of the VTA (473 nm; 25 Hz; 10 ms pulse length, 200 ms duration).

308

Thereby, the VTA was stimulated 400 times within 7.5 minutes of the combined laser/tone

309

presentation (Fig. 2). After this paired measurement, consecutive tone-only measurements

310

(post) were performed over the course of 60 minutes. This procedure allowed us to observe
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311

phasic and long-lasting effects of optogenetic VTA stimulation on auditory cortex tone-evoked

312

activity.

313

Fig. 2 B displays a representative example of pure-tone evoked CSD-profiles after stimulation

314

with the best frequency (BF, top) and an off-BF (bottom, 2 octaves apart) before (left), during

315

(center) and 30 minutes after (right) VTA- stimulation in a C1V1-transduced animal. Before

316

VTA stimulation, tone-evoked CSD profiles show the canonical feed-forward pattern of early

317

current sink activity in layers III/IV and Vb/VIa (Fig. 2 B, left) (Szymanski et al., 2009; Happel

318

et al., 2010; Happel and Ohl, 2017). Subsequent later supra- and infragranular sink activities

319

can be related to intracortical synaptic circuits in layers I/II, Va and VIb (see semi-automatic

320

detection of sink activity in Materials and Methods and Fig. 2 B and Fig. 2-1). Responses to

321

frequencies apart from the BF generally evoke less prominent tone-evoked activity across all

322

cortical layers. When pure tone stimulation is paired with VTA stimulation, we observed

323

prominent changes of amplitudes, but not spatiotemporal flow of synaptic activity (Fig. 2 B,

324

center). This increase of tone-evoked cortical processing was long-lasting and persisted over

325

approximately 30 min after the cessation of laser stimulation (Fig. 2 B, right).

326
327

Laminar specificity of transient and long-lasting effects of VTA stimulation

328

In order to relate the observed changes of in current flow to distinct cortical layers, we

329

separately analyzed CSD-traces from respective cortical layers (I/II, III/IV, Va, Vb/VIa and

330

VIb; see Materials and Methods). Prominent sink components of cortical layers III/IV, Va, and

331

Vb/VIa were related to early time windows of 0-50 ms after tone onset, while cortical layers

332

I/II and VIb felt into later time windows of >50 ms determined by sink onset (cf. Fig. 2-1).

333

Described effects during and after VTA stimulation might impact on sensory processing in a

334

less stimulus-locked manner and influence trial-by-trial signal-to-noise ratio (Kroener et al.,

335

2009). In order to capture such variability, we have utilized a single-trial analysis using LME
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336

models (Chang et al., 2018) on peak amplitudes of each layer as a function of time before and

337

after VTA stimulation separately for BF, near- (± 1-2 octaves) and non-BF (± 3-4 octaves)

338

stimulation for all groups (Fig. 3). Within each frequency bin, data was normalized to pre-

339

measurements in order to characterize relative changes over time and compared both groups

340

with laser treatment (C1V1, YFP) against the control group. Within the control group, we

341

observed a variation of tone-evoked responses of up to ± 10% over the entire recording time.

342

Therefore, to obtain main effects of the laser treatment and account for general variance, we

343

quantified and statistically tested only data that crossed this ± 10% criterion of the normalized

344

pre-measurements (see dashed lines in Fig. 3). In the C1V1 group, VTA stimulation led to a

345

significant increase of peak amplitudes in infragranular layers Vb/VIa most prominently after

346

BF-stimulation for up to 45 minutes. The main current sink in thalamocortical input layers

347

III/IV, in contrast, showed only minor modulation after VTA stimulation. Only 30 minutes after

348

VTA stimulation off-BF evoked activity was increased. Activity in layer Va was unaffected by

349

VTA stimulation. Late onset sink components in layers I/II and VIb showed opposing temporal

350

effects after VTA stimulation. While supragranular activity increased gradually and long-

351

lasting mainly for BF/near-BF stimulation, infragranular layer VIb activity was most strongly

352

amplified for non-BF only during combined tone-laser stimulation. In the YFP-group peak

353

amplitudes of all sink components showed a general trend to be reduced during laser-

354

stimulation and recovered over time within the >45min of post recordings. These effects were

355

potentially due to light-related heating of the stimulation site (Stujenske et al., 2015; Arias-Gil

356

et al., 2016), which might shift the balance of excitation and inhibition in the VTA (Johnson

357

and North, 1992; Paladini and Tepper, 1999; Tan et al., 2012; Van Zessen et al., 2012). Data

358

from control animals displayed a mainly stable amplitude range within the ± 10% range of pre-

359

measurements.
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360

Based on the most prominent changes of evoked activity in the C1V1-group during VTA

361

stimulation (layer VIb) and over the longer period of >30 min after stimulation (layers I/II and

362

Vb/VIa), we compared slopes of evoked peak amplitudes as a function of stimulation frequency

363

(Fig. 4). All data were normalized to BF-evoked amplitudes of pre-measurements within each

364

layer separately. Slopes across the BF/near-BF/non-BF range therefore allow us to characterize

365

changes in tuning sharpness. Frequency-independent gain increase, in contrast, would not affect

366

the slope, but rather affect the intercept. In the pre-measurement, the most prominent frequency

367

tuning was observed in thalamocortical input layers III/IV. In the pre-condition amplitudes in

368

the non-BF bin were reduced about 60% compared to BF-evoked responses. Across frequency

369

bins, this led to a slope of 0.28 indicating a significant dependence of amplitude and stimulation

370

frequency (Fig. 4, blue line, p<0.001). During laser stimulation and 30 minutes after, slopes did

371

not change (change of slope >0.01; p>0.05) indicative of a stable frequency tuning in layers

372

III/IV. In layers Vb/VIa, a slope of 0.13 indicated a less prominent frequency tuning in the pre-

373

condition. During VTA stimulation the frequency tuning was unaffected (change of slope

374

<0.01; p<0.05) but showed a significant increase of sharpness 30 minutes later (change of slope

375

pre:30 min of +0.05; p<0.001). Comparably, in supragranular layers, I/II slopes of the pre-

376

condition (0.09; p<0.001) did not significantly increase during VTA stimulation (change of

377

slope +0.04; p=0.09), but significantly increased >30 min later (change of slope pre:30 min

378

+0.08, p<0.001). Hence, cortical layers Vb/VIa and I/II showed no change of tuning bandwidth

379

during the paired tone/VTA stimulation, but a significant increase in spectral integration

380

prolonged for up to 30 minutes afterwards. Activity in layer VIb showed a prominent increase

381

during VTA stimulation selectively for the off-BF bins (cf. Fig. 3; bottom right), and, in

382

accordance, we found slopes to be significantly decreased during laser stimulation (change of

383

slope pre:laser –0.06; p<0.001), which recovered after 30 minutes (change of slope Pre:30 min

384

–0.02, p=0.10). Layer Va similarly showed a decrease in slope during laser-stimulation (change
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385

of slope pre:laser –0.04; p<0.001), and also recovered 30 minutes later (p>0.05). VTA

386

stimulation yielded a transient increase in response bandwidth in cortical layers Va and VIb.

387

Based on the layer-specific modulation of early tone-evoked inputs in thalamocortical-recipient

388

layers Vb/VIa and subsequent synaptic inputs in supragranular layers, we speculate that

389

stimulation of the VTA affects early and late sensory processing on a local and corticocortical

390

level, respectively (cf. Happel et al., 2014).

391
392

Impact on local intracolumnar and corticocortical synaptic inputs

393

In a next step, we therefore aimed to disentangle early activity associated with local

394

thalamocortical input, and subsequent activity associated with corticocortical processing. We

395

compared changes in the tone-evoked average rectified CSD (AVREC) and the residuals of the

396

CSD (ResidualCSD) during early (0-50 ms) and late (80-300 ms) time windows (Fig. 5 A).

397

This rationale is based on previous findings demonstrating that the residual CSD reflects the

398

spatiotemporal ratio of unbalanced sinks and sources providing a quantitative measure of

399

horizontal intercolumnar inputs to a given cortical site (Happel et al., 2010; Happel and Ohl,

400

2017). The AVREC, on the other hand, reflects the overall intracolumnar current flow at a given

401

recording site (Givre et al., 1994; Schroeder et al., 1998). Fig. 5 A (left) shows changes of both

402

the grand average of the AVREC (top) and relative CSD (bottom) waveforms before, during,

403

and, in certain time windows, after VTA stimulation in the C1V1 group. Comparable changes

404

were not observed in neither the YFP nor control group (Fig. 3-1). To further investigate

405

temporal changes of BF-evoked responses in more detail, time course of binned root mean

406

square (RMS) values for early and late averaged and normalized AVREC and ResidualCSD

407

windows of each group were plotted as a function of time (normalized to pre-measurements).

408

RMS values of the AVREC during the early phase (0-50 ms) displayed a significant increase

409

in the C1V1 group from 15 min until 52 min after VTA stimulation. Significant effects were
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410

validated with a LME model (Fig. 5 B; p<0.001-0.025). During the late phase (80-300 ms) after

411

tone onset, RMS of the averaged AVREC did not show any significant changes between each

412

group (Fig. 5 B). During laser stimulation, a significant increase has only been observed for the

413

averaged early ResidualCSD indicative of amplified lateral contributions to early tone-evoked

414

columnar activity in the C1V1 group (p=0.04). Furthermore, early and late ResidualCSD were

415

both significantly enhanced during later time points after the VTA stimulation (early

416

ResidualCSD: 22.5-37.5 min; p=0.014-0.039; late ResidualCSD: 37.5-45 min, p=0.008-0.033).

417

Averaged RMS tuning curves of the AVREC and ResidualCSD of the C1V1 group revealed an

418

increase of tone-evoked activity during and after laser stimulation across the entire range of BF,

419

near-BF (± 1-2 octaves) and non-BF (± 3-4 octaves) stimulation (Fig. 5 C).

420
421

Integration of local and corticocortical synaptic inputs in dependence of the stimulation

422

frequency

423
424

All single-trial AVREC and ResidualCSD RMS values were normalized to pre measurements.

425

Normalized values were analyzed as a function of time before and after VTA stimulation binned

426

for BF, near-, and non-BF stimulation for all groups (Fig.6). Fig. 6 A (top) shows a gradual

427

increase of the early AVREC compared to the control- and YFP-group independent of

428

stimulation frequency. For BF- and near-BF-stimulation, this yielded a significant increase at

429

>30 min after VTA stimulation. The ResidualCSD also showed a strong increase almost

430

independent of the stimulation frequency already during the combined tone-laser presentation

431

and all following post measurements. Consistently with the layer-specific activity, there was a

432

less pronounced decrease of the near/non-BF-evoked AVREC in early and late time windows

433

in the YFP-group during laser stimulation, which started to recover over time (Fig. 6 A,

434

bottom).
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435

In the later time window of 80-300 ms after tone-onset, only the ResidualCSD showed a

436

significant increase during and up to 30 minutes after VTA stimulation (Fig. 6 B). Altogether,

437

VTA stimulation led to a gradual increase of the overall early current flow most pronounced

438

for BF- and near-BF stimulation. This effect was long-lasting and peaked around 30 minutes

439

after stimulation. We further found an immediate and long-lasting increase of imbalance

440

between sinks and sources based on the early and late ResidualCSD in all frequency bins

441

indicative of amplified corticocortical activity.

442
443
444
445
446
447
448
449
450
451
452

Discussion

453

The VTA is a key structure to convey information about stimulus salience and valence to target

454

areas distributed throughout the brain (Bromberg-Martin et al., 2010). Receiving both sensory

455

as well as VTA inputs, the primary sensory cortex is ideally positioned to integrate such bottom-

456

up and top-down information to shape behavior through reinforcement learning. We here
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457

demonstrate for the first time that activation of VTA-reward circuits amplifies sensory input

458

via a yet largely overlooked thalamocortical projection targeting infragranular layers Vb/VIa of

459

the auditory cortex (Szymanski et al., 2009; Intskirveli et al., 2016). In contrast, granular layer

460

III/IV input, a well-known substrate for sensory gain modulation (Bruno and Sakmann, 2006;

461

Liu et al., 2007; Happel et al., 2010; Intskirveli et al., 2016), was unaffected by VTA

462

stimulation. The impact of the observed infragranular gain modulation on supragranular layers

463

manifests as a translaminar long-lasting enhancement of frequency tuning (see Fig. 7).

464

Furthermore, we could demonstrate with a residual CSD analysis, that the frequency-specific

465

gain in deeper layers emerges on a local columnar level and yields an increased corticocortical

466

integration displayed in lateral input most likely terminating in upper layers. Thereby, the VTA

467

impact on the sensory cortex transcends the time scales commonly associated with reward-

468

prediction error coding. This highlights the diverse, and yet elusive functions of cortical layers

469

in the sensory cortex (Adesnik and Naka, 2018).

470
471

VTA-activation enhances infragranular thalamocortical inputs in the auditory cortex

472

Optogenetic stimulation of VTA-projection neurons allowed us to investigate effects of reward-

473

related cross-regional circuits (Fig. 1) (Brocka et al., 2018). Roughly 8% of non-sensory inputs

474

of gerbil ACx arise from direct projections of the ipsilateral VTA, which terminate across the

475

entire cortical column (Budinger et al., 2008). Therefore, direct stimulation of the VTA

476

projection neurons is the most effective method to activate this circuit. In contrast, the success

477

of optogenetic approaches to directly stimulate cortical terminals have been challenged in recent

478

studies and particularly do not allow for an homogenous activation across all cortical layers

479

(Yizhar et al., 2011; Stujenske et al., 2015; Yona et al., 2016). VTA stimulation led to increased

480

early tone-evoked (0-50 ms) local columnar current flow and increased long-range

481

corticocortical activity. This effect persisted for up to 50 minutes after VTA stimulation and
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482

was most prominent for the respective BF of the given recording site (Fig. 5). Hence, VTA

483

stimulation promotes the local gain of columnar input over a prolonged period and lead to

484

substantial corticocortical integration of spectral information. Notably, the gain amplification

485

of sensory input appeared exclusively in thalamocortical-recipient layers Vb/VIa but was absent

486

in the main thalamocortical-recipient granular layers III/IV (Fig. 3). This enhancement of

487

infragranular activity was locally relayed to supragranular layers I/II. This mechanism may

488

provide a way for intratelencephalic neurons in infragranular layers (Harris and Mrsic-Flogel,

489

2013) to provide a translaminar gain control of sensory representation depending on the

490

experience of reward (Castejon et al., 2016; Jarvis et al., 2018). Although direct projections of

491

the ipsilateral VTA provide a significant contribution to non-sensory inputs of the gerbil ACx

492

(Budinger et al., 2008), our approach may recruit other relay stations that could contribute to

493

the observed effects.

494

Previously, reported effects of dopamine on tuning sharpness in the ACx (Bao et al., 2001;

495

Deliano et al., 2018) raised the question on which specific cortical circuit motifs reward

496

information modulates spectral information. Our data showed that stimulating the VTA

497

projections only affected early auditory tuning sharpness in deep cortical layers, but not in the

498

main thalamocortical input layer III/IV (Sugimoto et al., 1997; Intskirveli et al., 2016). Sharper

499

frequency representation was relayed to superficial layers I/II and persisted over time after VTA

500

stimulation. Our observations are thereby consistent with recent findings from layer-specific

501

high-field fMRI in human auditory cortex showing sharper tuning in upper layers depending

502

on attention and task engagement (De Martino et al., 2015).

503

As a result, reward-circuit activation promotes a long-lasting gain enhancement of salient

504

auditory stimuli via strengthened infragranular thalamocortical inputs and increased sensory

505

integration in supragranular circuits. Our finding now provides an explanatory role of the

506

anatomically and physiologically well-described early infragranular inputs in layers Vb/VIa of
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507

the sensory cortex (Szymanski et al., 2009; Happel et al., 2010; Constantinople and Bruno,

508

2013; Intskirveli et al., 2016) as a circuit for integrating sensory and task-related information.

509
510

Persistent cortical modulation might underlie dopamine-dependent influences on learning

511

Recent reports have highlighted that sensory-evoked responses in deep layers are modulated by

512

behavioral states (Pais-Vieira et al., 2015; Zhao et al., 2016) and undergo substantial learning-

513

related plasticity (Biane et al., 2016) not described for middle layer thalamocortical input

514

(Froemke et al., 2007). Our data now assigns a functional impact of the VTA on deep cortical

515

layers—particularly under the control of dopaminergic neuromodulation (Fig. 7).

516

Optogenetic VTA stimulation preferentially recruits the main output population of

517

dopaminergic projection neurons making up roughly 55-65% of all VTA neurons (Nair-Roberts

518

et al., 2008; Sesack and Grace, 2010; Liu et al., 2012). Nevertheless, it has been demonstrated

519

that the small population of non-dopaminergic projection neurons also convey reward

520

information (Gorelova et al., 2012; Wang et al., 2015; Yoo et al., 2016) and particularly

521

promote the activation of brain-wide regions including the auditory cortex (Brocka et al., 2018).

522

Furthermore, there is overlap between dopaminergic and glutamatergic cells through

523

transmitter co-release (Stuber et al., 2010; El Mestikawy et al., 2011; Hnasko et al., 2012).

524

Nevertheless, the long duration of responses modulation in our data set strongly argues for a

525

significant dopaminergic component, as glutamatergic effects are generally more transient

526

(Mylius et al., 2015). Further evidence for a dopaminergic origin of the long-lasting effects is

527

provided by the distribution of dopamine receptors. In the sensory cortex, they are concentrated

528

mainly in infragranular and supragranular layers where we see modulatory effects (Compare

529

Fig. 1 B) (Lewis et al., 1987; Phillipson et al., 1987; Lidow et al., 1991; Williams and Goldman-

530

Rakic, 1993; Campbell et al., 1996; Schicknick et al., 2008).
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531

Thereby, the current study pursues the idea of dopamine-modulated columnar local gain of

532

behaviorally relevant stimuli on infragranular thalamocortical terminals via presumably

533

presynaptic dopamine receptors (Izhikevich, 2007; Blundon and Zakharenko, 2013; Happel et

534

al., 2014). Previously described accumulative effects of dopamine on auditory learning and

535

long-term memory consolidation (constant increase of cortical dopamine within 30 min after

536

training onset; cf. Stark and Scheich, 1997) could then be the result of the long-lasting action

537

of dopamine at the presynaptic terminal (Stark and Scheich, 1997; Schicknick et al., 2008).

538

Thereby, the sensory gain amplification described in this study potentially promotes a sustained

539

perceptual salience of incoming stimuli (Froemke et al., 2013; Kato et al., 2015; Sohoglu and

540

Chait, 2016). These previous observations are already implying functions of the VTA beyond

541

mere reward-prediction error signaling to the auditory cortex (Gardner et al., 2018). Our

542

findings now provide a circuit level explanation of the necessary integration of transient reward

543

information and persistent modulation of cortical activity. Thereby, this circuit might constitute

544

a substrate for credit assignment in reinforcement learning theory concerned with the temporal

545

delay between sensory input and its behavioral consequences (Hull, 1944).

546
547
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744

Figure legends:

745
746

Figure 1 - Anatomical validation of fiber position relative to target side and optogenetic

747

intracranial self-stimulation

748

(A) Schematic overview of fiber implant position for optogenetic stimulation of the VTA, and

749

the ipsilateral AI recording side. Dashed boxes indicate representative regions of interest shown

750

in B) identified by yellow and red asterisks. (B) Top, YFP expression in the temporal cortex

751

covering the region of AI after virus transduction of the VTA indicates fiber terminals from the

752

VTA targeting mainly upper layers and collaterals in deeper layers (white arrows). YFP

753

expression was detectable in multiple regions of the neocortex (not shown). Bottom, co-

754

fluorescence of YFP (AAV-CamKIIα-C1V1 (E162T)-p2A-eYFP) and TH-immunostaining

755

(Alexa Fluor 546). Area of co-fluorescence is indicative of overlapping neuronal populations

756

expressing the virus and TH mainly found in the VTA, and not the substantia nigra (Lippert et

757

al., 2018). Scale bars indicate 250 and 200 µm, respectively. (C) Schematic representation of

758

optogenetic intracranial self-stimulation: While nose-poking the lever, animals induce a light

759

flash towards the VTA resulting in extensive self-stimulating behavior (Brocka et al., 2018).

760

(D) Gerbil skull with prominent landmarks (bregma, lambda and occipital crest) for anatomical

761

reference (modified from Radtke-Schuller et al., 2016). For experiments, bregma has been used

762

for reference of medio-lateral (ML) and anterior-posterior (AP) position of the VTA. (E)

763

Estimated actual AP/ML coordinates with mean coordinates (AP:-3.57 mm; ML: 584.14 µm)

764

relative to bregma of the C1V1group (n=7) as estimated with the gerbil brain atlas (Radtke-

765

Schuller et al., 2016). (F) Fiber distance (mean ± SEM) towards area of co-fluorescence (146.8

766

± 38.9 µm; n=7). Compare with bottom picture of B). (G) Averaged lever pressing rates (lever

767

presses/ min) of the C1V1 (n=12) and YFP (n=8) groups over 10 days. A representative video

768

of a C1V1 animal is accessible as Movie 1-1.

bioRxiv preprint doi: https://doi.org/10.1101/669168; this version posted June 15, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

769

bioRxiv preprint doi: https://doi.org/10.1101/669168; this version posted June 15, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

770
771

Figure 2 - Electrophysiological measurements and effects of VTA stimulation on tone-

772

evoked CSD profiles in A1

773

(A) Schematic representation of the timeline of measurements. Pre baseline measurements

774

(Tone stimulation: 0.125-32 kHz, tone duration: 200 ms, ISI: 0.6-0.8, 50 pseudorandomized

775

repetitions, 65 dB SPL, 7.5 min) were performed until CSD patterns had stabilized (45-75 min).

776

A single measurement of combined tone and laser stimulation (25 Hz, 473 nm, 10 mW) was

777

carried out and followed by a series of post-measurements (up to 60 min). (B) Representative

778

example of a CSD profile after BF- (top) and off-BF (bottom) stimulation before, during and

779

30 minutes after the combined tone/VTA-laser measurement from an animal of the C1V1

780

group. Before VTA stimulation, BF-evoked CSD profiles revealed a canonical feedforward

781

pattern of stimulus-evoked current flow starting with initial sink components in cortical layers

782

III/IV and Vb/VIa. Subsequent sink activity was found in layers Va, I/II and VIb . Activity after

783

off-BF stimulation showed a less pronounced columnar activation in the pre-condition. During

784

paired tone and VTA stimulation, both stimulation frequencies evoked stronger and prolonged

785

translaminar current flow, which was still enhanced 30 minutes later. Cortical layers are

786

indicated. Dashed vertical lines indicate tone onset and offset.

787
788Figure 3 - Binned time courses of single-trial sink peak amplitude data of layer-specific CSD789traces
790

Temporal development of single-trial sink peak amplitudes for early sink activity (sink onset

791

<50 ms) in layers III/IV, Va and Vb/VIa and late sinks (sink onset >50 ms) in layers I/II and

792

VIb for BF, near- and non-BFs. Layer I/II peak amplitudes showed a significant increase for

793

the C1V1 group during laser and in post-measurements, surpassing the +10% criterion within
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794

the BF and near-BF bins. Significant differences from the control group are again revealed by

795

LME models and indicated by asterisks. Layer I/II peak amplitudes in the YFP and control

796

group did not show corresponding increases over the recording time but showed a decrease and

797

recovery for the YFP group. Layer III/IV activity did not reveal differences over time for BF-

798

evoked responses in all groups. With spectral distance from the BF the C1V1 group showed a

799

moderate increase yielding significance at the >30 min time bin compared to control animals.

800

Within the non-BF bin, peak amplitudes showed a significant decrease in the YFP group during

801

and after laser stimulation. Layer Va peak amplitudes were most stable across time and groups

802

only displaying a significant decrease for the YFP group in the non-BF bin at <30 min. Layer

803

Vb/VIa peak amplitudes in the C1V1 group were significantly increased in all post-

804

measurements after BF-stimulation. For stimulation with near-BF a similar trend was found.

805

Significant changes between the YFP and control group were again due to decreased peak

806

amplitudes in the YFP group. Layer VIb displayed a highly significant increase in the C1V1

807

group during laser stimulation, most prominent in the non-BF bin, and less prominent in near-

808

BF and BF bins. Laser-induced increase only persisted for the next time bin, but then recovered

809

to pre-condition. While the control group showed stable peak amplitudes over the time course,

810

YFP animals again showed a moderate decrease most prominent in off-BF bins.

811
812
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813

Figure 4 - Layer-specific early and late changes of tuning sharpness of the C1V1 group

814

For data from the C1V1 group, peak amplitudes within each layer were normalized to BF-

815

responses before laser stimulation. We fitted a linear line across evoked responses across the

816

BF-, near-BF- and non-BF-bin and calculated the slope as indicator for spectral tuning

817

sharpness (for pre, laser, >30 min). Sharpest tuning properties of peak amplitudes were found

818

in layers III/IV (slope of 0.28). Tuning in layers III/IV was not affected by VTA stimulation.

819

Layers I/II showed less prominent tuning revealed by a shallower slope in the pre-condition.

820

While VTA stimulation did not yield an immediate significant difference, slopes indicated a

821

significantly sharper tuning >30 min after VTA stimulation (p< 0.01). This was due to mainly

822

an increase in BF-evoked peak amplitudes in accordance with Fig. 5. Peak amplitudes in

823

infragranular layers Vb/VIa showed a similar effect as layers I/II with a trend of sharper tuning

824

during VTA stimulation that yielded significance >30 min later. In contrast, only in late

825

infragranular layer VIb, peak amplitudes revealed a significantly shallower slope indicative of

826

a broader frequency tuning during laser stimulation (Pre:laser; p<0.01), which recovered after

827

>30 min (Pre:<30 min; p=0.1). This can be seen by the flat slope between non- and BF bins.

828

Layer Va only showed a minor decrease of the slope during VTA stimulation that recovered

829

partially >30 min later. Significances indicated are based on slope comparisons performed using

830

the Ismeans package in R (version 2.27-62). For statistical explanation, see text.

831
832
833

Figure 5 - Temporal development of early and late AVREC and ResidualCSD activity

834

(A) Grand average traces of the BF-evoked AVREC (top) and ResidualCSD (bottom) of the

835

C1V1 group (n=12) for binned pre, laser and post (<30, >30 &>45 min)-measurements. Right,

836

insets illustrate that AVREC activity is mainly associated with local columnar activity, while
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837

the ResidualCSD quantifies contributions from lateral corticocortical input (cf. Happel et al.,

838

2014, 2010). (B) Temporal time courses of Pre-normalized early/late AVREC and early/late

839

ResidualCSD traces of C1V1 (red), control (blue) and YFP (green) groups (n=12, n=7, n=7,

840

respectively) shown for BF stimulation. Early AVREC signal displayed a significant increase

841

in post-measurements for the C1V1 group whereas time courses of the control and YFP groups

842

were stable. Late AVREC signal showed no significant differences between either group. RMS

843

ResidualCSD values of early and late time windows displayed a similar temporal development

844

as the early AVREC becoming significantly increased in the later post-measurements within

845

the C1V1 group. Control and YFP groups showed no significant changes over time. Note the

846

peaking in the early ResidualCSD RMS during laser stimulation, which is only present in the

847

C1V1 group. Asterisks mark significant changes according to the applied mixed linear models

848

of the normalized data towards the control group (see Materials and Methods). (C) Tuning

849

curves of the RMS value normalized to BF-evoked responses in the pre-condition for early/late

850

AVREC and early/late ResidualCSD for binned time points for C1V1 group. Note the general

851

increase of the overall tuning curve relative to pre measurements.

852
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853
854

Figure 6 - Normalized single-trial early and late AVREC and ResidualCSD RMS values

855

over time

856

(A) Temporal time course of averaged early single-trial RMS AVREC (top) and ResidualCSD

857

(bottom) values normalized to pre-measurements. Data for BF, near-BF and non-BF stimulation

858

is shown separately and was binned for pre-measurements, laser, and post-measurements (<30

859

min, >30, >45 min). Note the prominent increase of early RMS AVREC values for the C1V1

860

group whereas control and YFP group displayed a more stable or decreasing time course,

861

respectively. Also, early RMS ResidualCSD values significantly increased during and after the

862

Laser measurements for BF, near- and non-BF bins of the C1V1 group, whereas YFP and

863

control display a more stable time course. (B) Temporal time course of late Pre-normalized

864

RMS AVREC and ResidualCSD values of single-trial data for BF, near-BF and non-BF. Late

865

RMS AVREC values for the C1V1showed a mild, yet not significant, increase that did not

866

surpass the +10% criterion. The control group displayed a stable and slightly declining time

867

course for the late RMS AVREC values, while the YFP group showed a moderate decrease that

868

recovered over time. Late RMS ResidualCSD values increased during and after the Laser

869

measurements for BF, near- and non-BF bins of the C1V1 group, whereas YFP and control

870

groups both showed a more stable time course. Significances in A) and B) were calculated using

871

mixed linear models on the normalized data. Asterisks indicate corresponding significances in

872

comparison to the control group, in case values exceed the ± 10% pre-criterion. Single-trial

873

CSD data in following figure is presented equally.

874
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875
876

Figure 7 - Schematic illustration of convergent deep layer inputs from sensory thalamus

877

and VTA exhibiting a local frequency-specific gain amplification.

878

VTA projections mainly target upper and infragranular layers of the gerbil auditory cortex (see

879

also Fig. 1 B). Stimulating the VTA projections led to a frequency-specific gain amplification

880

of early sensory-evoked responses in thalamocortical recipient layers Vb/VIa. This gain

881

increase effectuated an enhanced spectral tuning representation in supragranular layers I/II. The

882

supragranular gain modulation might hence be inherited via intratelencephalic neurons

883

targeting upper layers and bypassing granular input circuits (Harris and Mrsic-Flogel, 2013),

884

may originate from a direct influence of dopamine released in upper layers or a combination of

885

both. MGB, medial geniculate body.

886
887
888

889

Supplementary Information:

890
891

Movie 1-1 - Optogenetic intracranial self-stimulation induced by lever pressing

892

Animal video clip of an intracranial self-stimulation training session. Animals were placed into

893

a 25x35x22cm³ Plexiglas box for 20 min once a day. Optogenetic implants were attached via

894

an optical fiber with a shutter-controlled laser (10 mW, 473 nm). By pressing an installed lever,

895

animals were able to trigger a laser pulse (25 Hz, 5 ms) for VTA stimulation. Highly addicted

896

animals (>= 850 lever presses per session), were kept for optogenetic experiments whereas non-
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897

addicted animals were rejected from this study (Compare behavior of the animal in the

898

background).

899
900

Figure 2-1 - Assignment of layers to CSD channels and semi-automatic detection of sink-

901

activity

902

Based on previous studies, earliest tone-evoked components are related to layers Vb/VIa and

903

III/IV (Szymanski et al., 2009; Happel et al., 2010). Subsequent synaptic activity is conveyed

904

to layer Va and VIb, and layers I/II, as indicated in the representative example. Channels

905

assigned to individual layers were averaged and activity attributed to sources (positive values)

906

were dismissed. For visual purposes, a corresponding average-sink trace from layer III/IV was

907

inverted. Based on the pre-stimulus baseline signals (200 ms), the baseline mean value + 1

908

standard deviation (STD) was calculated as response threshold for each layer-dependent CSD

909

trace. A deflection that surpassed a 1-fold STD was used to determine the onset and offset of

910

early and late sink activations (see Materials and Methods). Significant sink onset activity

911

within the first 50 ms after tone onset was assigned as early activity, while later onsets were

912

assigned as late activity.

913
914

Figure 3-1 - Grand average AVREC and ResidualCSD traces for YFP and control groups

915

(A) AVREC and ResidualCSD traces of the YFP group (n=7) for binned pre-measurements,

916

laser-measurement, post-measurements < 30 min, post-measurements > 30 min and post-

917

measurements > 45 min. Dashed lines indicate tonal on- and offset. Areas for early and late

918

RMS calculations are underlined with gray. Group sorting was performed according to the BF

919

of the granular sink peak amplitudes. (B) AVREC and ResidualCSD traces of the control group

920

(n=7) for binned pre-measurements, laser-measurement, post-measurements < 30 min, post-
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921

measurements > 30 min and post-measurements > 45 min. Dashed lines indicate tonal on- and

922

offset. Areas for early and late RMS calculations are underlined with gray. Group sorting was

923

performed according to the BF of the granular sink peak amplitudes.

924
925

