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ABSTRACT  43 

Although frontostriatal circuits are critical for the temporal control of action, how time is 44 

encoded in frontostriatal circuits is unknown. We recorded from frontal and striatal neurons 45 

while rats engaged in interval timing, an elementary cognitive function that engages both areas. 46 

We report four main results. First, ‘ramping’ activity—a monotonic change in neuronal firing 47 

rate across time—is observed throughout frontostriatal ensembles. Second, frontostriatal activity 48 

scales across multiple intervals. Third, striatal ramping neurons are correlated with activity of the 49 

medial frontal cortex. Finally, interval timing and striatal ramping activity are disrupted when the 50 

medial frontal cortex is inactivated. Our results support the view that striatal neurons integrate 51 

medial frontal activity and are consistent with drift-diffusion models (DDM) of interval timing. 52 

This principle elucidates temporal processing in frontostriatal circuits and provides insight into 53 

how the medial frontal cortex exerts top-down control of cognitive processing in the striatum.  54 
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SIGNIFICANCE STATEMENT 55 

The ability to guide actions in time is essential to mammalian behavior from rodents to 56 

humans. The prefrontal cortex and striatum are critically involved in temporal processing and 57 

share extensive neuronal connections, yet it remains unclear how these structures represent time. 58 

We studied these two brain areas in rodents performing interval-timing tasks and found that 59 

time-dependent ‘ramping’ activity—a monotonic increase or decrease in neuronal activity—was 60 

a key temporal signal. Furthermore, we found that striatal ramping activity was correlated with 61 

and dependent upon medial frontal activity. These results provide insight into information-62 

processing principles in frontostriatal circuits.   63 
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INTRODUCTION 64 

 Time is a fundamental and highly-conserved dimension of mammalian behavior (Buhusi 65 

and Meck, 2005; Merchant et al., 2013; Merchant and de Lafuente, 2014). The frontal cortex and 66 

striatum are key brain structures for time-based decision making (Meck, 2006; Coull et al., 2011; 67 

Narayanan et al., 2012). For example, lesions of either area impair the temporal control of action 68 

(Coull et al., 2011). Furthermore, patients with impaired frontostriatal circuits (e.g., Parkinson’s 69 

disease, schizophrenia, etc.) have timing deficits (Malapani et al., 1998; Ward et al., 2011; 70 

Parker et al., 2015a, 2017; Kim et al., 2017). Single neurons throughout the frontal cortex and the 71 

striatum are prominently modulated across temporal delays (Kimchi and Laubach, 2009; 72 

Narayanan and Laubach, 2009a; Ma et al., 2014b; Donnelly et al., 2015). Despite these data, it is 73 

unclear how frontal and striatal neurons interact during timing tasks. Establishing the principles 74 

of frontostriatal interaction is of particular significance for understanding cortico-striatal-75 

thalamic loops and for human diseases that affect these circuits (Alexander and Crutcher, 1990; 76 

Parker et al., 2016).  77 

 Here, we studied frontostriatal circuits using an interval-timing task in rodents (Buhusi 78 

and Meck, 2005). During this task, rodents indicate their internal estimate of time by making a 79 

motor response several seconds after the onset of an instructional cue. Across many behavioral 80 

contexts, the rodent medial frontal cortex is critical for timing behavior—indeed, disrupting this 81 

area impairs the temporal control of action without affecting motor control, per se (Risterucci et 82 

al., 2003; Narayanan et al., 2006; Kim et al., 2009; Parker et al., 2014a; Narayanan and Laubach, 83 

2017). Neurons in the rodent medial frontal cortex project prominently to the dorsomedial 84 

striatum (Gabbott et al., 2005; Wall et al., 2013). One common pattern of neuronal firing in both 85 

medial frontal cortex and the striatum is time-dependent ramping activity—monotonic increases 86 
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or decreases in firing rate across time (Matell et al., 2003; Kim et al., 2013, 2017, Parker et al., 87 

2014a, 2017; Donnelly et al., 2015; Gouvea et al., 2015; Mello et al., 2015; Narayanan, 2016). If 88 

ramping activity in the striatum is guided by the medial frontal cortex and represents the passage 89 

of time, inactivating the medial frontal cortex should diminish striatal ramping activity and 90 

disrupt timing behavior. 91 

 We tested this hypothesis by recording from neuronal ensembles in the rodent medial 92 

frontal cortex (MFC) and dorsomedial striatum (DMS) during a fixed-interval timing task in 93 

which distinct cues instructed rats to respond after 3 or 12 seconds elapsed. We then inactivated 94 

the MFC and evaluated whether this attenuated ramping activity in the DMS. We focused on 95 

medium spiny neurons (MSNs) as they are the primary output cell type from the striatum 96 

(Chuhma et al., 2011). We report that 1) ramping activity is ubiquitous throughout frontostriatal 97 

networks, 2) frontostriatal ensemble activity scales across multiple intervals and encodes 98 

temporal information, 3) DMS ramping activity is correlated with MFC ramping activity and 99 

with cue-triggered 4-Hz MFC oscillations, and that 4) MFC inactivation attenuates interval-100 

timing behavior as well as striatal ramping activity. Our data demonstrate how MFC neurons 101 

exert top-down control over MSNs during interval timing and provide insight into fundamental 102 

information-processing principles of frontostriatal circuits.  103 
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MATERIALS AND METHODS 104 

Rodents 105 

Fifteen male Long-Evans rats were trained on an interval-timing task with a standard 106 

operant approach described in detail previously (Narayanan et al., 2012; Parker et al., 2014a). 107 

Operant chambers (MedAssociates, St Albans, VT), enclosed in sound-attenuating cabinets, were 108 

equipped with a lever, a drinking tube, and a speaker driven to produce an 8-kHz tone at 72 dB. 109 

Water rewards were delivered via a pump (MedAssociates) connected to a metal drinking spout 110 

(AnCare) via Tygon tubing and located immediately to the right of the lever. First, animals were 111 

trained to press a lever for water reward using a fixed-ratio task. Then, animals were trained on a 112 

12-s fixed-interval task (FI12). In this task, trials began with the presentation of a houselight at 113 

trial onset (time 0) and the first response made after 12 s had passed resulted in reward delivery, 114 

a concurrent click sound, and termination of the houselight (Fig. 1A). Responses made before 12 115 

s elapsed had no programmed consequence. Trials were separated by a 6, 8, 10 or 12-s intertrial 116 

interval that was randomly chosen. Sessions lasted 60 minutes. The timing of each response was 117 

used to compute average response rate as a function of time within a trial. To compare across 118 

animals, response rates were normalized to the highest average response rate during the interval. 119 

Average response time on each trial served as the measure of central tendency for trial-by-trial 120 

correlations with neural activity. Later in the experimental sequence, a second delay of 3 s was 121 

added. This 3-s interval (FI3) was signaled with an additional light on the right side of the lever.  122 

 Past work has indicated that with the lever and spout right next to each other, animals 123 

spend most of their time at the reward spout with their paw next to the lever (Narayanan and 124 

Laubach, 2006, 2009a, Narayanan et al., 2006, 2013, Parker et al., 2014a, 2015b; Emmons et al., 125 

2016). They occasionally engage in very brief grooming or exploratory deviations immediately 126 
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after collecting rewards or during the intertrial interval. To quantify any time-dependent 127 

behaviors outside of lever-pressing activity, we used a machine-learning approach (Gouvea et 128 

al., 2015). A 3D infrared depth camera (Intel SR300) was used to capture depth and video data 129 

during rodent behavior at 30 frames/sec. Because this camera was positioned to capture 130 

movements of the entire animal, video analyses did not detect individual licks or lever presses; 131 

however, the precise timing of these events was obtained from our behavioral devices. The 132 

background-subtracted image sequence was generated by Gaussian mixture-based background 133 

segmentation based on depth and color video data. In order to identify task-relevant features with 134 

PCA, images were downsampled at 226 x 316 pixels and at 10 frames/sec. PCA is a standard 135 

technique used for dimension reduction, although there are alternative approaches (Witten and 136 

Frank, 2000; Joliffe, 2002; Xu and Li, 2003). The first 10 PC features were used to predict time 137 

from video data. A naïve Bayesian classifier implemented in MATLAB (fitcnb.m) was used to 138 

predict objective time from principal component video features using leave-one-out cross-139 

validation. Approach behavior was quantified by two independent raters based on video of 140 

animals in saline and muscimol sessions. Approach time was defined as the interval between the 141 

start of the trial and the time that the animal first moved towards the lever. 142 

 143 

Surgical and histological procedures 144 

Fifteen rats trained in the interval-timing task were implanted with a microwire array in 145 

MFC and/or DMS according to procedures described previously (Parker et al., 2014a; Emmons 146 

et al., 2016). Five rats had recording electrodes in MFC and DMS, six rats had DMS recording 147 

electrodes and bilateral infusion cannulae in the MFC, and four rats had only unilateral MFC 148 

recording electrodes. Minimum sample size for each group (≥4 per group; 5 animals in 149 
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combined MFC/DMS recordings, 6 animals in MFC inactivation/DMS recording, 4 animals with 150 

only MFC arrays) was determined from power analysis based on the average number of neurons 151 

recorded from each electrode (0.8 neurons/electrode X 16 electrodes = 12.8 neurons/array; 152 

Briefly, animals were anesthetized using ketamine (100 mg/kg) and xylazine 153 

(10 mg/kg). A surgical level of anesthesia was maintained with hourly (or as needed) ketamine 154 

supplements (10 mg/kg). Under aseptic surgical conditions, the scalp was retracted and the skull 155 

was leveled between bregma and lambda. In different groups of animals, craniotomies were 156 

drilled above the left MFC and/or the left DMS and four holes were drilled for skull screws, 157 

which were connected to electrode recording arrays via a separate ground wire. Microelectrode 158 

arrays consisted of 50-μm stainless steel wires (250 μm between wires and rows; impedance 159 

measured in vitro at ~400 kΩ; Plexon: Dallas, TX) configured in either 4x4 or 2x8 orientations. 160 

Arrays were implanted in the MFC (coordinates from bregma: AP +3.2, ML ±1.2, DV -3.6 @ 161 

12° in the lateral plane; these coordinates target the dorsal prelimbic cortex, as in our prior work; 162 

Parker et al., 2014a; Emmons et al., 2016), DMS (coordinates from bregma: AP +0.0, ML ±4.2, 163 

DV -3.6 @ 12° in the posterior plane), or both areas (Fig. 1B). Electrode arrays were inserted 164 

while recording neuronal activity to verify implantation in layer II/III of MFC or in the most 165 

dorsal portion of DMS. The craniotomy was sealed with cyanoacrylate ('SloZap', Pacer 166 

Technologies, Rancho Cucamonga, CA) accelerated by 'ZipKicker' (Pacer Technologies), and 167 

methyl methacrylate (i.e., dental cement; AM Systems, Port Angeles, WA). Following 168 

implantation, animals recovered for one week before being reacclimatized to behavioral and 169 

recording procedures.  170 

 Following experiments, rats were anesthetized and sacrificed with injections of 100 171 

mg/kg sodium pentobarbital, and transcardially perfused with 4% formalin. Brains were post-172 
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fixed in a solution of 4% formalin and 20% sucrose before being sectioned on a freezing 173 

microtome. Brain slices were mounted on gelatin-subbed slides and stained for cell bodies using 174 

either DAPI or Cresyl violet. Histological reconstruction was completed using postmortem 175 

analysis of electrode placements by confocal microscopy or stereology microscopy in each 176 

animal. These data were used to determine electrode and cannula location within MFC and 177 

electrode location in DMS (Fig. 1B).  178 

 179 

Rodent experimental protocol 180 

Rats were first trained in the fixed interval-timing task with 12-s intervals (FI12) and then 181 

implanted with microelectrode arrays and/or cannulae, as described above. After animals were 182 

acclimatized to recording procedures, an additional 3-s interval (FI3) was added to the task. 183 

Animals were trained on the two-interval timing task (FI3 and F12) until behavior stabilized (<4 184 

days). Neuronal recordings in this study were taken from subsequent days where animals 185 

behaved on the two-interval task. In the animals implanted with MFC cannulae and DMS 186 

electrodes, saline and muscimol infusions were done on separate days. On the first day of the 187 

infusion protocol animals received bilateral saline infusions through cannulae in the MFC. The 188 

following day, animals were infused with the GABAA receptor agonist muscimol, which we have 189 

previously used to inhibit cortical neuronal activity (Parker et al., 2014a). All recording 190 

experiments and drug infusions treated each session as statistically independent (Narayanan et 191 

al., 2006, 2013; Narayanan and Laubach, 2008; Parker et al., 2014a). 192 

 193 

Neurophysiological recordings and neuronal analyses 194 
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Neuronal ensemble recordings were made using a multi-electrode recording system 195 

(Plexon, Dallas, TX). Putative single neuronal units were identified on-line using an oscilloscope 196 

and audio monitor. Plexon Offline Sorter was used to analyze the signals after the experiments 197 

and to remove artifacts. Spike activity was analyzed for all cells that fired at rates above 0.1 Hz. 198 

Principal component analysis (PCA) and waveform shape were used for spike sorting. In the 199 

DMS we classified putative neurons as either MSNs or interneurons based on peak-to-trough 200 

ratio and spike half-peak width of spike waveforms (Berke et al., 2004). Single units were 201 

identified as having 1) consistent waveform shape, 2) separable clusters in PCA space, and 3) a 202 

consistent refractory period of at least 2 ms in interspike interval histograms. Analysis of 203 

neuronal activity and quantitative analysis of basic firing properties were carried out using 204 

NeuroExplorer (Nex Technologies, Littleton, MA), and with custom routines for MATLAB. 205 

Peri-event rasters and average histograms were constructed around houselight and lever press. In 206 

each animal, one electrode without single units was reserved for local referencing, yielding 15 207 

electrodes per rat. Local field potentials (LFPs) were recorded from four low-noise electrodes per 208 

rodent. LFP channels were analog filtered between 0.7 and 100 Hz online, sampled at 1000 Hz 209 

and recorded in parallel with single-unit channels using a wide-band board. Consistent with our 210 

prior work, although examples of individual neurons are shown under different drug conditions 211 

(control and MFC muscimol), our statistical analyses assume that these populations of neurons 212 

are independent (Narayanan et al., 2006, 2013; Narayanan and Laubach, 2008; Parker et al., 213 

2015b). 214 

Similar to past work from our group, we defined cue-related neurons as those with p < 215 

0.05 assessed via paired t-test of firing rates 250 ms pre cue vs. 250 ms post cue (Narayanan and 216 

Laubach, 2006, 2009a; Parker et al., 2014a). We defined lever press-related neurons as those 217 
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with p < 0.05 measured by a paired t-test of firing rates 250 ms pre vs. post lever press, or the 218 

125 ms centered on lever press vs. 125 ms before and after this epoch. To capture lever pressing 219 

in detail, we also turned to linear models, where the dependent variable was firing rate on a given 220 

trial 250 ms after lever press and the independent variables were 1) the duration of lever press 221 

(i.e., the time between lever press and release) and 2) the time in the interval the lever was 222 

pressed.  223 

 We defined time-related ramping activity as firing rate that progressed monotonically 224 

over the whole interval: 225 

 

Here Y is the firing rate, x is time in the interval, m is the slope and b is the intercept. Neurons 226 

with a significant fit were quantified by assessing the variance explained by the linear model. 227 

(ANOVA). The MATLAB function fitlm was used for linear models and the function anova to 228 

determine significance. To parse lever-pressing activity from ramping activity, we used two 229 

approaches. First, we analyzed ramping activity by excluding neurons with press-related activity 230 

as described above. Second, we used a linear model to predict firing rate from ramping effects 231 

and press-related activity over the whole recording session to explicitly factor out motor 232 

responses from ramping activity. To do this, we used the formula: 233 

 

Here t is time in the session at 100 ms bins, I(t) is a linear ramp on each trial, and R(t) is the time 234 

of each lever press convolved with a Gaussian kernel. As above, we use the MATLAB function 235 

fitlm. 236 

 To match trials between sessions with MFC active and inactive, we calculated the middle 237 

tertile of responses for session with MFC active, as we have done in prior studies (Parker et al., 238 
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2014a). Only trials from sessions with MFC inactive with average response times that matched 239 

the middle tertile of response times of the MFC active sessions were included in our calculations 240 

of ramping activity. We used a repeated-measures analysis of variance (aov in R) to examine the 241 

effect of MFC inactivation with the following model: 242 

Y ~ x* T + Error(1/neuron) 243 

Here, (T) is the time in the interval each lever press occurred (x) on press-related neural firing 244 

rate (Y). Only lever presses > 0.5 s in the trial were included. Neuron-specific variance was 245 

accounted for. Neurons were assumed to be independent over days.  246 

Joint peristimulus trial histograms (JPSTHs) were calculated according to methods 247 

described in detail in prior work (Narayanan and Laubach, 2009b). This analysis was only done 248 

on FI12 trials. Briefly, JPSTHs were computed at multiple bin sizes (0.001-5 s) during the 249 

interval, and the shift-predicted matrix was subtracted from the raw matrix. We also corrected for 250 

the effects of lever pressing on JPSTH interactions. The time of each press was convolved with a 251 

Gaussian window to generate the mean press-function on each trial. Next, we subtracted this 252 

press-function from the MFC and DMS neuronal firing rate and calculated the JPSTH of 253 

residuals. We termed this the ‘press-corrected’ JPSTH. In both traditional and press-corrected 254 

JPSTH, shuffled correlations were generated by randomly permuting trial order for comparisons.  255 

 We also evaluated whether ensemble activity in the MFC and DMS scaled over FI3 and 256 

FI12 trials (i.e., stretched or compressed) to match the interval being timed. First, we used 257 

principal component analysis (PCA) to identify dominant patterns of neuronal activity using 258 

orthogonal basis functions from peri-event histograms. PCA was performed separately for FI3 259 

and FI12 trials. All neurons within each experimental paradigm were included in PCA, and the 260 

first 500 ms of the interval were excluded due to stimulus-related activity (Chapin and Nicolelis, 261 
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1999; Narayanan and Laubach, 2009a; Parker et al., 2015b). To look at ensemble dynamics, we 262 

binned each neuron’s data in proportion to the duration being timed, such that each bin 263 

corresponded to a fixed percentage of the interval (30 proportional bins for FI3 and FI12 trials). 264 

Then, we computed the speed of the ensemble trajectory during each trial type by treating the 265 

firing rate across neurons at each bin as a high-dimensional point in state space—specifically, a 266 

neuron-dimensional point with firing rate representing the value on each axis (Stokes et al., 267 

2013). Dividing the Euclidean distance between successive bins by the inter-bin time interval 268 

represents the speed of the ensemble’s trajectory in absolute time. In contrast, dividing the 269 

distance between successive bins by the percentage of the interval that has elapsed represents the 270 

trajectory’s rate of change as a function of scaled time. If the ensemble activity scales to match 271 

the interval being timed, the trajectory should move 4 times faster on FI12 vs. FI3 trials when 272 

evaluated in absolute time. Conversely, in scaled time, the rate of change as a function of the 273 

percentage of the interval being timed should be equivalent across the two trial types. We 274 

evaluated this by computing the FI3 vs. FI12 speed ratio across both absolute and scaled time.  275 

 276 

Time-frequency analyses 277 

 To examine the time-frequency properties of spike trains, we applied the method of 278 

Halliday et al. to calculate the power spectral density for each neuron from each neurons’ 279 

interspike intervals using the Discrete Fourier Transform (Rosenberg et al., 1989; Halliday et al., 280 

1995). These were calculated using functions in the NeuroSpec toolbox. Power was calculated in 281 

500-ms windows across the 0-12 s interval and normalized to the pre-interval baseline (-2 to 0 s).  282 

 LFP data were collected in all animals from each area by filtering <100 Hz. Time-283 

frequency calculations were computed using custom-written MATLAB routines (Cavanagh et 284 
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al., 2009). Time-frequency measures were computed by taking the inverse FFT of the 285 

convolution of a fast Fourier transformed (FFT) LFP power spectrum and a set of complex 286 

Morlet wavelets (defined as a Gaussian-windowed complex sine wave: 287 

 288 

where t is time, f is frequency [increasing from 1 to 50 Hz in 50 logarithmically-spaced steps], 289 

and σ is scaling, defined as cycles/(2πf), with 4 cycle wavelets) (Narayanan et al., 2013; Parker et 290 

al., 2014a, 2015a; Laubach et al., 2015; Emmons et al., 2016). We varied the number of cycles 291 

and other parameters to balance time-frequency resolution for the bands we were interested in 292 

here (delta, theta, alpha, and beta bands) and the time windows used for analysis (~1 s). Wavelet 293 

transformation results in estimates of instantaneous power which were subsequently normalized 294 

to a decibel (dB) scale (10*log10[power(t)/power(baseline)]), allowing a direct comparison of 295 

effects across frequency bands.  296 

To examine the time-frequency component of interactions between individual spikes and 297 

the field potential, we applied spike-field coherence analysis using the NeuroSpec toolbox 298 

(Rosenberg et al., 1989; Narayanan et al., 2013; Parker et al., 2014a), in which multivariate 299 

Fourier analysis was used to extract phase locking among spike trains and LFPs. Phase-locking 300 

coherence values varied from 0 to 1, where 0 indicates no coherence and 1 indicates perfect 301 

coherence. To compare across neurons with different distributions, all phase-locking values were 302 

divided by that neuron’s 95% confidence interval, so that 1 indicates p < 0.05 (Parker et al., 303 

2015a).  304 

 305 

Classification 306 
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We evaluated whether time within a trial could be decoded from ensemble activity using 307 

a naïve Bayesian classifier. Firing rates from MFC and DMS neurons during individual trials 308 

were binned using a sliding window (50-ms width, 25-ms spacing), z-scored, and smoothed 309 

using a Gaussian kernel over a 1000-ms window. Only FI12 trials were included in this analysis. 310 

To prevent edge effects from biasing classifier performance for time within a trial, we included 311 

data from 6 seconds prior to trial start and 6 seconds after the 12-s interval elapsed. Then, we 312 

used leave-one-out cross-validation to predict objective time from firing rate within a trial. We 313 

evaluated classifier performance by computing the sum of squared errors (SSE) between 314 

objective time and predicted time for bins that occurred between trial onset and when the 12-s 315 

duration elapsed. With perfect classification, the SSE for a trial would equal zero, whereas 316 

higher values indicate worse performance. Within- and across-area comparisons (see below) 317 

were evaluated with paired and independent t-tests, respectively. 318 

 319 

Experimental design and statistical analysis 320 

We recorded neuronal activity in the medial frontal cortex (MFC) and dorsomedial 321 

striatum during performance of an interval-timing task. Task-specific modulations were 322 

evaluated via linear regression, linear models, chi-squared tests, or paired t-tests as above, 323 

consistent with our past work (Parker et al., 2013a, 2014a, 2015b; Kim et al., 2017). All analyses 324 

and statistical tests were carried out in MATLAB and R. The effect of MFC inactivation was 325 

evaluated using a within-subjects design comparing firing rate and ramping activity between 326 

MFC control and inactivation sessions. All statistical analyses assumed that neurons were 327 

independent between sessions.  328 

  329 
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RESULTS 330 

Ramping activity is prominent in frontostriatal circuits 331 

 We recorded neuronal ensemble activity from rodent frontostriatal circuits as rats 332 

performed a fixed-interval task with 3-s (FI3) and 12-s (FI12) intervals. In this task, animals are 333 

reinforced with a water reward for pressing a lever 3 or 12 s after onset of an instructional cue. 334 

Early responses were unreinforced (Fig. 1A). Fifteen animals in this study performed an average 335 

of 733 ± 89 lever presses (mean ± SEM) for an average of 106 ± 6 rewards per behavioral 336 

session. The average response time on FI3 trials was 4.7 ± 0.02 s, significantly less than the 337 

average on FI12 trials—10.7 ± 0.05 s (paired t(14) = 25.2, p < 10-13). The first response was 338 

significantly earlier during FI3 vs. FI12 trials (1.6 ± 0.1 vs. 2.3 ± 0.3 paired t(14) = 2.3, p < 0.04; 339 

Fig. 1B).  340 

We recorded from the medial frontal cortex (MFC) of 9 animals and the dorsomedial 341 

striatum (DMS) of 11 animals, 5 of which had recording arrays in both brain areas (Fig. 2A). We 342 

recorded from 77 MFC neurons, or 8.6 ± 3.4 neurons / animal (~0.5 / wire). In the DMS, we 343 

identified medium spiny neurons (MSNs) according to the clustering of neural waveforms based 344 

on peak-to-trough ratio and spike half-peak width (Berke et al., 2004; Jin et al., 2014). All 345 

interneurons had peak-to-trough durations less than 0.25 ms and half-peak width values less than 346 

0.15 ms (Fig 2B). Using these criteria, we identified 89 well-isolated and clustered DMS MSNs 347 

from 11 rats with DMS electrodes, or 7.6 ± 3.3 neurons/animal (~0.5 / wire). All subsequent 348 

analyses are restricted to these well-clustered MSNs. Notably, we used stringent spike-sorting 349 

criteria to exclude equivocal neurons or interneurons in both MFC and DMS, accounting for the 350 

slightly lower yield of neurons here compared to our past work (Parker et al., 2014a, 2015a).  351 
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We observed one notably prominent pattern of neuronal activity in the MFC and DMS—352 

time-dependent ramping. We defined time-dependent ramping activity as a monotonic increase 353 

or decrease in neuronal activity across the interval as assessed by linear fit of firing rate over 354 

time (Fig. 3A,B; MFC in blue, DMS in green). Frontostriatal neurons could ramp up or down 355 

(Fig 3A,B), and ramping was common in the MFC and DMS neuronal populations (Fig 3C,D). 356 

To further quantify the firing characteristics of ramping neurons, we sorted ramping neurons by 357 

regression slope into those that ramped up or down during FI12 trials (Fig. 3E,F). There were 9 358 

up-ramping neurons in the MFC (12% of all MFC neurons) compared with 22 in the DMS (25% 359 

of all DMS neurons), and 20 down-ramping neurons in the MFC (26%) compared with 18 in the 360 

DMS (20%). The |slope| of MFC neurons over the interval on FI12 trials was 0.27 ± 0.18 361 

spikes/s2, compared to 0.40 ± 0.18 spikes/s2 in the DMS (Fig. 3E,F). These data are in line with 362 

past work describing ramping activity in frontostriatal ensembles (Donnelly et al., 2015; Gouvea 363 

et al., 2015; Narayanan, 2016). 364 

One important consideration during interval-timing tasks is that neuronal ramping 365 

activity could be primarily related to ongoing behavior. In our case, this activity would be related 366 

to lever pressing and would increase or decrease over time (Namboodiri and Hussain Shuler, 367 

2014). Of note, some ramping neurons had no discernible lever-press-related modulations (Fig. 368 

4A), while others had clear modulation around lever presses (Fig. 4B). We found that 29 of 77 369 

MFC neurons (38%) and 40 of 89 DMS neurons (45%) had significant time-dependent ramping 370 

activity (i.e., a main effect of time on firing rate in our linear model; Fig. 4C,D). Comparatively, 371 

17 of 77 MFC neurons (22%) and 37 of 89 DMS neurons (41%) had significant press modulation 372 

(i.e., significant changes in firing rate around lever press via a paired-t-test; Fig. 4C,D). Many 373 

ramping neurons did not have significant lever-pressing activity (21 of 29, or 72% of ramping 374 
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neurons in the MFC were not press-modulated and 18 of 40, or 45% of ramping neurons in the 375 

DMS were not press-modulated), whereas some had both ramping and press-modulated activity 376 

(10% in MFC and 25% in DMS; Fig. 4C,D). These data imply that not all frontostriatal ramping 377 

activity can be explained by press-related activity during interval-timing tasks.  378 

We also found that many DMS and MFC neurons appeared to multiplex both time and 379 

motor-related activity. For instance, in Fig. 4B, press-related rasters sorted by the time in the 380 

interval revealed stronger press-related activity when the press occurred later in the interval (Fig. 381 

4B, right side). This pattern could be observed for press-modulated MFC and DMS neurons, 382 

some of which had very different patterns of activity depending on if the lever presses occurred 383 

early or late in the interval (Fig 5A,B). Notably, lever-press duration did not significantly change 384 

depending on the time in the interval that a press occurred (p < 0.45). We used a linear model to 385 

capture the effects of lever-press duration and the time in the interval the lever was pressed on 386 

each neuron’s firing rate. Neurons with p < 0.05 were considered significant. In the MFC, we 387 

found that 12% of neurons had a main effect of the time in the interval the lever was pressed, 388 

whereas the number of neurons with a main effect of lever-press duration (4%) or interaction of 389 

time with press duration (6%) was close to chance levels (Fig. 5C,D). In the DMS, we found that 390 

17% of neurons had a main effect of the time in the interval the lever was pressed, 9% had a 391 

main effect of lever-press duration, and 10% had a significant interaction. These data compare 392 

neural activity linked to motor behaviors that occur at different times in the interval and indicate 393 

that even motor-related neuronal activity was affected by time.  394 

A further way to explicitly factor out ramping and press-modulated activity is to use a 395 

linear model to predict firing rate over the entire session from either ramping (i.e., a monotonic 396 

linear function beginning at trial start) or lever pressing (i.e., this function is 1 when any lever 397 
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press occurred, convolved with a Gaussian window). Accordingly, in both the MFC and DMS, 398 

ramping activity significantly fit the activity of more neurons than lever pressing (MFC: 51 399 

neurons with press-related activity vs. 72 with ramping activity, or χ2 = 17.8, p < 0.00005; DMS: 400 

64 press-related neurons vs. 74 with ramping, χ2 = 5.1, p < 0.03). These data further imply that 401 

not all ramping activity can be explained by press-related activity during interval-timing tasks.  402 

As a final test, we evaluated whether ramping activity occurred in the absence of lever 403 

pressing. Specifically, we looked at neuronal activity during the first 4 seconds of FI12 trials 404 

where no responses occurred during the first 4-s epoch (Fig. 6A,B). Despite the fact that no 405 

presses occurred during this period, 9 MFC ramping neurons (43% of MFC ramping neurons, 406 

and 12% of total MFC neurons) showed ramping over the first 4 s. By comparison, 15 DMS 407 

neurons (65% of DMS ramping neurons, 17% of the total) showed ramping over this epoch.  408 

In total, 21 MFC neurons and 18 DMS neurons had time-related ramping activity but no 409 

evidence of motor modulation. These analyses demonstrate that ramping activity among MFC 410 

and DMS neurons cannot be explained exclusively by press-related activity as 1) many ramping 411 

neurons were not significantly modulated by presses, 2) lever-press modulations were affected 412 

by when the lever was pressed during the interval, and 3) some neurons in MFC and DMS 413 

ramped over an epoch where no lever presses were made.  414 

 415 

Frontostriatal neuronal ensembles scale over time 416 

To further evaluate population activity in frontal and striatal ensembles, we turned to 417 

PCA, a data-driven technique that has been used extensively to describe multivariate neuronal 418 

ensemble datasets (Chapin and Nicolelis, 1999; Narayanan and Laubach, 2009a; Bekolay et al., 419 
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2014; Parker et al., 2014a, 2015b). PC1 explained 65% of variance on FI3 trials and 47% of 420 

variance on FI12 trials (Fig. 7A,B), and PC2 explained 31% of variance on FI3 trials and 25% on 421 

FI12 trials (Fig. 7A,B).  422 

Many MFC and DMS ramping neurons had similar activity profiles on FI3 and FI12 423 

trials, yet appeared to adjust their slope based on the interval being timed. In other words, the 424 

neurons appeared to ‘scale’ (i.e., stretch or compress) their activity based on the delay associated 425 

with the cue presented within a trial (Fig. 3A,B; Stokes et al., 2013). To evaluate whether this 426 

effect held across the population (i.e., including ramping, non-ramping, and lever-press-427 

modulated neurons), we re-binned data from all neurons in proportion to the duration associated 428 

with a given trial type (0.1-s bins for FI3 trials, and 0.4-s bins for FI12 trials; Fig. 7E,F). Thus, 429 

bin widths across FI3 and FI12 trials now contained data corresponding to equivalent proportions 430 

of the interval being timed during a trial. Consistent with population activity scaling across trial 431 

types, we found that PCs during FI3 and FI12 trials overlapped in scaled time and that MFC and 432 

DMS ensembles had similar trajectories in PC space (Fig. 7E,F). Notably, scaling was also 433 

apparent for PC2 in addition to PC1, suggesting that scaling is not only confined to ramping 434 

activity. These data suggest that, in both areas, ensemble activity followed a similar trajectory on 435 

FI3 and FI12 trials that differed by a scalar factor proportional to the timed interval (Mello et al., 436 

2015).  437 

 To confirm this effect on neuronal firing rates across our MFC and DMS ensembles, we 438 

computed the speed of MFC and DMS ensemble trajectories during FI3 and FI12 trials across 439 

time in high-dimensional space, where each neuron is a dimension and firing rate determines the 440 

value on each axis (Stokes et al., 2013). If ensemble activity scales with the interval being timed, 441 

these trajectories should traverse state-space faster during FI3 trials than FI12 trials when 442 
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evaluated with respect to absolute time. However, when evaluated with respect to scaled time 443 

(i.e., speed as a function of successive proportions of the interval that have elapsed), the speed of 444 

either trajectory should be equivalent. Consistent with this prediction, the ratio of trajectory 445 

speed between FI3 and FI12 trials was 4:1 when evaluated in absolute time (Fig. 7G,H, MFC and 446 

DMS, respectively; bands represent 95% confidence intervals). Of note, the FI3/F12 speed ratio 447 

for the first 1/3 of each trial was 4:1 even when comparing trials in which there were no lever 448 

presses during this epoch (p < 0.23). Taken together, these data demonstrate that neuronal 449 

ensembles scaled to represent elapsed time in MFC and DMS.  450 

 451 

Frontostriatal neuronal ensembles encode time 452 

 To evaluate whether frontal and striatal ensembles contained temporal information, we 453 

utilized a naïve Bayesian classifier (NBC) to decode time within a trial from frontostriatal 454 

activity (Fig. 8A). Firing rates from each neuron on each trial were binned using a sliding 455 

window (50-ms width, 25-ms spacing). Then, using leave-one-out cross-validation, we evaluated 456 

whether time within a trial could be decoded from population activity (Fig. 8B-G). To quantify 457 

classifier performance, we used the sum of squared error between predicted and actual time 458 

within a trial. This analysis revealed that time could be decoded from both MFC and DMS 459 

ensembles relative to shuffled data (MFC t(67) = 8.7, p < 0.000001; DMS t(67) = 7.6, p < 0.00001; 460 

Fig. 8H; see Table 1 for full statistics). Both MFC and DMS neuronal ensembles predicted time 461 

over the first 4 s of FI12 trials even when no responses occurred during this epoch, showing that 462 

ensemble predictions of time could not be explained by press-related activity alone (DMS vs 463 

shuffled data, t(67) = 5.64, p < .00001; MFC vs shuffled data, t(75) = 2.37, p < .05). Furthermore, 464 
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neuronal ensembles containing only ramping neurons performed better than ensembles 465 

containing only non-ramping neurons (MFC: t(67) = 5.9, p < 0.00001; DMS: t(67) = 2.7, p < 0.01; 466 

Fig. 8B-H; Table 1). Taken together, these data provide evidence that frontal and striatal 467 

ensembles encode temporal information and that ramping is a key temporal signal among 468 

frontostriatal ensembles.  469 

 470 

Striatal ramping neurons are more correlated with MFC activity than non-ramping neurons 471 

 To investigate the relationship between MFC and DMS activity, we recorded 472 

simultaneously from 40 MFC neurons and 32 DMS MSNs in 5 animals. This sample, although 473 

unbiased, represents only a small fraction of the neurons in each brain area. Thus, we did not find 474 

any evidence of synaptically-connected pairs. However, we noticed that over the interval, MFC 475 

and DMS neurons’ firing rates co-varied. Across simultaneously recorded pairs of MFC and 476 

DMS neurons, 24% of MFC-DMS pairs composed of ramping neurons had significant trial-by-477 

trial correlations (6 of 25 ramping pairs; Fig. 9A). Of note, we used partial correlation to 478 

compare trial-by-trial firing rate of MFC and DMS neurons while controlling for the behavioral 479 

variance of the number of responses. More ramping pairs had significant trial-by-trial 480 

correlations than non-ramping pairs (24% of ramping pairs vs. 7%, or 9 of 121, non-ramping 481 

pairs; χ2 = 6.2, p < 0.01; Fig. 9A). Few correlations were observed between ramping and non-482 

ramping pairs (21 of 223 in the MFC, or 9%; 17 of 173 in DMS, or 10%; Fig. 9A). These data 483 

demonstrate that ramping neurons in MFC and DMS had particularly strong trial-by-trial 484 

correlations.  485 
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 To analyze the temporal evolution of MFC and DMS correlations, we turned to joint-486 

peristimulus time histograms (JPSTHs; Aertsen and Gerstein, 1985; Narayanan and Laubach, 487 

2009b). The JPSTH matrix is compared to a trial-shuffled matrix with firing rate modulations 488 

preserved but trial-by-trial relationships destroyed. As such, this technique captures functional 489 

interactions between two neurons while correcting for firing-rate modulations. Using this 490 

technique on FI12 trials, we found that functional correlations between MFC and DMS neurons 491 

had marked changes over the interval (Fig. 9B). Across 25 simultaneously-recorded MFC-DMS 492 

ramping pairs, we observed a pattern of JPSTH interactions that was specifically elevated for 493 

ramping neurons early in the interval (ramping vs: non-ramping: first 4s of the interval: t(123) = 494 

2.6, p < 0.01; middle 4 s; t(123) = 1.1, p < 0.26; last 4 s: t(123) = 0.66, p < 0.43; Fig 9C). 495 

As noted above, lever pressing is a critical consideration in our analyses, although we 496 

note that the pattern of JPSTH interactions is time-varying but quite distinct from the time of 497 

lever pressing in Figure 1B. To further correct for responses, particularly short-latency presses 498 

that can disproportionately affect JSPTH interactions, we generated press-corrected JSPTH by 499 

subtracting each press on each trial from MFC and DMS firing rates and calculating the JPSTH 500 

of the residuals. We found a similar time-varying pattern of JPSTH interactions (Fig. 9D), and a 501 

similar elevation of JPSTH interactions early in the interval (ramping vs: non-ramping: first 4s of 502 

the interval: t(123)  = 2.9, p < 0.005; middle 4 s; t(123) = 1.0, p < 0.32; last 4 s: t(123) = 0.03, p < 503 

0.97; Fig 9D). These data indicate that JPSTH interactions between ramping neurons could not 504 

be accounted for by lever pressing alone.  505 

Finally, these JPSTH interactions were strongest when using 1-s bins, suggesting that 506 

these interactions were slow and not monosynaptic (Fig. 9E). Taken together, these data indicate 507 

that ramping MFC-DMS neurons had particularly strong functional connectivity when compared 508 
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to non-ramping populations of neurons and that ramping may represent a motif for frontostriatal 509 

interactions during interval timing.  510 

 511 

Spectral activity in frontostriatal circuits during interval timing 512 

 Our recent work has established that there are prominent low-frequency oscillations 513 

around ~4 Hz during interval timing tasks—here, we observed these oscillations in both MFC 514 

and DMS (Fig. 10A,B; Emmons et al., 2016). There was prominent ~4-Hz phase-coherence 515 

around cue onset in both MFC and DMS (Fig 10C). These data suggest that the MFC might exert 516 

top-down control over DMS networks via ~4-Hz activity. Recent work has indicated that MFC 517 

~4-Hz activity can synchronize single neurons involved in cognitive processing, even across 518 

areas (Narayanan et al., 2013; Parker et al., 2014a; Dejean et al., 2016). Consistent with these 519 

results, we found that single MSNs appeared to fire in phase with MFC LFPs primarily around 520 

cue onset (Fig. 10D). Importantly, only ramping MSNs had cue-triggered coupling with MFC 521 

LFPs (ramping vs. non-ramping MFC-DMS cross-spike-field 4-Hz coherence: t(40) = 2.6, p < 522 

0.01; Fig. 10E,F). These data are an example of cross-area 4-Hz spike-field coherence in 523 

frontostriatal circuits. Further, they provide evidence that ramping MSNs specifically have cross-524 

area coupling with cue-triggered MFC ~4-Hz activity (Narayanan et al., 2006; Allen et al., 2008; 525 

Parker et al., 2014a). This finding is consistent with the ‘starting gun’ proposed by computational 526 

models of timing and implies that timing signals can be reset/initiated by ~4-Hz MFC activity in 527 

frontostriatal circuits (Buhusi and Meck, 2005).  528 

 529 

MFC inactivation attenuates DMS ramping activity  530 
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 Our data thus far suggest that ramping activity is ubiquitous among frontostriatal 531 

networks and is particularly correlated among MFC and DMS neuronal ensembles. If ramping 532 

activity in the DMS depends on MFC input, then disrupting the MFC should attenuate ramping 533 

activity. We tested this idea by inactivating the MFC using the GABAA agonist muscimol, a 534 

technique we have used in the past to reversibly inactivate MFC networks (Narayanan et al., 535 

2006; Allen et al., 2008; Parker et al., 2014a).  536 

 As in past work, MFC inactivation markedly changed the temporal control of responding 537 

(Narayanan and Laubach, 2006; Kim et al., 2009; Narayanan et al., 2012; Xu et al., 2014; Fig. 538 

11A). We found similar deficits in interval timing with MFC inactivation as characterized by 539 

several measures of timing, including response efficiency (14 ± 1% with saline vs. 9 ± 2% with 540 

muscimol; t(10) = 2.6, p < 0.03; Fig. 11B), the time of first response (2.7 ± 0.4 s with saline vs. 541 

1.5 ± 0.3 s with muscimol; t(10) = 2.5, p < 0.03; Fig. 11C), the average response time (8.9 ± 0.3 s 542 

with saline vs. 8.1 ± 0.2 s with muscimol; t(10) = 2.6, p < 0.02), and the curvature of mean 543 

response rate (t(10) = 2.3, p < 0.04). These measures of timing are consistent with extensive past 544 

work by our group and others indicating that disrupting MFC reliably impairs temporally-545 

controlled responding (Narayanan and Laubach, 2006; Narayanan et al., 2006, 2012, 2013, Kim 546 

et al., 2009, 2013, Parker et al., 2014a, 2015b; Xu et al., 2014).  547 

 We have shown that MFC inactivation does not change lever pressing or other aspects of 548 

movement during operant behavior (Narayanan and Laubach, 2006, 2008). In line with this, 549 

video analysis suggested that MFC inactivation did not grossly change overt motor behaviors. 550 

There was no difference in lever-approach behavior in sessions with the MFC active (saline 551 

infusion) vs. MFC inactive (muscimol infusion; based on hand-coded scores of two raters; p = 552 

0.9; Fig. 11D). Classification of video data using NBCs performed at chance in comparing saline 553 
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and muscimol sessions. Finally, there was also no difference in lever-press duration (0.5 ± 0.06 554 

sec vs. 0.6 ± 0.02 sec; p = 0.13; Fig. 11E). These data are consistent with our prior work in 555 

showing that MFC inactivation does not change the motor component of lever presses or other 556 

aspects of operant behavior that we could measure (Narayanan and Laubach, 2006; Narayanan et 557 

al., 2006, 2012, 2013, Parker et al., 2014b, 2017). 558 

 Next, we examined how MFC inactivation affected the activity of DMS MSNs. In 6 rats, 559 

we recorded from 49 MSNs in control sessions and 41 MSNs in sessions with MFC inactivation. 560 

MFC inactivation did not change the number of DMS MSNs with press-related activity (45% vs. 561 

42% for press-modulated cells for MFC active vs. MFC inactive sessions, respectively; Fig. 562 

11F).  563 

 Critically, MFC inactivation decreased ramping activity. We found 22 ramping DMS 564 

neurons (46%) in sessions with MFC active vs. 8 DMS neurons (20%) in sessions with MFC 565 

inactive (χ2 = 6.1, p < 0.01; Fig. 11G). Note that this analysis was not driven by any differences 566 

in response rate as we matched trials from sessions with MFC active to the middle tertile of 567 

response times from sessions with MFC inactive and only included trials with response times 568 

that fell within this interval (6.9 to 10 s; Parker et al., 2014). When ramping neurons with motor 569 

activity were excluded, there was still a decrease in ramping activity in sessions with MFC 570 

inactive (14 MSN ramping neurons with MFC active vs. 3 with MFC inactive; χ2 = 5.7, p < 571 

0.02).  572 

To further control for potential differences in lever pressing, we used a repeated-573 

measures analysis to investigate how DMS MSN press-related activity (0-0.5 s after each lever 574 

press, as in Fig. 5) changed as a function of MFC inactivation and the time the lever press 575 
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occurred in the interval, controlling for neuron-specific variance (sessions with MFC active vs. 576 

MFC inactive were treated as independent). This analysis allowed us to evaluate time-related 577 

firing-rate changes while rats were engaging in the same behavior (i.e., pressing) during a trial. 578 

As in Figure 5, we found significant main effects of MFC inactivation and the time the press 579 

occurred in the interval (Table 2; linear models of press-related firing had a significant slope of 580 

firing rate vs. time while controlling for neuron-specific variance; p < 10-8). There was a 581 

significant interaction between MFC inactivation and the time the lever press occurred in the 582 

interval (p < 0.00003; Table 2), implying that across neurons, MFC inactivation changed time-583 

dependent DMS MSN press-related activity. That is, MFC activity differentially affected how 584 

DMS MSN press-related activity occurred at different times during the interval.  585 

This effect was apparent in the raw firing rates of MSN neurons during the interval. 586 

Indeed, MSN neurons fired significantly less during the interval with MFC inactivated (2.5 ± 0.1 587 

Hz vs. 1.4 ± 0.3 Hz with MFC inactivated; t(86) = 4.0, p < 0.0002; Fig. 11I). This difference held 588 

for the first 4 s of the interval on trials where no presses occurred during this 4-s epoch (2.1 ± 0.2 589 

Hz with MFC active vs. 1.5 ± 0.2 Hz with MFC inactive; t(86) = 2.4, p < 0.02; Fig. 11I). 590 

However, there were no differences for MSN firing during the reward epoch immediately after 591 

interval end (12 – 16 s after cue; 2.1 ± 0.2 Hz with MFC active vs. 1.7 ± 0.2 Hz with MFC 592 

inactive; p = 0.19). MFC inactivation did not change the firing rate of DMS MSNs during the 593 

entire session (2.2 ± 0.3 Hz with MFC active vs. 1.7 ± 0.2 Hz with MFC inactive; p = 0.18). 594 

These data imply that MFC inactivation decreased the firing of DMS neurons during the interval 595 

without changing firing of MSN neurons overall or during the reward epoch. No differences 596 

were seen in cue- or lever-press-related activity. Differences in ramping activity or MSN firing 597 
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rate could not readily be accounted for by differences in lever pressing. These data provide 598 

evidence that the MFC conveys temporal information to MSN ensembles.  599 

600 
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DISCUSSION 601 

We studied information processing in frontostriatal circuits during a fixed-interval timing 602 

task in rodents. We report four major findings. First, ramping patterns of neuronal activity were 603 

prominent among MFC and DMS neuronal ensembles. Second, ramping neurons within these 604 

ensembles encoded time and frontostriatal neuronal ensemble activity scaled across different 605 

intervals. Third, MFC ramping activity and cue-triggered ~4-Hz activity were more correlated 606 

with DMS ramping than with non-ramping activity. Finally, MFC inactivation specifically 607 

attenuated ramping activity in the DMS and decreased interval-related firing of MSN neurons. 608 

These data suggest that striatal neurons integrate the activity of frontal neurons that accumulate 609 

temporal evidence data, conferring a novel view of frontostriatal interactions and illuminating 610 

how frontal circuits exert top-down control of striatal MSNs to guide the timing of action.  611 

 612 

Ramping and drift-diffusion models 613 

Our data provide evidence that drift-diffusion models (DDMs) govern frontostriatal 614 

interactions. While such DDM interactions have been shown rather extensively in ‘bottom-up’ 615 

contexts where cortical neurons are integrating sensory evidence (Gold and Shadlen, 2007), in 616 

top-down contexts prefrontal inputs can bias the drift rate of DDMs (Philiastides et al., 2011; 617 

Cavanagh and Frank, 2014). To our knowledge, DDMs have not been traditionally applied to 618 

frontostriatal interactions. Our results indicate that ramping MFC and DMS neurons interact 619 

during interval timing. These interactions were not monosynaptic in our data, but might indicate 620 

that the MFC and DMS neurons that we randomly sampled are within the same functional 621 

circuit. Without MFC input, we found that DMS ramping was attenuated and that MFC 622 
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inactivation decreased the firing rate of MSNs, consistent with a loss of glutamatergic 623 

corticostriatal input (Wall et al., 2013). These data are broadly consistent with prior applications 624 

of DDMs to cortical activity (Durstewitz, 2003; Simen et al., 2011; Merchant and Averbeck, 625 

2017) and help illustrate information-processing principles in frontostriatal circuits during 626 

interval timing.  627 

Ramping patterns have been reported previously in MFC and striatal networks (Matell et 628 

al., 2003; Narayanan and Laubach, 2009a; Merchant et al., 2013; Parker et al., 2014a, 2017; 629 

Donnelly et al., 2015; Gouvea et al., 2015; Bakhurin et al., 2016; Kim et al., 2017). Our work 630 

here extends these prior studies by demonstrating that time-dependent frontostriatal ramping 631 

signals are correlated and that DMS ramping depends on MFC function. These data are distinct 632 

from previous work in different contexts which has suggested that the striatum can serve as a 633 

‘teaching signal’ to the frontal cortex (Pasupathy and Miller, 2005; Histed et al., 2009) and 634 

encodes specific actions (Ma et al., 2014a, 2014b). Rather, our data suggest that striatal ramping 635 

is reflective of and dependent upon MFC activity.  636 

Notably, in the DMS, temporal encoding from all neurons performed better than ramping 637 

neurons alone (Fig. 8H), indicating that there may be some auxiliary temporal signal in the DMS. 638 

Furthermore, the activity we find in this manuscript is not strictly monotonic as in DDM models 639 

(Matell and Meck, 2004; Simen et al., 2011). Relatedly, finding a significant linear trend does 640 

not exclude other patterns of activity in frontostriatal ensembles. MFC-DMS interactions seem to 641 

be stronger early in the interval, suggesting that the DMS may not be continuously integrating 642 

MFC input throughout the interval as DDM models might predict. Optogenetic studies that 643 

inhibit MFC input for specific epochs in the delay will be able to further test these possibilities. It 644 
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is also unclear if striatal ramping is necessary for cortical ramping given the anatomy of cortico-645 

striatal-thalamic-cortical loops (Alexander et al., 1986; Roseberry et al., 2016).  646 

 Ramping activity can represent the accumulation of temporal evidence that is posited in 647 

DDMs and can readily emerge from recurrent network activity in cortical circuits (Durstewitz, 648 

2003; Simen et al., 2011; Merchant and Averbeck, 2017). However, striatal circuits are 649 

organized quite differently from cortical circuits, receiving a minority of input from the MFC 650 

compared to other inputs (McFarland and Haber, 2000; Wall et al., 2013). The massive 651 

convergence of inputs onto striatal MSNs makes them ideally suited to filter ongoing MFC 652 

activity (McGeorge and Faull, 1989). We did not directly measure this convergence in our study 653 

by recording from synaptically-connected ramping neurons as this would require identifying 654 

layer V MFC neurons that contribute synaptic input to MSNs.  655 

 656 

Ramping and motor-related activity 657 

 One key concern during fixed-interval timing tasks is that ramping activity is confounded 658 

with motor activity (Namboodiri and Hussain Shuler, 2014). We chose to use the previously-659 

described version of the interval-timing task because of its rich psychological history and clinical 660 

translatability (Malapani and Rakitin, 2003; Merchant et al., 2008, 2013; Ward et al., 2011; 661 

Parker et al., 2013b; Merchant and de Lafuente, 2014). Importantly, the ramping activity we 662 

report here cannot exclusively be explained by lever pressing alone because: 1) most ramping 663 

neurons did not have significant lever-press modulation, 2) some frontostriatal neurons ramped 664 

over several seconds prior to the first lever press, 3) accurate NBC decoding was found in the 665 

first 4 s of FI12 trials when no lever presses occurred, 4) MFC-DMS interactions were strongest 666 
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early in the interval and were not significant late in the interval when lever pressing was most 667 

prominent, and 5) MFC inactivation attenuated MSN ramping and MSN press-related activity as 668 

a function of inactivation and time without changing MSN press-related activity, including 669 

epochs when behavior was matched and epochs when there were no presses. We also could not 670 

detect any gross behavioral changes over the interval other than lever pressing, and our past work 671 

has repeatedly demonstrated that MFC inactivation does not affect lever pressing, per se 672 

(Narayanan and Laubach, 2006; Narayanan et al., 2012; Parker et al., 2014a, 2017).  673 

 We cannot rule out a role for ramping activity in motor preparation in this work or our 674 

past work which involved fixed-hold periods (Narayanan and Laubach, 2006, 2009a). Indeed, 675 

rodents can use ‘embodied’ strategies to solve behavioral problems (Cowen and McNaughton, 676 

2007), as can humans (e.g., subvocal rehearsal; Baddeley, 1998), and there may be subtle 677 

preparatory movements that relate to ramping activity that we cannot measure. Indeed, even if 678 

ramping was related to such movements, our data clearly indicate that this signal is related to 679 

rodents’ behavioral solutions to this instantiation of fixed-interval timing. Furthermore, the 680 

dependence of DMS ramping on the MFC indicates that DMS ramping is a key part of this 681 

signal. These data could be instructive in elucidating strategies to compensate for MFC 682 

dysfunction in this task (Kim et al., 2017; Parker et al., 2017).  683 

 684 

Frontostriatal activity and the ‘starting gun’ during interval timing 685 

 Our data provide new evidence regarding the proposed ‘starting gun’ at trial onset that 686 

provides a ‘phase-reset’ and synchronizes frontostriatal ensembles at the beginning of timing 687 

tasks  (Matell and Meck, 2004). We have previously found bursts of cue-triggered ~4 Hz MFC 688 
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activity that are attenuated in Parkinson’s patients and modulated by D1-dopamine receptors 689 

(Parker et al., 2014a, 2015a, 2015b; Chen et al., 2016). Dopamine neurons fire to reward-690 

predictive stimuli across temporal delays and could encode this starting signal during interval 691 

timing (Schultz, 2001). ~4-Hz power can also synchronize MFC ramping neurons (Parker et al., 692 

2014a). Here, we provide evidence that DMS ramping neurons synchronize with MFC ~4-Hz 693 

activity. We have previously found similar cross-area cortico-cortical spike-field coupling at ~4 694 

Hz between motor cortex and MFC after errors (Narayanan et al., 2013). These data suggest that 695 

cue-triggered low-frequency MFC activity—which has been associated with salience, conflict, 696 

and cognitive control—synchronizes neurons involved in temporal processing across 697 

frontostriatal networks.  698 

 Our study is limited in that we did not investigate detailed circuit anatomy in either the 699 

MFC or DMS. Indeed, layer V MFC neurons robustly project to both DMS MSNs and fast-700 

spiking interneurons (FSIs; Shepherd, 2013). We did not sample enough FSIs to reliably study 701 

them in isolation. There are D1 and D2 MSNs in the direct and indirect pathway, respectively 702 

(Alexander and Crutcher, 1990; Calabresi et al., 2014), and we did not isolate these populations 703 

and thus cannot conclude if D1 or D2 MSNs preferentially ramp. Future studies with optogenetic 704 

‘tagging’ might be able to resolve this question with definitive cell-type specificity in transgenic 705 

D1/D2-Cre mice (Parker et al., 2016). In addition, our data posit strong functional MFC-DMS 706 

convergence but we have no synaptic evidence to support this idea. We also did not specifically 707 

inactivate MFC projections to the DMS. Thus, our inactivation results might be an indirect 708 

effect. Combining retrograde virus and optogenetic techniques has the potential to directly test 709 

this idea (Yizhar et al., 2011). We did not find any behavioral changes during the interval that 710 

could explain ramping-related activity. However, there may be other techniques that capture 711 
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other, more subtle movements that contribute to the temporal control of action and could explain 712 

the ramping activity we observed (Cowen and McNaughton, 2007). Despite these caveats, these 713 

data provide insight into fundamental information processing in frontostriatal circuits that could 714 

have relevance for understanding how these circuits might malfunction in human disease.  715 
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Figures: 918 

Figure 1: Fixed-interval timing task and behavior. (A) We studied fixed-interval timing using 919 

a task in which rodents estimate an interval of several seconds (3-s interval on FI3 trials; 12-s 920 

interval on FI12 trials) by making a lever press; early responses are unreinforced. (B) Time-921 

response histograms on FI3 trials (gray) and FI12 trials (black).  922 
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Figure 2: Electrophysiological recordings. (A) We implanted 15 animals with recording 923 

electrodes in the medial frontal cortex (9 rats with MFC recording electrodes in blue) or 924 

dorsomedial striatum (DMS in green; 11 rats had DMS electrode arrays—6 of these rats also had 925 

bilateral MFC cannulae while the other 5 also had MFC electrode arrays). Horizontal section 926 

shown at ~DV -3.6. (B) We only report data from 89 well-isolated DMS medium spiny neurons 927 

that cluster distinctly from other striatal neuronal classes as plotted by peak-to-trough duration 928 

and half-peak-width; ms = millisecond.  929 



 

44 
 

Figure 3: Time-related ramping activity of MFC and DMS neurons. Peri-event rasters from 930 

MFC (A, blue) and DMS (B, green); light blue/green are FI3 trials, and dark blue/green are FI12 931 

trials. Rasters are sorted by mean response time, with shorter mean response times on the top. 932 

During fixed-interval timing, both MFC and DMS neurons had time-related ramping, and this 933 

ramping activity appeared to scale on FI3 vs. FI12 trials. We found evidence of both up-ramping 934 

(A,B; left side) and down-ramping neurons (A,B; right side) in the MFC and DMS. (C,D) 935 

Heatmap of average z-scored peri-event time histograms on FI12 trials from all MFC (C) and 936 

DMS (D) neurons; red indicates increased activity, blue indicates decreased activity; histograms 937 

sorted by PC1. These heatmaps indicate that ramping activity was common among 77 MFC and 938 

89 DMS neurons. Average neuronal activity in the MFC (E) and DMS (F) sorted into neurons 939 

identified as up-ramping, non-ramping, and down-ramping. Data from 77 neurons in 9 animals 940 

with MFC recordings and 89 neurons in 11 animals with DMS recordings. All data from FI12 941 

trials only, variance is plotted as mean ± SEM; *p < 0.05.   942 
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Figure 4: Ramping activity of DMS neurons is not strictly motor. (A) DMS ramping neuron 943 

without obvious firing-rate modulation around lever press (at left, time 0 is trial start, at right, 944 

time 0 is lever press). (B) By contrast, another DMS ramping neuron with clear lever-press-945 

related activity. However, this neuron had different lever-press modulation depending on if the 946 

lever was pressed early or late in the trial (rasters sorted by when the lever was pressed in the 947 

interval). (C,D) Some neurons in the MFC (C) and DMS (D) were ramping-modulated only (blue 948 

and green circles), some were press-modulated only (gray circles), and some were both ramping- 949 

and press-modulated (overlap).  950 
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Figure 5: Motor activity varies with time. (A) MFC) and (B) DMS press-modulated neurons 951 

that show changes in activity with time in the interval on FI12 trials. Rasters are plotted from 952 

early in the interval (bottom) to late in the interval (top). Dark blue/green trace shows press 953 

events late in the interval while light blue/green shows press events early in the interval. (C,D) 954 

Percentage of neurons in the MFC (C) and DMS (D) that had a significant linear fit of time of 955 

press in the interval, duration of lever press, or a significant interaction between time of press 956 

and duration of press.  957 
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Figure 6: Ramping activity before movement. Peri-event rasters of ramping neurons from 958 

MFC (A) and DMS (B) in the four seconds prior to the first press event of a trial. 0 is the time of 959 

the first press on a trial with rasters being plotted in the 4 seconds prior to the press. The gray 960 

area shows time where no presses were occurring.  961 
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Figure 7: Frontostriatal ensembles scale proportionally at different intervals. (A) Data-962 

driven principal component analysis revealed that ramping activity is the most common principal 963 

component (PC1) across frontostriatal ensembles and (B) explained >40% of variance on FI3 964 

(gray) and >60% of variance FI12 (black) trials. (C,D) The strength of loading of PCs 1 and 2 are 965 

shown for all MFC (C) and DMS (D) neurons. (E,F) Principal components looked remarkably 966 

similar for FI3 and FI12 trials for (E) MFC and (F) DMS. (G,H) To quantify the scaling across 967 

the entire MFC and DMS ensembles, we examined the speed that neuronal ensemble activity 968 

moved in high-dimensional space for FI12 and FI3 trials. We found that the speed was 969 

proportional to the interval (ratio of F12:FI3, or 4:1) for the MFC (G) and DMS (H). Confidence 970 

intervals shown in light blue/green.  971 
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Figure 8: Ramping activity predicts time. We used naïve Bayesian classifiers (NBCs) to 972 

predict time from firing rates. We used leave-one-out classification to predict time on a single 973 

test trial using a model derived from the other trials. (A). On a single trial, NBC could generate 974 

predictions of time from the firing rates of a neuronal ensemble. (B) NBC could predict time 975 

from MFC ensembles (prediction on each trial in yellow; a diagonal would equal perfect 976 

prediction) and from (C) ramping neurons only, but predicted time poorly from only (D) non-977 

ramping neurons. (E-G) A similar pattern was observed for the DMS. (H) We quantified 978 

classifier performance by calculating the sum-of-squares error, and found that ramping neurons 979 

alone predicted quite well for both the MFC and DMS. On the other hand, both MFC and DMS 980 

non-ramping neurons predicted time poorly. Data from 77 neurons in 9 animals with MFC 981 

recordings and 89 neurons in 11 animals with DMS recordings. All data is mean ± SEM; *p < 982 

0.05.  983 
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Figure 9: MFC and DMS neurons are correlated in time. (A) Trial-by-trial correlation 984 

revealed that pairs of neurons where both neurons ramped (MFC & DMS Ramping, light blue) 985 

were much more likely to have a significant interaction than pairs of neurons where only one 986 

neuron ramped (DMS Ramping and MFC Ramping), neither ramped (No Ramping), or 987 

compared to shuffled data (Shuffle). (B) To examine the time-evolution of functional 988 

interactions between MFC and DMS across the interval, we turned to joint-peristimulus time 989 

histograms (JPSTH), which look at trial-by-trial, bin-by-bin interactions corrected for firing rate. 990 

MFC and DMS neurons could have JPSTH interactions. For this pair, 95% confidence intervals 991 

based on shuffled data are plotted in light gray lines. (C) JPSTH interactions during the interval 992 

for ramping neurons (cyan), non-ramping neurons (blue), or shuffled data (gray). Data from 337 993 

pairs of 40 MFC neurons and 42 DMS neurons in 5 animals with simultaneous recordings. Early 994 

in the interval (i.e, 0-4 s; shaded gray area), ramping neurons had stronger JPSTH interactions 995 

than non-ramping neurons. (D) Lever pressing is a key consideration that could affect JPSTH 996 

interactions; to correct for this, we subtracted lever presses on each trial from MFC and DMS 997 

firing rate, and calculated press-corrected JPSTH on the residuals. For press-corrected JPSTHs, 998 

there were still stronger interactions for ramping neurons compared with non-ramping neurons 999 

early in the interval. (E) JPSTH interactions with different bin sizes showing that interactions 1000 

were maximal at 1-s bins. All data are mean ± SEM; *p < 0.05.  1001 
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Figure 10: DMS MSNs are functionally coupled with cue-evoked MFC 4-Hz activity. (A) 1002 

Raw field potentials from the MFC (blue) and DMS (green) filtered from 3-6 Hz revealed 1003 

marked modulations after the stimulus and prior to response preparation. Average LFP activity 1004 

from one animal with simultaneous MFC and DMS recordings is shown. (B) Time-frequency 1005 

analyses reveal strong ~4-Hz cue-triggered power in both MFC and DMS; red indicates 1006 

increased power and blue indicates decreased power. (C) Intertrial coherence is observed in both 1007 

MFC and DMS at low frequencies; red indicates strong phase-locking across trials and blue 1008 

indicates low phase-locking across trials. (D) To test this idea, we examined DMS MSN spiking 1009 

activity in relation to MFC LFPs, and found instances of DMS neuronal firing that was coupled 1010 

to ~4-Hz rhythms. (E) On average, ramping MSNs had more spike-field coherence in delta bands 1011 

(1-4 Hz) than non-ramping neurons. Coherence is normalized to each neuron’s 95% confidence 1012 

interval to facilitate comparisons across neurons; red indicates significant coherence. (F) This 1013 

coupling was apparent for ramping (left) but not for non-ramping (right) MSNs in the delta but 1014 

not theta range. Data from 42 DMS MSNs in 5 animals with simultaneous MFC LFP recordings. 1015 

All data are mean ± SEM; *p < 0.05.   1016 
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Figure 11: MFC inactivation attenuates ramping in the striatum. We inactivated the MFC 1017 

with muscimol in 6 animals. (A) In line with our prior work, MFC inactivation (MFC active in 1018 

green; MFC inactive in red) impaired interval timing by (B) decreasing the efficiency of timed 1019 

responses in comparison to saline infusions and by (C) decreasing the time of the first response 1020 

(Narayanan et al., 2012; Parker et al., 2014a). (D) The time the animals approached the lever (as 1021 

coded by two human raters) did not change for MFC active (saline infusion) vs. MFC inactive 1022 

(muscimol infusion) sessions. (E) The duration of each lever press also did not change for MFC 1023 

active vs. MFC inactive sessions. MFC inactivation did not change (F) lever press-modulated 1024 

neurons. However, (G) MFC inactivation significantly attenuated ramping activity among DMS 1025 

neuronal ensembles, and changed the (H) temporal pattern of neural activity across the interval. 1026 

Data from 47 MSNs in 6 animals with MFC active (saline) and 41 MSNs recorded in the same 6 1027 

animals with MFC inactive (muscimol). (I) MFC inactivation significantly reduced the firing rate 1028 

of DMS MSNs during the interval (left) and during the first 4 s of the interval prior to all presses 1029 

(middle). MFC inactivation did not significantly reduce MSN firing around reward events 1030 

(right). All data are mean ± SEM; *p < 0.05. 1031 
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Table 1: Classification Statistics 1 
Paired Samples Test     2 
        t  df Sig. (2-tailed) 3 
Pair 1 STRShuffle - STRAll   7.546  67 0.000 4 
Pair 2 STRAll - STRRamp   -2.086   67 0.041 5 
Pair 3 STRAll-STR Non-ramp  -5.234  67 0.000 6 
Pair 4 STRRamp-STR Non-ramp  -2.650  67 0.010 7 
 8 
Paired Samples Test     9 
       t df Sig. (2-tailed) 10 
Pair 1 MFCShuffle - MFCAll  8.699 67 0.000 11 
Pair 2 MFCAll - MFCRamp   .705 67 0.483 12 
Pair 3 MFCAll - MFC Non-ramp,  -7.056 67 0.000 13 
Pair 4 MFCRamp - MFC Non-ramp  -5.876 67 0.000 14 
 15 
 16 
Within condition comparisons: 17 
Striatum 18 
All vs. Ramp, paired t(67) = -2.086, p < 0.05 19 
All vs. Non-ramp, paired t(67) = -5.234, p < 0.001 20 
Ramp vs. Non-ramp, paired t(67) = -2.650, p < 0.02 21 
 22 
MFC 23 
All vs. Non-ramp, paired t(67) = 0.705, p > 0.4 24 
All vs. Non-ramp, paired t(67) = -7.056, p < 0.001 25 
Ramp vs. Non-ramp, paired t(67) = -5.876, p < 0.001 26 



 

 

Table 2: Repeated measures analysis of variance  1 
Model: FR ~ Time * condition + Error(1/Neuron) 2 
DF = 1,4790 3 
    F Sig.  4 
Time               28.1  1.20e-07  5 
Condition           6.7 0.00942  6 
Time * Condition   17.6 2.83e-05  7 


