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Summary 22 

Dopamine in the nucleus accumbens ramps up as animals approach desired goals. These 23 

ramps have received intense scrutiny because they seem to violate long-held hypotheses on 24 

dopamine function. Furthermore, it has been proposed that they are driven by local 25 

acetylcholine release, i.e., that they are mechanistically separate from dopamine signals related 26 

to reward prediction errors. Here, we tested this hypothesis by simultaneously recording 27 

accumbal dopamine and acetylcholine signals in rats executing a task involving motivated 28 

approach. Contrary to recent reports, we found that dopamine ramps were not coincidental with 29 

changes in acetylcholine. Instead, we found that acetylcholine could be positively, negatively, or 30 

uncorrelated with dopamine depending on whether the task phase was determined by a salient 31 

cue, reward prediction error, or active approach, respectively. Our results suggest that 32 

accumbal dopamine and acetylcholine are largely independent but may combine to engage 33 

different postsynaptic mechanisms depending on the behavioral task states. 34 
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Introduction 49 

Dopamine release dynamics in the nucleus accumbens (NAcc) have been shown to be critical 50 

for learning the relationship between cues, actions, and outcomes 1,2. Across several tasks, 51 

phasic, short bursts of dopamine seem to signal errors in predicting events such as the 52 

presentation of an important cue or the delivery of reward 1,3,4. However, it has also been shown 53 

that prior to the occurrence of such events, particularly when animals are actively moving 54 

towards a desired goal, dopamine release slowly ramps up in the NAcc 5–12. This anticipatory 55 

dopamine ramping has been the focus of much recent work, in large part because of the rapid 56 

proposal of several alternative hypotheses for its computational role. Some propose that these 57 

ramps do not reflect a prediction error-type response, but instead signal the absolute value 58 

expectation or motivation associated with the goal 6,6. Alternatively, others suggest that the 59 

ramps can be explained by classical temporal difference learning algorithms 8,9 or that they are 60 

a correlate of the use of cognitive maps 11. Compounding with this controversy, there is 61 

conflicting evidence as to the origin of these anticipatory ramps. Some have argued that they 62 

are driven by matched ramps in firing in dopamine neurons 9–11, while others argue that they are 63 

independent of dopamine neuron spiking, and instead are generated by local circuit 64 

mechanisms in the NAcc 6,7, which would fit with an entirely separate computational role 65 

compared to other dopamine signals. 66 

If these dopamine ramps are indeed generated within the NAcc, a candidate driver would be the 67 

striatal cholinergic interneurons. Previous work, including several recent mechanistic studies 68 

focusing on dopamine axon physiology, have demonstrated that acetylcholine, acting on 69 

axonal α6 nicotinic receptors, can directly drive dopamine release independently of somatic 70 

firing in midbrain neurons 13,14. While there are additional factors to consider about these 71 

nicotinic inputs 15, this would be an ideal candidate for a local circuit mechanism that could drive 72 

dopamine ramps. If this is true, then acetylcholine and dopamine signals should be positively 73 

correlated, especially during ramps, with dopamine increases lagging behind acetylcholine 74 

increases. 75 

However, there is also a corpus of studies where cholinergic interneurons were recorded in 76 

awake behaving animals that suggest that these neurons typically pause, or “dip”, their activity 77 

when reward or reward predicting cues are presented, in opposition to dopamine16–19. Recent 78 

work with simultaneous striatal dopamine and acetylcholine recordings has shown that 79 

acetylcholine dips are anti-correlated during movement and reward 20,21. An alternative 80 

hypothesis for striatal dopamine-acetylcholine interactions which would explain these results 81 
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centers on the post-synaptic response of target spiny projection neurons (SPNs), where 82 

cholinergic and dopaminergic transmission can have opposing effects on synaptic plasticity 22,23. 83 

According to this model, dopamine and acetylcholine dynamics should be anti-correlated, with 84 

acetylcholine dips creating a permissive window for phasic dopamine increases to drive 85 

synaptic plasticity. That said, these recording studies of cholinergic function, including the recent 86 

work with dual dopamine and acetylcholine recordings, were done in the dorsal striatum, were 87 

dopamine ramps are not typically observed 12. Therefore, it could still be that in NAcc there is a 88 

unique effect of acetylcholine to drive dopamine ramps. 89 

Here, we investigated this possibility using dual fiber photometry recordings of dopamine and 90 

acetylcholine signals in the NAcc core in a simple instrumental task to assess whether these 91 

signals were positively correlated, focusing on dopamine ramps during motivated approach. 92 

Results 93 

Experimental procedures and behavioral performance 94 

We transfected 10 male Long-Evans rats with next generation genetically-encoded sensors for 95 

dopamine and acetylcholine - rDA3m, a red-shifted dopamine sensor24 and gAch4h, a novel 96 

green acetylcholine sensor. These rats were implanted with optic fiber cannulas in the NAcc to 97 

allow simultaneous multi-color fiber photometry recordings of both dopamine and acetylcholine 98 

release dynamics (Figure 1A and B) 1,20,25. After at least 4 weeks for recovery and viral 99 

expression, rats were water restricted and started training on the behavioral task (Figure 1C). 100 

The task was chosen to provide the simplest possible scenario in which dopamine ramps could 101 

be expected - a cued, motivated-approach behavior. On each trial, the onset of a light cue 102 

indicated that rats could perform an entry into a nose poke port, and after holding position for 103 

0.5 seconds they could perform a second entry into a fluid well, which triggered the delivery of 104 

water rewards also after 0.5 seconds. Implanted rats quickly learned to perform this task, and 105 

we recorded acetylcholine and dopamine signals in the NAcc core during asymptotic 106 

performance (Figure 1D). All analyses reported in this study were on signals collected from one 107 

session of each rat after they reached stable performance (N=10). All sessions were limited to 108 

one hour to avoid excessive photobleaching, and the rats performed an average of 125 trials 109 

(Figure 1D). The time it took for them to executed each phase of the task was also relatively 110 

similar (Figure 1D). 111 
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The analyses reported here were conducted mainly on signals that were only detrended (to 112 

remove photobleaching artifacts), median filtered (to remove high-frequency artifacts), and z-113 

scored (to allow for better between session and subject comparisons). We did record 114 

fluorescence elicited by 415 nm excitation, but the use of this “isosbestic” control, especially on 115 

sensors that have a shifted real isosbestic point, has recently been called into question 26. We 116 

found that referencing our signals to the 415 channel did not affect the interpretation of the 117 

signal dynamics (Figure S1), but we chose to continue with the most conservative approach. 118 
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119 

Figure 1. Photometry recordings, histological verification, and behavior. A: Location of 120 

fiber tips in the NAcc for all recorded rats (left; N=10) and representative histological 121 

microphotograph (right) with histological detection of both sensors. We would like to highlight 122 

that chicken anti-GFP antibodies were the most effective in detecting the gAch4h sensor, out of 123 

several alternatives (see Methods). B: Cartoon schematic of dual-color fiber photometry 124 

recording methods. C: Cartoon schematic of the instrumental nosepoke task. D: Individual and 125 

group mean responding of the rats in the behavioral task. Left panel shows the number of trials 126 

each rat performed in the one hour session, and the right panel indicates the time it took for the 127 

rats to complete each phase of the task, from light onset to nose poke (poke), from nose poke to128 

unpoke (unpoke), and from unpoke to receiving the reward (reward). 129 
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Dopamine and acetylcholine correlations vary according to task phase 130 

Analysis of the dopamine and acetylcholine signals clearly demonstrated that they were not 131 

uniformly correlated across the different phases of the approach task (Figure 2). When we 132 

aligned the two signals to the nose poke we observed clear dopamine ramps, gradual increases 133 

in dopamine signal as the rats approached the goal, replicating several recent findings5–7. These 134 

ramps were significantly different from a shuffled control signal (Figure 2B), crossing the 135 

shuffled threshold well before the rats actually executed the nose poke, and their time course 136 

matched the time course of behavioral responding during this phase (Figure 1D). However, 137 

acetylcholine signals in the same period did not change, remaining statistically-similar to the 138 

shuffled control. This evidence goes against the prediction that the dopamine ramps are caused 139 

by local cholinergic depolarization of dopamine axons. 140 

However, the relationship between dopamine and acetylcholine signals was very different 141 

during other task phases. When we aligned the photometry signals to the unpoke, which was 142 

the action immediately prior to reward seeking, we observed a phasic increase in dopamine and 143 

a coincidental decrease in acetylcholine (Figure 2C). The same was observed when we aligned 144 

the signals to reward port entry, with dopamine rises and acetylcholine dips occurring around 145 

the time of reward delivery (Figure 2D). This indicated that whenever the task involved a 146 

rewarded action, or reward itself, dopamine and acetylcholine signals became anticorrelated, 147 

with a characteristic burst in dopamine and dip in acetylcholine. Finally, we also found periods 148 

when the two signals were correlated. For example, when the light was turned on, indicating the 149 

start of the trial, both dopamine and acetylcholine signals showed sharp increases (Figure 2A). 150 

Although, these were also followed by a dip. Therefore, depending on the task phase and the 151 

associated behavioral processes, accumbal dopamine and acetylcholine signals can be 152 

positively correlated, negatively correlated, or uncorrelated. 153 
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 154 

Figure 2. NAcc dopamine and acetylcholine dynamics during the instrumental task. A: 155 

Graphical representation of the task event to which each graph below is aligned (dashed gray 156 

line).  B: Dopamine (red) and acetylcholine (green) signals aligned to the task events. Note that 157 

there is an increase in both signals immediately after light onset, a progressive dopamine ramp 158 

with no significant change in cholinergic signal prior to the nose poke, a phasic increase in 159 

dopamine right after the poke, a dip in acetylcholine centered around the unpoke and followed 160 

by an increase in dopamine, and an increase in dopamine and dip in acetylcholine immediately 161 

after the reward delivery. Data are represented as mean ± 95% CI. Light green and light red 162 

shades in the background are the SEM of the shuffled baseline control. Colored bars above 163 

graphs indicate significant difference from shuffled control using a permutation test27. 164 
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Dopamine and acetylcholine cross-correlations differ according to task phase 165 

We next asked if the cross-correlations within and between the two signals were also different 166 

depending on task phase. This was done to rule out any potential lagged correlation that could 167 

indicate a causal relationship between the signals. We performed cross-correlation analysis on 168 

the two signals during the baseline (right before trial start), ramping (before the nosepoke), and 169 

around the light on, nosepoke, unpoke, and reward port entry timestamps, with lags computed 170 

relative to the dopamine signal. We found that during baseline, ramping, and nosepoke, the two 171 

signals had relatively weak but significant positive and negative cross-correlations, with 172 

dopamine leading the negative correlation and acetylcholine leading the positive correlation 173 

(Figure 3A). However, during the unpoke and the reward phase, signals were significantly anti-174 

correlated across both positive and negative lags. Finally, when the trial light was turned on 175 

there was a strong positive correlation at positive lags in relation to dopamine. 176 

We also computed the autocorrelation for each signal in the same time windows. We found that 177 

autocorrelation values for both signals also varied according to task phase, with the highest 178 

autocorrelations being observed in the task phases associated with reward (unpoke and reward) 179 

and the lowest autocorrelation being observed during baseline. There was also more task-180 

dependent variation in autocorrelation in the dopamine signal compared to the acetylcholine 181 

signal. These analyses further confirm that the cross- and within-channel dynamics of dopamine 182 

and acetylcholine photometry differ depending on the task state.  183 
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184 

Figure 3. Dopamine and signals acetylcholine cross- and auto-correlations according to 185 

task phase alignment. A: Trial-by-trial cross-correlation between dopamine and acetylcholine 186 

signals in the NAcc during different periods of the task. Grey shade is the 95% confidence 187 

interval of the shuffled control. B: Autocorrelation of the dopamine signal during the same task 188 

periods. C: Autocorrelation of the acetylcholine signal during the same task periods. Data are 189 

represented as mean ± SEM.   190 

0 
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Dopamine and acetylcholine signal dynamics are largely independent 191 

Finally, we wanted to explore if there was any relationship between dopamine and acetylcholine 192 

signals that could indicate a causal relationship between the two neuromodulators that spanned 193 

across task phases. For this, we removed the variance in each signal that could be explained by 194 

the variance in the other signal. In brief, we fitted a kernel function to the dopamine signal, then 195 

took the parameters of that fit and applied to acetylcholine signal, then subtracted the resulting 196 

fit from the original acetylcholine signal, and then repeated the same process with acetylcholine 197 

being the first fit and dopamine the second. The end result were dopamine and acetylcholine 198 

signals that were free of the variance explained by the dynamics of the other simultaneously 199 

recorded signal, and in which their dynamics could be compared in a scale-invariant manner 200 

(Figure 4). 201 

We found that after processing the main patterns we had observed in the raw signals were all 202 

preserved.  This included the dopamine ramps preceding the nosepoke, dopamine rises and 203 

acetylcholine dips during the reward-related epochs, and dopamine and acetylcholine rises to 204 

the light on. This preservation suggests that, while dopamine and acetylcholine signals may be 205 

correlated during these events, their variance is largely independent, which indicates it is 206 

unlikely that one signal directly causes changes to the other.  207 
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208 

Figure 4. Dopamine and signals acetylcholine cross- and auto-correlations according to 209 

task phase alignment. A: Average traces of the acetylcholine signal variance explained by 210 

dopamine dynamics (green) and the dopamine signal variance explained by acetylcholine 211 

dynamics (red) for each task phase B: Dopamine (red) and acetylcholine (green) signals where 212 

the variance explained by the dynamics of the alternative signal have been removed. Note that 213 

the major patterns of activity, including anticipatory dopamine ramps and cholinergic dips during 214 

reward and rewarded action, are largely similar. Data are represented as mean ± SEM. Light 215 

green and light red shades in the background are the SEM of the shuffled baseline control. 216 

Colored bars above graphs indicate significant difference from shuffled control using a 217 

permutation test27.  218 
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Discussion 219 

Here we simultaneously recorded dopamine and acetylcholine signals in the NAcc with 220 

genetically encoded sensors while rats performed an instrumental task that involved motivated 221 

approach. We found that dopamine and acetylcholine signal correlations vary widely depending 222 

on the task state and the behavior being executed by the rats. Essentially, dopamine and 223 

acetylcholine were positively correlated in response to the light cue that started the trial, 224 

uncorrelated during anticipatory ramps, and anticorrelated during task phases that involved 225 

reward or a directly rewarded action. 226 

Critically, the lack of correlation between dopamine ramps and changes in acetylcholine during 227 

motivated approach demonstrates that this form of dopamine signaling is not likely driven by 228 

local acetylcholine release. Our findings contradict previous work suggesting that cholinergic 229 

interneuron activity was necessary to generate dopamine ramps 7. However, that study used 230 

fiber photometry to record calcium, which can be uncoupled from somatic firing and 231 

neurotransmitter release 28. Furthermore, the causal optogenetic evidence presented in that 232 

paper has been argued to be an artifact of direct optical stimulation of the calcium sensor 29. Our 233 

study, which employed a more direct measure of dopamine and acetylcholine signal in NAcc 234 

during behavior, failed to reliably find this relationship.  235 

That said, there are methodological limits to consider when interpreting our findings. Photometry 236 

recordings sample a relatively large area of neural tissue, with no cell-type specificity, so there 237 

is still the possibility that there may be variations in dopamine-acetylcholine interactions at the 238 

cellular and subcellular levels that were not captured with our methods. Nevertheless, our 239 

findings are well in line with most of the previous literature, and signals recorded at the level of 240 

photometry are typically highly correlated and causally linked to behavioral performance3,9,26. 241 

Our findings are also in line with previous electrophysiological and photometry studies of 242 

cholinergic transmission in the dorsal striatum. Cholinergic interneurons in the dorsal striatum 243 

tend to pause during the presentation of reward and reward-predicting cues, while dopamine 244 

neurons tend to burst in the same conditions 16, and dopamine and acetylcholine release in the 245 

dorsal striatum is anti-correlated during reward20,21, both patterns that fit with our dual 246 

photometry results in the NAcc. Additionally, individual striatal cholinergic interneurons have 247 

also been found to burst, or burst and then dip, in response to cued events, similarly to what we 248 

observed in response to the light onset16–19. This suggests that the general local circuit structure 249 
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governing dopamine and acetylcholine release in the NAcc is also somewhat similar to what has 250 

been described for the dorsal striatum. 251 

If acetylcholine changes are not a prerequisite for dopamine ramping, then this suggests that, 252 

pre-synaptically, dopamine ramps likely share the same mechanisms as other dopamine 253 

signaling events, like classical reward prediction errors. However, it is conspicuous that we 254 

observed an anti-correlation between dopamine and acetylcholine in the precise epochs that 255 

dopamine should be signaling reward prediction errors and, presumably, driving reward-related 256 

learning. Specifically, cholinergic dips and dopamine increases coincide with events that are 257 

intrinsically or have been previously directly associated with value. This may indicate that, even 258 

if the ramps and prediction error signals are both generated by the same presynaptic 259 

mechanisms, they may engage different postsynaptic targets.  260 

For example, the anticorrelation pattern fits well with the finding that dopamine and 261 

acetylcholine exert opposing effects on each major classical SPN pathway. In the direct 262 

pathway dopamine acts on D1 receptors while acetylcholine acts on M4 receptors, respectively 263 

boosting and decreasing synaptic plasticity22. Conversely, in the indirect pathway, dopamine 264 

acts on D2 receptors and acetylcholine acts on M1 receptors, which also exert opposing effects 265 

on plasticity in these SPNs 23. It has been proposed that this oppositional relationship creates a 266 

tripartite condition for synaptic plasticity to occur in each SPN pathway, where learning is set to 267 

occur primarily when there is a coincidental dopamine burst, acetylcholine dip, and post-268 

synaptic depolarization30. That said, the real situation is almost certainly more complex than 269 

this, as both modulators also act on different interneurons and on dopamine axons 270 

themselves14,15,31,32, and there is compounding evidence that both direct and indirect SPNs are 271 

dynamically co-active during learning and decision-making33–36. The mechanistic model 272 

described previously is intended as an initial heuristic for investigating dopamine and 273 

acetylcholine interactions in subsequent studies. 274 

Within this framework, the fact that dopamine and acetylcholine are not anticorrelated during 275 

motivated approach and salient cue exposure is very interesting. This suggests that during 276 

these epochs the combined post-synaptic effect of both neuromodulators may be quite different. 277 

It is also an indication that dopamine ramps and cue responses are indeed mechanistically 278 

different from classical reward prediction error responses, at least in terms of how they 279 

modulate target cells. While all these dopamine responses can be conceptualized as prediction 280 

errors, reward-based or otherwise 1,9, they clearly drive different behaviors, and therefore it 281 

would make sense that they engage different post-synaptic cellular mechanisms. Regarding 282 
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specifically the dip in acetylcholine during dopamine reward prediction error signaling, it could 283 

be that the dips reflect the associative salience of the actions and reward and creates a critical 284 

window where dopamine can drive associative learning-related plasticity. This possibility should 285 

be actively explored in future work. 286 

The highly correlated responses to the light cue are harder to interpret within the confines of our 287 

task. This cue is related to reward availability and also indicates that the rat can initiate an 288 

action, therefore the cholinergic responses could be related to both to an action sequence 289 

initiation and value. However, it is worth noting that the light onset differs from other elements of 290 

the task as being the only highly salient cue that is outside of the rat’s control, and thus the 291 

dopaminergic and cholinergic responses to this event may be dominated by physical salience or 292 

a sensory prediction error. Future work with more complex tasks will be needed to disambiguate 293 

the nature of these responses. 294 

In conclusion, our findings indicate that the correlation between dopamine and acetylcholine 295 

release in the NAcc is heavily dependent on the precise timing and type of behavioral 296 

processes, even in relatively simple tasks. Dopamine increases in response to most events in 297 

this task, but acetylcholine dips during events directly related to reward and peaks during salient 298 

trial-setting cues. Importantly, anticipatory dopamine ramps are not coincidental with major 299 

changes in cholinergic signals. This pattern of results suggests that different behavior-related 300 

dopamine signals may induce specific post-synaptic effects in NAcc neurons depending on their 301 

interaction with acetylcholine dynamics.  302 
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Methods 418 

Materials and correspondence 419 

All data and code displayed in this manuscript will be made available upon request. Additional 420 

information on materials and protocols are available upon request to Geoffrey Schoenbaum 421 

(geoffrey.schoenbaum@nih.gov). 422 

Experimental Model and Subject Details  423 

Experiments were performed on a total of 10 male Long-Evans rats (>3 months of age at the 424 

start of the experiment, Charles River Laboratories) housed on a 12 hr light/dark cycle at 25 °C. 425 

Rats were water restricted (10 minutes/day) for the duration of the experiments and were tested 426 

at the NIDA-IRP in accordance with NIH guidelines determined by the Animal Care and Use 427 

Committee, which approved all procedures. All rats had ad libitum access to rat chow in their 428 

home cages for the duration of the experiments. Behavior was performed during the light phase 429 

of the light/dark schedule. The lack of female rats, due to logistical issues and the fact that 430 

males performed better with the head implants, is a potential limitation of this study. 431 

Surgical procedures 432 

Rats were anesthetized with 1-2% isoflurane and prepared for aseptic surgery. They received 433 

unilateral infusions of AAV2/9-hSyn-rDA3m and AAV2/9-hSyn-gAch4h into the NAcc (AP +1.7 434 

mm, ML + or -1.7 mm, and DV -6.3 and -6.2 mm from the brain surface). Viruses were mixed in 435 

a small tube and a total 0.7 μL of this mixture was delivered in each site at 0.1 μL/min via an 436 

infusion pump. Optic fiber cannulas (200 μm diameter; Neurophotometrics, CA) were implanted 437 

in each site in the location of the second (most dorsal) viral infusion. All viruses were obtained 438 

from BrainVTA. Exposed fiber ferrules and a protective black 3D-printed headcap were secured 439 

to the skull with dental cement. After surgery, rats were given Cephalexin (15 mg/kg po qd) for 440 

two weeks to prevent any infection.  441 

Dual color fiber photometry 442 

Fluorescent dopamine and acetylcholine signals were recorded using dual-color fiber 443 

photometry. General methods were similar to what was described previously1. In brief, custom 444 

fiber optic patch cables (200 μm diameter, 0.37 NA, Doric Lenses, Canada) were attached to 445 

the optic fiber ferrules on the rats with brass sleeves (Thorlabs, NJ). Fibers were shielded and 446 

secured with a custom 3D-printed headcap-swivel shielding. Recordings were conducted using 447 

an FP3002 system (Neurophotometrics, CA), by providing 560 (active green signal), 470 (active 448 
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green signal) and 415 nm (isosbestic reference) excitation light through the patch cord in 449 

interleaved LED pulses at 150 Hz (50 Hz acquisition rate for each channel). The light was 450 

reflected through a dichroic mirror and onto a 20× Olympus objective. Excitation power was 451 

measured at ~70-90 µW at the tip of the patch cord. Emitted fluorescent light was captured via a 452 

high quantum efficiency CMOS camera. Signals were acquired and synchronized with 453 

behavioral events using Bonsai37.  454 

Signals were processed using custom scripts in Python and MATLAB (MathWorks, MA). We 455 

filtered raw fluorescence signals from each of the 470 nm(active), 560 nm (active), and 415 nm 456 

(reference) channels with a causal median filter and a second-order Butterworth low-pass filter 457 

with a cutoff frequency of 5 Hz. Next, each channel data was fitted with a double exponential 458 

function, and the fitted data was subtracted from the original signal which removed the 459 

exponential decay artifact caused by photobleaching. The resulting signal was z-scored for each 460 

trial, using the three seconds before each trial onset as a baseline. For the supplemental 461 

reference control analysis, the reference (415 nm) channel data was fitted to each active signal 462 

using second-order polynomial regressions, and the fitted data was subsequently subtracted 463 

from the active channel and divided by the exponential fit of the active channel. 464 

Signal analyses 465 

Cross- and autocorrelations were conducted on one second windows using MATLAB’s x-corr 466 

function. Periods for the execution of the analyses started at ~2 seconds before light onset 467 

(baseline), immediately after light onset (light on), one second preceding nose poke (ramp), 468 

immediately after nose poke (poke), 0.5 second before unpoke (unpoke), and immediately after 469 

reward delivery (reward). The 95% confidence interval was derived by repeatedly calculating 470 

Pearson’s r after one of the photometry signals was shifted in time (aligned to the light onset 471 

and spanning the whole trial) and then extracting the 2.5th and 97.5th percentiles across the 472 

correlation window for each bin, similar to what has been used previously20.To address whether 473 

the dynamics of ACh and DA to each event derive from the other signaling, we isolated the 474 

component of one signal that could not be predicted by the other signal by regressing the data 475 

of one neurotransmitter to predict the other and subtracting this predicted component from the 476 

original signal. 477 

To address whether the dynamics of dopamine and acetylcholine influence each other, we 478 

isolated the component of one signal that could not be predicted by the other signal by 479 

regressing the data of one neurotransmitter to predict the other and subtracting this predicted 480 
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component from the original signal. The regression was done by using the data,  �, in the past 2 481 

seconds to predict the current response of the other neurotransmitter, �, using a double 482 

exponential kernel:  483 

� � �� ��� �	 ����

��


 � ����� 	 ����

��

�,       (1) 484 

� � � � ����,         (2) 485 

where � � ���� indicates the linear convolution between data � and kernel �. Parameters �� 486 

and �� control the amplitude, �� and �� represent time shifts for each phase, and time constants 487 

�� and �� govern the sharpness.  488 

We optimized these parameters for each session by minimizing mean squared error. With the 489 

optimized parameters, we were able to predict one signal based on the historical data of the 490 

other through convolution with the fitted kernel. Subsequently, this predicted component was 491 

removed from the original signal and tested to see if the response to each event was changed 492 

afterward. 493 

Behavioral apparatus and instrumental nose poke task 494 

Rats were trained and tested at least four weeks after the surgeries. Water was restricted to ~10 495 

min free access every day for at least two days prior to training initiation. During training, they 496 

received their water ration after their daily session. All behavior experiments were conducted in 497 

custom-built aluminum chambers approximately 18’ on each side with sloping walls narrowing to 498 

an area of 12’ x 12’ at the bottom. A central nose poke port consisting of a small hemicylinder 499 

accessible was located about 2 cm above a fluid well, and higher up on the same wall were 500 

mounted two lights. Trial availability was signaled by the illumination of the panel lights. When 501 

these lights were on, if rats performed a 500 ms nosepoke into the odor port and then made a 502 

response into the fluid well and hold for 500 ms, they would receive a ~0.05 mL drop of water. 503 

Rats were trained until they could reliably perform over 75 trials in a one hour period. 504 

Histological procedures 505 

After completion of the experiment, rats were perfused with chilled phosphate buffer saline 506 

(PBS) followed by 4% paraformaldehyde in PBS. The brains were post-fixed in 4% PFA for  at 507 

least 24 hours then immersed in 30% sucrose in PBS until they sank, and then frozen. The 508 

brains were sliced at 50 μm, stained with DAPI (Vectashield-DAPI, Vector Lab, Burlingame, 509 

CA), and processed for immunohistochemical detection of green and red fluorescent proteins 510 



22 

 

(Figures 1A and S4B and C). For immunohistochemistry, the brain slices were first washed with 511 

PBS (5x10 mins), blocked in 4% BSA with 0.3% Triton X-100 in PBS, and then incubated with 512 

anti-GFP (1/1000, RT, overnight, chicken anti-GFP, ab13970, Abcam USA, Waltham, MA) and 513 

anti-RFP antibodies (1/1000, RT, overnight, rabbit anti-DsRed, 632496, Takara Bio USA, 514 

Madison, WI), followed by Alexa-488 (1/100 , RT, 2h, Donkey anti-chicken Alexa Fluor 488, 515 

ab2340375, Abcam, Waltham, MA) and Alexa-594 (1/100 , RT, 2h, Donkey anti-rabbit Alexa 516 

Fluor 594, ab2340621, Abcam, Waltham, MA) secondary antibodies. We want to call attention 517 

that the chicken anti-GFP antibody used here was the most successful at detecting the 518 

gAch4.0h sensor. We tested several alternatives (data not shown), made in different species 519 

and from different vendors, and highly recommend the use of this antibody for this sensor. 520 

Fluorescent microscopy images of the slides were acquired with an Olympus VS120 521 

microscope (Figure 1A). 522 

Statistical analyses 523 

Statistical analyses were performed in MATLAB. Significant differences between the signals and 524 

shuffled controls were conducted using permutation tests 27, with a consecutive threshold of 525 

fifteen, ten thousand permutations, and statistical significance set at P<0.05.  526 
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Supplementary Information 1 

 2 

3 

Figure S1. Referencing signals with 415 fluorescence does not change their dynamics. 4 

The same graphs as presented in Figure 1 but with referencing to the 415 channel with 5 

dopamine in red and acetylcholine in green. Note that the signal patterns do not significantly 6 

change with the referencing process. Data are represented as mean ± SEM. Light green and 7 

light red shades in the background are the SEM of the shuffled baseline control. Colored bars 8 

above graphs indicate significant difference from shuffled control using a permutation test27. 9 

3 

 


