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Abstract 41 
The striatum controls food-related actions and consumption and is linked to feeding disorders 42 
including obesity and anorexia nervosa. Two populations of neurons project from the striatum: 43 
direct pathway medium spiny neurons (dMSNs) and indirect pathway medium spiny neurons 44 
(iMSNs). The selective contribution of dMSNs and iMSNs to food-related actions and 45 
consumption remains unknown. Here, we used in vivo electrophysiology and fiber photometry in 46 
mice (of both sexes) to record both spiking activity and pathway-specific calcium activity of 47 
dorsal striatal neurons during approach to and consumption of food pellets. While 48 
electrophysiology revealed complex task-related dynamics across neurons, population calcium 49 
was enhanced during approach and inhibited during consumption in both pathways. We also 50 
observed ramping changes in activity that preceded both pellet-directed actions and spontaneous 51 
movements. These signals were heterogeneous in the spiking units, with neurons exhibiting 52 
either increasing or decreasing ramps. In contrast, the population calcium signals were 53 
homogeneous, with both pathways having increasing ramps of activity for several seconds before 54 
actions were initiated. An analysis comparing population firing rates to population calcium 55 
signals also revealed stronger ramping dynamics in the calcium signals than in the spiking data. 56 
In a second experiment, we trained the mice to perform an action sequence to evaluate when the 57 
ramping signals terminated. We found that the ramping signals terminated at the beginning of the 58 
action sequence, suggesting they may reflect upcoming actions and not pre-consumption activity. 59 
Plasticity of such mechanisms may underlie disorders that alter action selection, such as drug 60 
addiction or obesity. 61 
 62 
 63 
Significance Statement  64 
Alterations in striatal function have been linked to pathological consumption in disorders such as 65 
obesity and drug addiction. We recorded spiking and population calcium activity from the dorsal 66 
striatum during ad lib feeding and an operant task that resulted in mice obtaining food pellets. 67 
Dorsal striatal neurons exhibited long ramps in activity that preceded actions by several seconds, 68 
and may reflect upcoming actions. Understanding how the striatum controls the preparation and 69 
generation of actions may lead to improved therapies for disorders such as drug addiction or 70 
obesity. 71 
 72 
 73 
 74 
 75 
  76 
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Introduction 77 
 78 
The dorsal striatum regulates food-related actions, consumption, and palatability (Krause et al., 79 
2010; Volkow et al., 2002) and is a site of pathology in feeding disorders such as obesity 80 
(Contreras-Rodriguez et al., 2017; Robinson et al., 2015) and anorexia nervosa (Frank et al., 81 
2005). Electrophysiological recording studies report a mix of excitatory and inhibitory responses 82 
of striatal neurons during food-related actions (movements towards food), and mainly inhibitory 83 
responses during consumption itself (Krause et al., 2010; Taha and Fields, 2006). However, there 84 
are two main neural subtypes in the striatum and their relative contribution to food related 85 
actions and consumption remains unclear. Therefore, we sought to understand how these striatal 86 
populations encode food-related actions and consumption. 87 
 88 
The striatum contains two types of output neurons: direct pathway medium spiny neurons 89 
(dMSNs) that express D1 dopamine receptors and project to the substantia nigra, and indirect 90 
pathway medium spiny neurons (iMSNs) that express D2 dopamine receptors and project to the 91 
external segment of the globus pallidus (Albin et al., 1989; DeLong, 1990; Gerfen et al., 1990). 92 
Recent studies have reported that both output populations are activated during actions (Cui et al., 93 
2013; Isomura et al., 2013; Jin et al., 2014b; Tecuapetla et al., 2014), leading us to hypothesize 94 
that the activity of both pathways would increase during food-directed approach. Based on their 95 
distinct roles in reward and reinforcement (Kravitz et al., 2012), we hypothesized that iMSN 96 
activity may be inhibited during consumption, while dMSN activity may be enhanced or 97 
sustained. This could reduce aversive drive via iMSNs, while sustaining the reinforcing 98 
properties of food consumption via dMSNs (Kravitz and Kreitzer, 2012; Kravitz et al., 2012).  99 
 100 
We addressed these predictions using a combination of in vivo electrophysiology to record action 101 
potential firing, and fiber photometry to record the population calcium responses from dMSNs 102 
and iMSNs. Most prior electrophysiological studies were performed in the ventral striatum 103 
(Ambroggi et al., 2011; Carelli et al., 2000; Day et al., 2011; Jones et al., 2008; Khamassi et al., 104 
2008; Krause et al., 2010; Nicola et al., 2004a; Roitman et al., 2005; Roitman et al., 2010; Taha 105 
and Fields, 2005; Taha and Fields, 2006; Wan and Peoples, 2006; Wheeler et al., 2005; Wilson 106 
and Bowman, 2004; Yun et al., 2004), but the dorsal striatum has also been implicated in 107 
outcome-directed actions (Furlong et al., 2014; Gremel and Costa, 2013; Jin et al., 2014a; Yin et 108 
al., 2005) and in food consumption (Balleine et al., 2007; DiFeliceantonio et al., 2012). To better 109 
understand the role of the dorsal striatum in food approach and consumption, we characterized 110 
spiking activity in the dorsomedial striatum (DMS) during food approach and consumption. We 111 
then used fiber photometry (Cui et al., 2013; Tecuapetla et al., 2014) to record population 112 
calcium activity of dMSNs and iMSNs during approach to and consumption of food pellets.  113 
 114 
We noted time-locked changes in activity around approach and consumption in both spiking and 115 
photometry recordings. Surprisingly, we also observed ramping changes in activity that started 116 
several seconds before food-related and spontaneous actions. Our results support the conclusion 117 
that dorsal striatal activity relates to upcoming actions, and may reflect a novel manner by which 118 
the striatum contributes to action selection. 119 
 120 
  121 
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Materials and Methods 122 

Animals and Experimental Procedures. 22 adult mice (C57/BL6 background, p60-180) were 123 
housed in standard mouse vivarium caging and kept on a 12h light/dark cycle at 23-25C. Cre 124 
lines (A2A-cre KG139, D1-cre EY217) were generated by the GENSAT project. Both male and 125 
female mice were included in these experiments (9F, 13M). Mice were single housed after 126 
surgery to protect the cranial implants. Standard chow diet (5001 Rodent Diet; LabDiet) and 127 
water were given ad libitum, and cages were changed at least bi-weekly. No mice had drug 128 
exposures other than those associated with surgery and post-operative care. All were of normal 129 
weight and immune status. All animal studies were approved by the National Institute of 130 
Diabetes and Digestive and Kidney Diseases (NIDDK)/National Institutes of Health (NIH) 131 
Animal Care and Use Committee.  132 
 133 
Ad lib Feeding Experiment. Feeding Experimentation Devices (FED) (Nguyen et al., 2016) 134 
dispensing grain-based chow pellets (MLabRodent Tablet 20MG; TestDiet) with a 60s refractory 135 
period after each pellet retrieval were used during recording experiments. The device was 136 
modified with a custom software to introduce a 60-second time-out after each pellet retrieval 137 
(custom code available here: https://github.com/KravitzLab/FED/tree/FED-London-et-al). This 138 
time-out was imposed to space out pellets for analysis of consumption responses in 139 
electrophysiological recordings. Mice were habituated to a FED in their home cage for several 140 
days before recording.  For electrophysiological recordings, mice were fasted for 4-6 hours 141 
preceding each recording, and mice ate from FED for 2-3 hours. For fiber photometry 142 
experiments, mice were not fasted but were run over-night so were required to eat pellets to 143 
obtain sustenance.  144 
 145 
Operant Task Training. Behavioral training occurred during the dark cycle and took between 10-146 
21 days to complete. Mice were trained in behavioral chambers equipped with cameras for 147 
behavioral recording and monitoring (Noldus PhenoTyper 3000 (30cm × 30cm x 35 cm). Video 148 
and behavioral events (such as timestamps of pellet dispensing) were collected with Ethovision 149 
XT version 10 (Noldus Information Technologies, NED). One side of training chamber 150 
contained a 10cm petri dish to serve as a tangible cue for the trigger zone, while the other 151 
contained the pellet receptacle. Mice were progressively trained to remain in the trigger zone for 152 
6 seconds, completion of which was signaled with a tone (2s, 2300Hz).  Following the tone, the 153 
mice had 6 seconds to traverse the arena to the pellet dispenser to retrieve a 20mg pellet.  Failure 154 
to reach the pellet dispenser within 6 seconds required the mouse to re-enter the trigger zone and 155 
initiate a new trial.  156 
 157 
Viral expression and implantation. Anesthesia was induced with 2-3% isoflurane (vol/vol) and 158 
maintained with 0.5–1.0% isoflurane through a nose cone mounted on a stereotaxic apparatus 159 
(Stoelting Co.). A 5 μl Hamilton syringe with a 33-gauge metal needle was used to infuse the 160 
virus (AAVDJ-GCaMP6s) with a syringe pump (KDScientific) at a rate of 50 nl/min-1 with a 161 
total volume of 500 nl. All stereotaxic coordinates were in relation to bregma for DMS: anterior-162 
posterior, 0.5mm; medial-lateral, +/-1.5mm; dorsal-ventral, -2.8mm. Following the infusion, the 163 
needle was kept at the injection site for 5 minutes then slowly withdrawn. For array and fiber 164 
implantation we followed the same coordinates (anterior/posterior [A/P]: +0.5; medial/lateral 165 
[M/L]: +1.5; dorsal/ventral [D/V]: −2.6 mm per bregma). The recombinant AAV vectors were 166 
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serotyped with AAVDJ coat proteins and packaged by the viral vector core at the University of 167 
North Carolina. 168 
 169 
For in vivo electrophysiology, recordings were obtained with an array with 32 Teflon-coated 170 
tungsten microwires (35-μm diameter; Innovative Neurophysiology) implanted into the 171 
dorsomedial striatum. For fiber photometry, optical fiber cannulas were implanted (fiber: core of 172 
200 μm; 0.48 NA; M3 thread titanium receptacle; Doric Lenses). Cannulas and electrode arrays 173 
were secured to the skull using a base layer of adhesive dental cement (C&B Metabond; Parkell) 174 
followed by a second layer of cranioplastic cement (Stoelting Co). Behavioral testing started 2 175 
weeks after surgery to allow for viral expression and recovery from surgery. 176 
 177 
Data processing: In Vivo Electrophysiology. Electrical signals were sampled, digitized, time-178 
stamped, and stored for offline analysis using a Plexon recording system (Plexon, Inc.). Spike 179 
channels were acquired at 40kHz with 16-bit resolution, and the signal was band pass filtered at 180 
150 Hz -3 kHz before spike sorting. Single and multiple units were discriminated using principal 181 
component analysis (Offline Sorter; Plexon). Medium spiny neurons were identified based on 182 
waveform shape.  183 
 184 
Data processing: Fiber photometry. Mice were connected for fiber photometry with a single 185 
optic fiber (core of 200 μm; 0.48 NA; M3 connector; Doric Lenses). Blue light (475nm 186 
Plexbright LED, Plexon Inc) was modulated with an 80Hz sinusoid waveform from a function 187 
generator (B&K Precision, model 4054B) and delivered to the brain at 20-40μW. The emitted 188 
green fluorescence passed through a dichroic mirror and 505-535nm cut filter (FMC4 port 189 
minicube, Doric Lenses) and was detected with a femtowatt silicon photoreceiver (Model 2151, 190 
Newport). Analog signals from the detector were amplified and recorded with a digital 191 
acquisition system (Omniplex, Plexon Inc).  192 
 193 
Raw signals were demodulated and converted to Z-scores with custom Python scripts that were 194 
executed in Neuroexplorer V5 (scripts available at: https://github.com/KravitzLab). These scripts 195 
demodulated the raw signal by returning its power at 79-81Hz, using the spectrogram analysis in 196 
Neuroexplorer V5. This demodulated signal was transformed into local Z-scores by subtracting 197 
the mean and dividing by the standard deviation of a moving baseline of +/- 60 seconds around 198 
each data point.  This approach corrected for bleaching and standardized fluorescence values in 199 
all animals for comparisons.  200 
 201 
Data analysis: Pellet retrieval data from FED was synchronized with electrophysiological or 202 
photometry recordings by relaying a TTL output from FED to the data acquisition hardware 203 
(OmniPlex; Plexon). We divided events into four task periods: baseline, approach, consumption, 204 
and post-consumption. Baseline was defined as 45-30 seconds before trial initiation, approach 205 
defined as 2 seconds prior to removing a pellet, consumption defined as 5-10 secs following 206 
pellet retrieval, and post consumption defined as 30-45 seconds after tone onset. Analysis 207 
periods were chosen based on visual observation, and identical analyses windows were used for 208 
electrophysiology and photometry data. The ramping period was defined as 15-2 seconds before 209 
the pellet retrieval, and signals were evaluated for exhibiting a significant positive or negative 210 
correlation with a monotonically increasing straight line (Donnelly et al., 2015; Emmons et al., 211 
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2017). Spiking data from this same ramping period was used for the principal component 212 
analysis. 213 
 214 
For the operant task, we analyzed six task periods during the recordings: Baseline was defined as 215 
60-45 seconds prior to tone onset, pre-trial was defined as 10-15 seconds before tone onset, 216 
waiting was defined as 0-5 seconds prior to tone onset, approach as 5 seconds prior to entering 217 
zone around feeding device, consumption as 5-10 secs following pellet retrieval, and post 218 
consumption as 60-45 seconds after tone onset.  219 
 220 
Video of mouse behavior was processed and quantified with Ethovision XT (Noldus Information 221 
Technologies). Data was organized and analyzed in Neuroexplorer v5. Statistical comparisons 222 
were made in Graphpad Prism version 7, via ANOVAs and t-tests where specified. 223 
 224 
Histology. Brains were removed and post-fixed in 10% formalin for 16-24 hours. Brains were 225 
transferred to 30% sucrose in PBS for 2-3 days and sectioned at 40μM on a freezing microtome 226 
(Leica). Sections were counter stained with DAPI and mounted on slides for imaging with a 227 
slide-scanning microscope (Olympus VS120) at 10x. Fluorescence areas from slide scans were 228 
outlined in ImageJ (https://imagej.nih.gov/ij/) and positioned over a corresponding atlas section 229 
in Illustrator (Adobe).  230 
 231 
  232 
 233 
 234 
 235 
 236 
 237 
 238 
 239 
 240 
 241 
 242 
 243 
 244 
 245 
 246 
 247 
 248 
 249 
 250 
 251 
 252 
 253 
 254 
 255 
 256 
 257 
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Results 258 
To gain an understanding of striatal neural responses during approach and consumption, we 259 
performed a meta-analysis of electrophysiological studies that reported the firing rates of rodent 260 
striatal neurons during actions around consumption (Figure 1A). Twenty-two studies were 261 
evaluated, of which seventeen included information on both excitatory and inhibitory responses 262 
and were included in this meta-analysis. The majority (10/17) of studies in this analysis utilized 263 
sucrose solution as the task outcome, while two used sucrose pellets (Ambroggi et al., 2011; Day 264 
et al., 2011), two used an ethanol solution (Janak et al., 1999; Janak et al., 2004), one used 265 
saccharin (Wheeler et al., 2008), and two used water (Carelli et al., 2000; Khamassi et al., 2008). 266 
Regardless of the task outcome, the majority of accumbal spiking responses during consumption 267 
were inhibitory (one-sample t-test, p<0.0001, Figure 1B). Nine of these studies also reported 268 
responses to actions that directly preceded consumption, including nose-pokes, lever-presses, or 269 
approach. Responses during these actions were heterogeneous and did not reveal a significant 270 
trend towards excitation or inhibition (one-sample t-test, p=0.22, Figure 1C).  271 
 272 
As most of the prior studies were recorded in the ventral striatum or nucleus accumbens, we 273 
performed in vivo electrophysiological recordings to evaluate responses in the dorsal striatum 274 
during consumption of and approach to food (Figure 2A). We took advantage of a pellet-275 
dispensing device developed by our lab that identifies the time each food pellet is removed by 276 
the mouse by emitting a digital pulse (Nguyen et al., 2016; Nguyen et al., 2017). Fifty extra-277 
cellularly recorded single or multi-units were recorded from five mice while they freely ate food 278 
pellets from this device. Consistent with prior research in the accumbens, the most common 279 
response to pellet consumption was inhibition (15 neurons, 30%, Figure 2B, F), while a smaller 280 
number (6 neurons, 12%) were excited during consumption (z-test, p<0.05, Figure 2E). 281 
Fourteen neurons were inhibited while ten were excited during approach (Figure 2B, C, D, z-282 
test, p=0.35). Interestingly, only 1 of 10 neurons that were activated during approach was 283 
modulated during consumption (firing of this neuron remained elevated during consumption), 284 
while 7 of 15 neurons that were inhibited during approach were also inhibited during 285 
consumption (Figure 2D). Overall, the results indicate that neurons that were excited during 286 
approach were largely distinct from those that were modulated during consumption, while 287 
neurons that were inhibited during approach often maintained this inhibition through 288 
consumption. 289 
 290 
A growing literature suggests that cortical and striatal brain areas encode timing between 291 
behavioral events through accumulating “ramps” in activity (Ding, 2015; Donnelly et al., 2015; 292 
Emmons et al., 2017; Narayanan and Laubach, 2009). These are typically thought to track 293 
temporal progress towards goals in tasks that require animals to time their behavioral responses 294 
(Ma et al., 2014; Narayanan, 2016). Although we did not impose any temporal delays in this 295 
experiment, we considered whether such ramps in activity might exist leading up to each pellet 296 
retrieval. Ramping activity has been quantified in two ways in the literature: linear regression or 297 
principal component analysis. We first used linear regression to analyze the period between 2 298 
and 15 seconds preceding pellet retrieval and looked for ramping changes in activity (monotonic 299 
increases or decreases in activity).  We observed ramping changes in activity in 20 (40%) of the 300 
units, with 7 decreasing and 13 increasing (Figure 3A-C). Group mean plots of all ramping 301 
neurons are shown in Figure 3D, E.  302 
 303 
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We next sought to evaluate the responses of the two main projection pathways of the striatum 304 
during these same behavioral periods. To investigate the population calcium responses of iMSNs 305 
and dMSNs during approach and consumption, we expressed GCaMP6s in each population using 306 
a cre-dependent viral strategy (Figure 4A). We used fiber-photometry (Figure 4B, E) to record 307 
fluctuations in population fluorescence as mice ate pellets. We did not detect any difference in 308 
overall transient rates between iMSNs and dMSNs (2-tailed t-test, p=0.29, Figure 4C). 309 
Recordings lasted approximately 8.5 hours and were run overnight to capture naturalistic eating 310 
without requiring food restriction (Figure 4D). We quantified fluorescence in each pathway 311 
during four defined task periods: baseline, approach, consumption, and post-consumption (see 312 
methods). GFP expressing animals (n=3) were recorded to control for potential effects of 313 
movement, and did not exhibit transients or modulation around the pellet removal (Figure 4C, 314 
E).  315 
 316 
Example responses for an iMSN and dMSN mouse are provided in Figure 5A, B. The response 317 
profile for each population was very similar, showing a ramping increase leading up to the pellet 318 
retrieval, and an inhibition of activity during the subsequent consumption period. By repeated-319 
measure analysis of variance (RM ANOVA), we detected a significant effect of task period (F 320 
(3, 24) = 16, p<0.0001), genotype (F (2, 8) = 8, p<0.02), and interaction (F (6, 24) = 3.6, p<0.02) 321 
on fluorescence levels. Post-hoc tests revealed that relative to baseline, dMSNs (p<0.005) were 322 
significantly activated whereas iMSNs trended towards an activation (p=0.10) during approach 323 
to the pellet (Figure 5C-D). Both populations were significantly inhibited during consumption 324 
(both p<0.05). Neither approach nor consumption resulted in significant alterations in GFP 325 
expressing animals (all p<0.70). Velocity of the mice is presented in Figure 5E. Counter to our 326 
earlier hypothesis, both striatal pathways were activated during approach and were inhibited 327 
during consumption. In addition, we analyzed whether ramping of activity occurred in these two 328 
groups leading up to the pellet retrieval (again using the period of 2 to 15 seconds preceding 329 
pellet retrieval). Despite the heterogeneity of ramping signals in the spiking data, recordings 330 
from both pathways were homogeneous, and both ramped in a positive direction leading up to 331 
pellet retrieval (Figure 5F).  332 
 333 
To ask if the ramping signals were specific to actions directed at obtaining pellets, or if they 334 
might be a general feature of action selection in the striatum, we analyzed the spiking and 335 
photometry data around spontaneous movements that were preceded by 30 seconds of rest and 336 
occurred at least 30 seconds away from any pellet retrieval (Figure 6A-B). We observed 337 
ramping activity leading up to these movement events in 21 (42%) of the recorded units in our 338 
electrophysiological recordings, with 9 decreasing and 12 increasing (Figure 6C-E). This 339 
indicates that these signals are not specific to actions that resulted in pellets, but may be a more 340 
general feature of striatal signaling preceding actions. Despite the heterogeneity of ramping 341 
signals in the spiking data, photometry recordings were again homogeneous between the 342 
pathways, and both ramped in a positive direction leading up to spontaneous movements (Figure 343 
7A-C, E).  344 
 345 
These analyses support the conclusion that the heterogeneity in the spiking data cannot be 346 
explained by differences between iMSN and dMSN population activity. In addition, ramping 347 
analyses revealed a distinction between population spiking and photometry data, suggesting that 348 
photometry recordings may not simply reflect average spiking of the underlying population of 349 
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neurons. As the two populations of neurons had very similar response profiles, we pooled the 350 
photometry data to formally compare it to average spiking data in the ramping period. At the 351 
population average, little ramping was observed in the spiking data preceding pellet retrievals or 352 
spontaneous movements (Figure 8A-D).  This was not surprising, given that only 40% of 353 
neurons showed significant ramps, and these were in both positive and negative directions. In 354 
contrast, ramps were observed in the pooled photometry data for both task events (Figure 8E-F). 355 
We compared the strength of ramping by examining Pearson correlation coefficients for the 356 
spiking vs. photometry data, and found that the photometry recordings had significantly higher 357 
ramping than the spiking data for both pellet retrieval (avg spiking R=0.06, avg photometry 358 
R=0.65, p<0.01), and spontaneous movements (avg spiking R=-0.15, avg photometry R=0.88, 359 
p<0.0001, Figure 8G, H). 360 
 361 
Principal component analysis has also been used to identify ramping in population signals that 362 
may otherwise elude detection in individual neural spike trains (Emmons et al., 2017; Ma et al., 363 
2014; Narayanan and Laubach, 2009). To examine whether we were under-sampling ramping at 364 
the population level through our regression analysis, we also performed a principal component 365 
analysis of the spiking data around pellet retrievals and spontaneous movements. The first four 366 
principal components are plotted in Figure 9 and demonstrate task-related modulations, but there 367 
is little evidence of ramping at the population level leading up to these task events. 368 
 369 
The above experiments demonstrate that striatal neurons ramp before two types of actions: pellet 370 
retrieval and spontaneous movements that did not result in a pellet. Although the spontaneous 371 
movements did not result in a pellet, we could not rule out that they were also directed at a pellet 372 
as they were recorded in the same session as the pellet feeding. Therefore, it remains unclear 373 
whether the ramping signals reflect actions that lead to the pellet, to consumption itself, or to 374 
both. To distinguish between these possibilities, mice were trained to perform a sequence of 375 
events to receive a pellet. Importantly, mice did not receive a pellet until the entire chain was 376 
complete, which allowed us to evaluate whether the ramping signals terminated at the initiation 377 
of the chain and/or at the delivery of the pellet (Movie 1).  378 
 379 
Mice initiated behavioral sequences by entering a “trigger zone” in the behavioral chamber. 380 
After remaining in this zone for 6 seconds, a 2 second tone signaled the availability of a chow 381 
pellet and the mice had 6 seconds to approach the pellet well to retrieve a pellet (Figure 10A, B). 382 
Failure to approach the pellet well within 6 seconds resulted in no pellet delivery and required 383 
mice to re-initiate a new trial. Sessions were run at night and mice received their entire nighttime 384 
caloric needs via this task (~100 pellets resulting in ~7Kcal/night). The mice from the prior 385 
experiment, plus an additional 2 iMSN-GCaMP and 3 dMSN-GCaMP mice were trained on this 386 
task (6 iMSN-GCaMP and 7 dMSN-GCaMP mice in total). During recording sessions, mice 387 
completed 57% of the trials they initiated, with the incomplete trials split between “no move” 388 
trials (25%), in which the mice remained in the trigger zone for at least 6 seconds following the 389 
tone, and “wrong move” trials, in which mice left the trigger zone but did not approach the pellet 390 
well within 6 seconds (18%, Figure 10C).  391 
 392 
Calcium activity in both populations increased in a ramping manner starting ~15 seconds before 393 
the start of each trial, and terminated at the initiation of each trial (Figure 10D-F). A RM-394 
ANOVA of GCaMP6 fluorescence during six task periods (baseline, pre-trial, waiting, approach, 395 
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consumption, and post-consumption) revealed a significant effect of task period (F (5, 55) = 22, 396 
p<0.0001), but not genotype nor interaction (both p>0.49). Posthoc tests revealed that this effect 397 
of task period was driven by activation of both pathways during the period before the trial 398 
initiation (termed: pre-trial period, both p<0.05), as well as inhibition of both pathways during 399 
consumption (both p<0.005) (Figure 10G).  400 
 401 
We considered whether this ramping activity reflected changes in velocity leading up to trial 402 
initiation. A RM-ANOVA of velocity revealed a significant effect of task period (F (5, 55) = 403 
210, p<0.0001), which was driven by the waiting, approach, and consumption periods (Figure 404 
10H, I).  Velocity was not significantly altered for either group during the pre-trial period (both 405 
p>0.17). We also considered whether the ramping signal might reflect a gradual approach of the 406 
mouse towards the trigger zone. Again, while a RM-ANOVA revealed a significant effect of task 407 
period on this distance (F (5, 55) = 203, p<0.0001), this was driven by changes during the 408 
waiting, approach, and consumption periods (Figure 10J, K). Distance was not significantly 409 
altered during the pre-trial period for iMSNs (p>0.28), and although there was a trend towards 410 
significance for dMSNs (p>0.06), the difference was a small shift away from the trigger zone, 411 
(~1.5cm, Figure 10J, K). As we could not observe any significant change in behavior during this 412 
pre-trial activity, we conclude that these ramping signals reflects something internal to the 413 
mouse, such as the expectation or planning of future actions.  414 
 415 
Finally, we examined whether the pre-trial activity might reflect the performance of the mice on 416 
the task, or errors (Figure 11A, E). Two types of errors were evaluated, “no movement” errors, 417 
in which mice remained in the trigger zone for a full six seconds following the tone, and “wrong 418 
movement” errors, in which mice left the trigger zone following the tone but did not enter the 419 
pellet well within six seconds (velocity shown in Figure 11D, H).  A RM-ANOVA examining 420 
five task periods (baseline, pre-trial, waiting, tone, and post-trial) revealed a significant effect of 421 
task period (no move: F (4, 44) = 24, p<0.001; wrong move: F (4, 44) = 5.3. p<0.05), but not 422 
genotype nor interaction for both conditions (all p<0.30, Figure 11B, C, F, G). Posthoc analyses 423 
revealed that “no movement” and “wrong movement” trials in both pathways were characterized 424 
by elevated activity in the pre-trial period (all p<0.05). No move trials were also characterized by 425 
significantly inhibited calcium activity in iMSNs during both the waiting and tone periods 426 
(p<0.05), while wrong movement trials were characterized by significantly elevated iMSN 427 
activity during the tone/movement period (p<0.05). These results indicate that 1) population 428 
calcium activity during the pre-trial period was elevated in both pathways regardless of task 429 
outcome, and 2) errors on the task were associated with dysregulation of iMSN signaling during 430 
the task itself. 431 
 432 
 433 
 434 

  435 
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Discussion 436 

Here, we examined the relationship between neural activity in the dorsal striatum to the approach 437 
and consumption of food. Consistent with recordings from the ventral striatum, dorsal striatal 438 
neurons exhibited a mix of excitatory and inhibitory responses during approach to food, and 439 
mainly inhibitory responses during consumption. Striatal dMSNs have been linked to 440 
reinforcement (Ferguson et al., 2011; Hikida et al., 2010; Kravitz and Kreitzer, 2012; Lobo et al., 441 
2010), leading us to initially hypothesize that consumption-related inhibitory responses may 442 
occur more strongly in iMSNs than dMSNs. However, recording of population calcium signals 443 
revealed that both pathways were inhibited to similar degrees during the consumption of food 444 
pellets. This suggests that both pathways contributed to the inhibitory responses observed during 445 
electrophysiological recordings during consumption (Krause et al., 2010; Nicola et al., 2004b; 446 
Taha and Fields, 2006), and argues that consumption is associated with a coordinated inhibition 447 
of both pathways. Interestingly, a recent study on the ventral striatum reported sustained 448 
elevations in calcium activity during consumption (Natsubori et al., 2017). The difference 449 
between our result and this result may reflect differences in calcium indicator that was used, the 450 
task design, or location of recordings.  451 
 452 
Despite heterogenous spiking responses, which included a mix of inhibition and excitation 453 
during approach to the pellet, population calcium activity in both pathways was activated during 454 
the approach to food. This is consistent with optogenetic studies that demonstrate that 455 
stimulation of dMSNs reinforced approach to stimuli (Kravitz et al., 2012; Yttri and Dudman, 456 
2016), but unclear how it relates to demonstration from these same studies that iMSN activation 457 
can reduce behavior. These results are also consistent with reports of activation of both striatal 458 
pathways during actions (Barbera et al., 2016; Cui et al., 2013; Isomura et al., 2013; Klaus et al., 459 
2017; Tecuapetla et al., 2014), and prior to food reward (Natsubori et al., 2017). Together, our 460 
results support a model in which MSNs of both pathways are engaged during approach, and 461 
inhibited during consumption. It remains unclear how these homogeneous population responses 462 
relate to the opposing behavioral changes elicited by optogenetic stimulation (Kravitz et al., 463 
2012; Yttri and Dudman, 2016). 464 
 465 
Finally, we observed ramping changes in both spiking activity and population calcium signals 466 
that started up to 15 seconds before actions. In the free-feeding task, we observed ramping 467 
changes in spiking in approximately 40% of the recorded neurons, with roughly 2/3 increasing 468 
and 1/3 decreasing. In this same task, we observed ramping changes in the population calcium 469 
signals, which ramped in a positive direction in all mice. This difference from the spiking data 470 
may reflect the fact that more individual neurons ramped in a positive direction in this task, or it 471 
may reflect an inherent difference between electrophysiology and population calcium recordings. 472 
We trained mice on an operant task to disambiguate whether the ramping signals preceded 473 
actions or consumption. Here, we observed that ramping increases in calcium activity preceded 474 
the initiation of each trial, rather than consumption. These ramps may reflect upcoming actions 475 
(Emmons et al., 2017; Ma et al., 2014).  476 
 477 
We also investigated firing around spontaneous movements that did not result in pellets, and 478 
noted that spiking of individual neurons ramped during this period as well. Again, both positive 479 
and negative ramps were observed in the spiking data, while only positive ramping was observed 480 
in the population calcium signals. As these ramps occurred in periods that explicitly preceded 481 
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movement, they support the conclusion that the ramping signals do not reflect changes in 482 
velocity of the mice. In the operant task, we also found that the ramps did not reflect a gradual 483 
change in the velocity or position of the mice relative to the trial-initiation zone. As we did not 484 
observe any global behavioral correlate of these ramping signals, we believe they may reflect 485 
pre-motor activity or expectation of upcoming actions. That said, it is possible that these ramps 486 
reflect behavioral correlates that we were not able to observe with an overhead camera, such as 487 
mouth movements or changes in posture or limb positions. 488 
 489 
Although the ramping signals did not track changes in observable movement parameters, both 490 
spiking and population calcium activity reflected changes in velocity around movement initiation 491 
in these experiments. Spiking and calcium population signals were elevated around the start of 492 
movement in both pellet-directed and spontaneous movements in the free-feeding task and the 493 
operant task. This is consistent with literature showing increased spiking and calcium signals at 494 
the initiation of learned actions/action sequences in the striatum (Costa et al., 2004; Cui et al., 495 
2013; Isomura et al., 2013; Jin et al., 2014b; Yttri and Dudman, 2016) or voluntary movements 496 
(Barbera et al., 2016). Thus, although the ramping signal is not a movement or locomotor 497 
correlate, neurons in our task do also demonstrate locomotor correlates. As the ramping signal 498 
precedes movement, we suspect it may relate to the selection of upcoming actions.  499 
 500 
Ramping signals have been described in cortex of both rodents and primates (Ding, 2015; 501 
Donnelly et al., 2015; Emmons et al., 2017; Ma et al., 2014; Narayanan and Laubach, 2009; 502 
Narayanan, 2016; Shidara and Richmond, 2002).  In cortex, ramping signals are commonly 503 
thought to reflect timing, as they occur during experimenter-imposed delay periods in tasks, and 504 
scale with the length of these delays. Inhibiting the mPFC or impairing dopamine D1 receptor 505 
function in the mPFC, impairs animal’s ability in interval timing tasks that require delays, 506 
suggesting that ramping in these regions may be necessary for the timing of these tasks 507 
(Narayanan et al., 2012; Parker et al., 2014). The cortical regions where ramping has been 508 
described (most commonly mPFC) project to the DMS, and may transmit ramping signals to the 509 
striatum (Emmons et al., 2017). Ramps have also been described in striatum, in roughly the same 510 
prevalence observed in our electrophysiology experiments here, although ramps occur at a lower 511 
prevalence in striatum than cortex (Emmons et al., 2017; Ma et al., 2014).  Additionally, ramping 512 
increases in dopamine levels have been reported to indicate value or distance to reward, and such 513 
changes in dopamine may alter the excitability of striatal neurons (Howe et al., 2013; Morita and 514 
Kato, 2014). As our recordings occurred in the DMS, the ramps we observed may be especially 515 
relevant to action-outcome relationships, such as those that resulted in pellets here. While similar 516 
signals may occur in other striatal regions, we would expect that they may underlie different 517 
behavioral processes in those regions. Although the ramping we observed here did not occur 518 
during experimenter-imposed delays, it may reflect similar phenomena as the ramps described 519 
under such conditions in cortex and striatum. Due to differences in task design, it is also possible 520 
that the phenomena reported here reflect a different process. 521 
 522 
Interestingly, the ramping signals differed substantially between the electrophysiology and 523 
population calcium recordings.  Ramping was a very strong component of the population 524 
calcium signal that preceded actions in all conditions.  In contrast, ramping was a somewhat 525 
minor component of the spiking data, and was not observed at the level of population averages. 526 
If population calcium reflected the average spiking of the underlying population, we would 527 
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expect the signals to more closely resemble one another. There are several reasons why this did 528 
not appear to be the case. First, population calcium recordings can be influenced by both somatic 529 
action potentials, as well as sub-threshold events. In contrast, extracellular electrophysiology can 530 
only record super-threshold spiking events. If the ramping signals are transmitted to the striatum 531 
from cortex, they may cause changes in dendritic calcium that may not lead to changes in spiking 532 
of striatal neurons. In addition, medium spiny neurons have dense collateral projections within 533 
the striatum (Dobbs et al., 2016), which may also be detected in population calcium recordings. 534 
Third, the time-course of GCaMP fluorescence is much slower than electrical recordings. Single 535 
action potentials can evoke neuronal calcium responses that last multiple seconds (Ghitani et al., 536 
2017). It is possible that the summation of a minority population of ramping neurons could result 537 
in a sustained increase in global fluorescence that would not be observed with electrical 538 
recording. Finally, it is worth noting that with both spiking and photometry, it is difficult to 539 
dissociate linear increases in spiking rate on single trials from “step-like” changes in activity that 540 
occur at different times relative to actions on different trials (Latimer et al., 2015). In photometry 541 
recordings, this difficulty is compounded by the population nature of the recorded signal, and 542 
therefore our results do not inform whether single striatal neurons ramp linearly, vs. exhibit 543 
“step-like” changes in firing at variable times on individual trials. Further work will be needed to 544 
investigate these possibilities and understand how population calcium signals relate to the 545 
activity in individual neurons within the underlying neural population.  546 
 547 
  548 
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Figure legends: 688 
 689 
Figure 1: Meta-analysis of neural responses to approach and consumption during 690 
electrophysiology recordings. A. Schematic of investigated behaviors B. Proportion of inhibitory 691 
vs. excitatory responses during consumption C. Proportion of inhibitory vs. excitatory responses 692 
during action and/or approach.  693 
 694 
 695 
Figure 2: Dorsal striatal phasic responses to food approach and consumption. A. Schematic of 696 
analyzed behavior and histology showing recording array locations.  X’s indicate histological 697 
estimate of the center of recording arrays on a coronal section of a mouse brain. B. Proportion of 698 
neural responses to approach, consumption, and overlapping responses C-F. Top to bottom: 699 
Example peri-event histograms, its corresponding firing rate, and average firing rate for approach 700 
increase, approach decrease, consumption increase, and consumption decrease responses. 701 
Average firing rate expressed as z-score for the corresponding groups with shaded error bars 702 
showing SEM. Time 0 (s) aligned to pellet retrieval. 703 
 704 
Figure 3: Ramping signals in the dorsal striatum leading up to pellet retrieval. A. Example of a 705 
negative ramping neuron. B. Example of a positive ramping neuron. C. Distribution of Pearson 706 
correlation coefficients for ramping in all recorded neurons, with significantly ramping neurons 707 
in red bars. D. Average firing rate of all negative ramping neurons. E. Average firing rate of all 708 
positive ramping neurons. Average firing rate expressed as z-score for the corresponding groups 709 
with shaded error bars showing SEM. Time 0 (s) aligned to pellet retrieval. 710 
 711 
Figure 4. Using fiber photometry to record bulk calcium signals from striatal subpopulations. A. 712 
Coronal section at (0.5mm) anterior to bregma for GCaMP6s expression B. Fiber-Photometry 713 
system schematic with feeding device C. Transient rate by genotype D. Example path plot of 714 
behavior in chamber E. Example calcium traces from iMSN-GCaMP, dMSN-GCaMP, and GFP 715 
expressing animals.  716 
 717 
Figure 5. Population calcium activity during approach and consumption. A. Example response 718 
around pellet retrieval of a mouse expressing GCaMP6s in iMSNs. Single trials are represented 719 
in the heat map while average calcium signal is represented in the trace below. B. Same as A for 720 
a mouse expressing GCaMP6s in dMSNs. C. Average fluorescence around pellet retrieval D. 721 
Average fluorescence power during task periods: baseline, approach, consumption, and post 722 
consumption. E. Velocity around time of pellet retrieval. F. Distribution of Pearson correlation 723 
coefficients for ramping in all recorded mice. Circles reflect values from individual mice. * 724 
denotes significance from baseline. The red dashed line at time zero is indication of pellet 725 
retrieval. 726 
 727 
Figure 6. Striatal neurons also ramp before spontaneous movements that do not result in pellets. 728 
A. Schematic of analysis used to identify movement events. B. Average velocity trace of 729 
identified movements. C. Distribution of Pearson correlation coefficients for ramping in all 730 
recorded neurons, with significantly ramping neurons in red bars. D. Average firing of positive 731 
ramping units. E. Average firing of positive ramping units. Average firing rate expressed as z-732 
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score for the corresponding groups with shaded error bars showing SEM. Time 0 (s) aligned to 733 
movement start. 734 
 735 
Figure 7. Population calcium signals show strong ramping before spontaneous movements that 736 
do not result in pellets. A. Example response around start of movement of a mouse expressing 737 
GCaMP6s in iMSNs. Single trials are represented in the heat map while average calcium signal 738 
is represented in the trace below. B. Same as A for a mouse expressing GCaMP6s in dMSNs. C. 739 
Average fluorescence around start of movement for all genotypes. D. Average velocity around 740 
start of movement for all genotypes. E. Distribution of Pearson correlation coefficients for 741 
ramping in all recorded mice. The red dashed line at time zero is indication of start of movement. 742 
 743 
Figure 8. Comparison of ramping signals in electrophysiology and population calcium 744 
recordings, for pellet retrievals and spontaneous movements. A, B. Schematic of pellet retrieval 745 
(left) or spontaneous movement (right) events. C, D. Average firing of all recorded units around 746 
pellet retrieval (left) or spontaneous movement (right). E, F. Average population calcium signal 747 
(both pathways) around pellet retrieval (left) or spontaneous movement (right). G, H. 748 
Distributions of Pearson correlation coefficients for ramping of average firing and population 749 
calcium signals in all recorded mice leading up to pellet retrieval (left) or spontaneous 750 
movements (right). 751 
 752 
Figure 9. Principal component analyses of firing around behavioral events. A. First 4 principle 753 
components (PCs) of firing rates of all units leading up to pellet retrieval. B. First 4 PCs of firing 754 
rates of all units leading up to spontaneous movement. C-D. % of variance explained by each 755 
principal component for data in A and B.  756 
 757 
Figure 10. Changes in calcium activity during completed trials. A. Diagram of behavioral task 758 
events B. Example path plot of completed trials C. Averaged proportion of completed, no 759 
movement, and wrong movement trials. D. Example response of successfully completed trials 760 
around tone of a mouse expressing GCaMP6s in iMSNs. Single trials are represented in the heat 761 
map while average calcium signal is represented in the trace below. E. Same as D for a mouse 762 
expressing GCaMP6s in dMSNs. F-G. Average fluorescence H-I Velocity J-K. Distance to 763 
trigger zone during completed trials. Trial periods indicated with colored bars. Average 764 
fluorescence in z-score for the corresponding groups with colored error bars (SEM). Time 0 (s) 765 
marks tone onset. * denotes significant difference from baseline. 766 
 767 
Figure 11. Changes in calcium activity during error trials A. Example path plot during no 768 
movement trials. B, D. Average fluorescence and velocity trace during no movement trials C. 769 
Average fluorescence power during five trial periods: baseline, pre-trial, waiting, tone and post 770 
consumption. E-H same as A-D for wrong movement trials. Trial periods indicated with colored 771 
bars. Average fluorescence in z-score for the corresponding groups with colored error bars 772 
(SEM). Time 0 (s) marks tone onset. * denotes significant difference from baseline. 773 
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