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Abstract

Considerable evidence has shown that prefrontal neurons expressing D1-type dopamine receptors (D1DRs) are critical for
working memory, flexibility, and timing. This line of work predicts that frontal neurons expressing D1DRs mediate cognitive
processing. During timing tasks, one form this cognitive processing might take is time-dependent ramping activity—
monotonic changes in firing rate over time. Thus, we hypothesized the prefrontal DIDR+ neurons would strongly exhibit
time-dependent ramping during interval timing. We tested this idea using an interval-timing task in which we used
optogenetics to tag D1DR+ neurons in the mouse medial frontal cortex (MFC). While 23% of MFC D1DR+ neurons exhibited
ramping, this was significantly less than untagged MFC neurons. By contrast, MFC D1DR+ neurons had strong delta-
frequency (1-4 Hz) coherence with other MFC ramping neurons. This coherence was phase-locked to cue onset and was
strongest early in the interval. To test the significance of these interactions, we optogenetically stimulated MFC D1DR+
neurons early versus late in the interval. We found that 2-Hz stimulation early in the interval was particularly effective in
rescuing timing-related behavioral performance deficits in dopamine-depleted animals. These findings provide insight into
MFC networks and have relevance for disorders such as Parkinson’s disease and schizophrenia.
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Introduction

Medial and lateral regions of the mammalian frontal cortex are
involved in cognitive processes such as working memory, flexibil-
ity, and timing (Fuster 2008). Frontal neurons encode intricacies of
cognitive processing such as remembered items, prospective
action, errors, goals, and temporal control of action (Niki and
Watanabe 1979; Goldman-Rakic et al. 2004; Miller and D’Esposito
2005; Narayanan, Cavanagh, et al. 2013; Ma et al. 2014; Hardung
et al. 2017). The coordinated activity of these neurons is detectable
by macro-level techniques such as functional magnetic resonance
imaging or electroencephalography (EEG). For instance, during
tasks requiring cognitive control, frontal EEG electrodes often
detect low-frequency oscillations in delta (1-4Hz) and theta
(4-8 Hz) frequency bands (Cavanagh and Frank 2014; Parker, Chen,
et al. 2015; Parker et al. 2017; Chen et al. 2016; Kim et al. 2017).

Approximately 20% of frontal cortical neurons express D1-type
dopamine receptors (Gaspar et al. 1995). In humans, positron emis-
sion tomography imaging studies have implicated D1DRs in work-
ing memory (Okubo et al. 1997; Abi-Dargham et al. 2002). In
primates and rodents, local infusions of drugs targeting D1DRs
impair performance on working memory, inhibitory control, flexi-
bility, and timing tasks (Sawaguchi and Goldman-Rakic 1991, 1994;
Vijayraghavan et al. 2007; St Onge et al. 2011; Parker, Alberico, et al.
2013; Parker, Ruggiero, et al. 2015; Jenni et al. 2017). DIDR agonists
and antagonists can specifically attenuate neuronal activity related
to working memory (Willlams and Goldman-Rakic 1995;
Vijayraghavan et al. 2007) and temporal processing (Narayanan
et al. 2012; Parker, Andreasen, et al. 2013; Parker, Chen, et al.
2014, 2015; Parker, Ruggiero, et al. 2015; Narayanan 2016).
During interval-timing tasks, this temporal processing can take
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the form of “time-related ramping,” which involves monotonic
increases or decreases in neuronal firing rate across temporal
intervals. Drugs acting on D1DRs specifically attenuate time-
related ramping during interval-timing tasks (Parker, Chen,
et al. 2014; Parker, Ruggiero, et al. 2015; Parker et al. 2017).
Optogenetically inhibiting MFC D1DR+ neurons impairs interval
timing (Narayanan et al. 2012). Finally, stimulating MFC D1DR+
neurons at 2Hz but not 20Hz can increase ramping activity
and improve performance of interval-timing tasks (Kim et al.
2017). These data lead to the specific hypothesis that MFC
D1DR+ neurons strongly exhibit time-related ramping activity.

We tested this hypothesis by using optogenetics to tag puta-
tive MFC D1DR+ neurons in D1-Cre mice during interval-timing
tasks. To our surprise, we did not find evidence to support the
hypothesis that a significant fraction of MFC DI1DR+ neurons
exhibited ramping activity. Instead, our data suggest that MFC
D1DR+ neurons had delta/theta coherence with other MFC
ramping neurons. Our findings could have relevance for our fun-
damental understanding of cortical networks and for human dis-
eases involving impaired frontal dopamine.

Materials and Methods
Transgenic Mice

These experiments used identical procedures to our prior work
(Kim et al. 2017). Briefly, we used mice in which Cre-recombinase
was driven by the D1DR receptor promoter (Drdla-cre*; derived
from Gensat strain EY262; aged 3 months; 25-32 g), or littermate
controls. Mice were bred and verified by genotyping using pri-
mers for D1-Cre recombinase transgene (D1-Cre-F: AGG GGC TGG
GTG GTG AGT GAT TG, D1-Cre-R: CGC CGC ATA ACC AGT GAA
ACA GC). Mice consumed 1.5-2 g of food pellets (FO071, BioServ)
during each behavioral session and additional food was provided
1-3h after each behavioral session in the home cage. Single
housing and a 12-h light/dark cycle were used. All experiments
took place during the light cycle. Mice were maintained at
approximately 85-90% of their free-access body weight during
the course of these experiments for motivation. All procedures
were approved by the Animal Care and Use Committee at the
University of lowa #4071105. A total of 6 mice were used for
recording experiments (6 D1-Cre+ control mice for recording
experiments with saline injected into the ventral tegmental area
(VTA)). Eighteen separate mice were used for stimulation experi-
ments: 6 control D1-Cre+ mice expressing ChR2 in the MFC with
saline injected into the VTA, 6 D1-Cre+ mice expressing ChR2 in
the MFC with mesocortical depletion, 6 control D1-Cre+ mice
expressing control virus in the MFC.

Mice were trained to perform an interval-timing task with a 12-
s interval according to methods described in detail previously (Kim
et al. 2017). Briefly, operant chambers (MedAssociates) were
equipped with a nose poke hole with a yellow light-emitting diode
stimulus light (ENV-313 W), a pellet dispenser (ENV-203-20), and a
house light (ENV-315 W). Behavioral arenas were housed in sound-
attenuating chambers (MedAssociates). All behavioral responses
including nose pokes and access to pellet receptacles were
recorded with infrared sensors. First, animals learmmed to make
operant nose pokes to receive rewards (20-mg rodent purified pel-
lets, FOO71, BioServe). After fixed-ratio training, animals were
trained in a 12-s fixed-interval timing task in which rewards were
delivered for responses after a 12-s interval. Early responses were
not reinforced. Responses between 12 and 18 s resulted in trial ter-
mination with reward delivery. Rewarded nose pokes were sig-
naled by a house light. The house light was turned on at reward

delivery and lasted until the animal collected the reward. Each trial
was followed by a 24 + 6 s pseudorandom intertrial interval which
concluded with an “on” nose poke hole light signaling the begin-
ning of the next trial. All sessions were 60 min long.

Time-response histograms were normalized to total responses
to investigate timing, independent of response rate. We calculated
the “curvature” of time-response histograms by measuring the
deviation from the cumulative distribution of a straight line (Fry
et al. 1960). This metric is 0 with a flat time-response curve during
interval and is closer to 1 when more responses are at 12s and
time-response histograms are more curved. Curvature has been
used for over 50 years and in our past work to quantify interval-
timing behavior (Fry et al. 1960; Narayanan et al. 2012; Parker,
Chen, et al. 2014; Parker et al. 2017; Emmons et al. 2017; Kim et al.
2017). Curvature indices are higher with more “curved” time-
response histograms. All behavioral data were tested for normality.

Mice trained in the 12-s interval-timing task were implanted
with 16-channel 50 pm stainless-steel recording electrodes and
an optical fiber in the MFC (Microprobes). Surgical procedures,
neurophysiological recordings, neuronal analyses, and time-
frequency analyses of mouse local field potential (LFP) were
conducted identical to methods described in detail previously
(Emmons et al. 2016; Kim et al. 2017; Parker et al. 2017).

Optogenetics

We used an Adeno-associated virus construct with floxed-
inverted channelrhodopsin along with mCherry (UNC Viral
Core; AAV5-EF-1a-DIO-hChR2(H134R)-mCherry; AAV-DIO-ChR2)
(Cardin et al. 2009). Control virus expressed mCherry instead of
ChR2. When delivered to transgenic D1-Cre+ mice, Cre recom-
bination leads to high expression driven by an EF-1la promoter
selectively in neurons expressing D1DRs. Mice were injected
with AAV-DIO-ChR2 into the medial frontal cortex (MFC)
(Mouse: AP: +1.8, ML: —0.5, DV: —1.5), with immediate place-
ment of an optical fiber cannula (200 pm core, 0.22NA, Doric
Lenses). The injection consisted of 0.5pL of approximately 8 x
10712 infectious particles per milliliter.

On testing days, D1-Cre+ mice with optical cannula were con-
nected to the optical patch cable through a Zirconia ferrule (Doric
Lenses) without anesthesia. Light was generated by a 473-nm
DPSS laser source (OEM Laser Systems) and an optical rotary joint
(Doric Lenses) was used to facilitate animal rotation during per-
formance of the interval-timing task. During testing, each mouse
performed the fixed-interval timing task for 1h with light deliv-
ered at specific frequencies of stimulation. Specific frequencies of
laser light were generated by transistor-transistor logic (TTL) sig-
nals sent through a microcontroller controlled by the operant
behavior computer. In stimulation sessions, light was delivered
from O to 6s or 6 to 12s during the fixed-interval at 0 and 2Hz
with a pulse width of 5ms. Light stimulation was delivered on
randomly selected trials (33% for each condition—early, late, and
O0Hz; 0Hz meant that the laser was off and no laser light was
delivered). The power output of the laser was adjusted to be
8mW at the fiber tip before every experiment, power measure-
ments verified that the laser reached 90% power within 0.74 ms
of TTL triggers and maintained 8 mW with <5% error.

Neuronal Ensemble Recordings

Neuronal ensemble recordings in the MFC were made using a
multielectrode recording system (Plexon). Raw signal was ampli-
fied with total gain of 5000 and high-pass filtered at 0.05Hz and
recorded with 16 bit resolution at 40 kHz sampling rate. To detect
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spikes, raw signals were rereferenced using common median
referencing to minimize potential non-neural electrical noises and
band-pass filtered between 300 and 6000 Hz offline. Spikes were
detected with a threshold of 5 median absolute deviations. Plexon
Offline Sorter was used to sort single units and to remove artifacts.
PCA and waveform shape were used for spike sorting. Spike activ-
ity was analyzed for all cells that fired at rates above 0.1Hz.
Statistical summaries were based on all remaining neurons. No
subpopulations were selected or filtered out of the neuron data-
base. Local field potential was recorded with band-pass filters
between 0.05 and 1000 Hz. Analysis of neuronal activity and quan-
titative analysis of basic firing properties were carried out with
custom routines for MATLAB. All behavioral events and laser trig-
gers were recorded simultaneously using TTL inputs. Peri-event
rasters and average histograms were constructed around trial
start, and laser light pulse. For all analyses, statistical power was
calculated using “sampsizepwr.m” in MATLAB.

In line with past work from our group, time-related ramping
was defined using linear regression of firing rate binned at 0.1s
over the 12s interval versus time (fittm.m in MATLAB; Parker,
Chen, et al. 2014; Parker, Ruggiero, et al. 2015; Narayanan 2016;
Emmons et al. 2017; Kim et al. 2017; Parker et al. 2017). In addi-
tion, we used principal component analyses (PCA) to identify
data-driven patterns of activity across neuronal ensembles as
described in detail previously (Chapin and Nicolelis 1999;
Narayanan and Laubach 2009; Parker, Ruggiero, et al. 2015;
Emmons et al. 2017). Briefly, peri-event time histograms were
constructed for each neuron over the 12-s interval for all trials,
and singular value decomposition was computed across all
neurons to calculate principal components (pca.m in MATLAB)
for each neuron.

Spike-spike coherence was calculated between pairs of
neurons recorded during the same sessions. The magnitude
of the coherence for trial-aligned spike trains was calculated
using the Chronux toolbox with multitaper Fourier analysis
(Mitra and Bokil 2008). Calculations were performed using the
following parameters: window size = 1s; moving step = 0.15;
number of tapers = 5. To compare across neurons with differ-
ent firing rates, spike-rate differences are adjusted by esti-
mating a correction factor that is conceptually equivalent to
spike bootstrapping procedures (Aoi et al. 2015). Datasets and
code are available at: https://narayanan.lab.uiowa.edu/article/
datasets.

Histology

When experiments were complete, mice were anesthetized
and sacrificed by injections of 100 mg/kg sodium pentobarbital.
All mice were intracardially perfused with 4% paraformalde-
hyde. The brain was removed and postfixed in paraformalde-
hyde overnight, and immersed in 30% sucrose until the brains
sank. About 50-um sections were made on cryostat (Leica) and
stored in PBS. Standard immunostaining procedures were per-
formed in free-floating brain sections. Primary antibodies to
Cre (mouse antiCre; Millipore-MAB 3120; 1:500), D1 receptor (rat
antiD1 dopamine receptor; Sigma-D2944; 1:200), and tyrosine
hydroxylase (rabbit antiTH; Millpore-AB152; 1:500) were incu-
bated overnight at 4°C. Sections were visualized with Alexa
Flour fluorescent secondary antibodies (goat antimouse IgG
Alexa 633, goat antirat IgG Alexa 568, and goat antirabbit IgG
Alexa 488; ThermoFisher; 1:1000) matched with the host pri-
mary by incubating for 2h at room temperature. Images were
captured on Leica SP5 laser scanning confocal microscope or
Zeiss Apotome.2 Axio Imager.

Results

We trained 6 mice to perform a fixed-interval task with a 12-s
interval (Fig. 1A). In these animals, we implanted optrodes tar-
geting the MFC (Fig. 1B). We isolated 314 MFC neurons. We used
optogenetic tagging to identify MFC D1DR+ neurons by record-
ing from D1-Cre mice virally expressing AAV-DIO-ChR2 in the
MFC, which expresses ChR2 in MFC D1DR+ neurons. Consistent
with prior work 80 + 2% of mCherry+ neurons had high levels
of antiD1DR+ expression, and 20 + 2% of mCherry+ neurons
had low-levels of antiD1DR+ expression (Land et al. 2014). In
recording experiments, MFC neurons that spiked within <5ms
of 473-nm laser onset were considered putative MFC D1DR+
neurons (Fig. 2). We identified 93 tagged MFC D1DR+ neurons.
Optogenetic stimulation did not affect waveform shape (aver-
age correlation coefficient with nonstimulated spikes: r = 0.99).
The average latency of tagged neurons was 1.99 ms and the jit-
ter was 0.82ms.

We also noticed that some MFC neurons had clear peaks in
firing rate 6-18 ms after laser stimulation (Fig. 2B). This could
be consistent with monosynaptic connectivity to MFC D1DR+
neurons. We operationally described these neurons as puta-
tively connected with MFC D1DR+ neurons and termed them
“D1DR+ Connected” neurons. About 149 MFC neurons met
these criteria and were putatively labeled as D1DR+ Connected.
Laser-induced spikes were more reliable in tagged D1DR+ neu-
rons than in D1IDR+ Connected neurons (0.30 + 0.02 vs. 0.14 +
0.008, t471) = 8.003, P < 0.0001; statistical power = 0.99; Fig. 2C).
Because of limitations in our recording techniques, it is difficult
to make further conclusions about the anatomical or synaptic
configuration of these neurons. In the remaining 72 neurons,
we could identify no discernable change in spike rate with
optogenetic stimulation. These neurons were labeled as
“untagged.” D1DR+ neurons had similar firing rates to D1DR+
Connected and untagged neurons (D1DR+: 8.4 + 1.2 Hz; DIDR+
Connected: 7.9 + 0.9 Hz; Untagged: 9.8 + 1.3 Hz).

We explored how MFC D1DR+ neurons, MFC DI1DR+
Connected neurons, and untagged MFC neurons were involved
in interval timing. Past work by our group and others
(Narayanan et al. 2012; Xu et al. 2014; Gouvea et al. 2015;
Parker, Ruggiero, et al. 2015; Emmons et al. 2017; Kim et al.
2013, 2017) has identified 3 common patterns of MFC activity:
stimulus-related activity (Fig. 3A), temporal processing in the
form of time-related ramping activity (Fig. 3B), and response-
related activity (Fig. 3C). Time-related ramping was defined as a
monotonic increase or decrease in firing rate as quantified by
linear regression of firing rate over the interval (Parker, Chen,
et al. 2014; Parker, Ruggiero, et al. 2015; Narayanan 2016;
Emmons et al. 2017; Kim et al. 2017; Parker et al. 2017). These
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Figure 1. Interval timing requires mesocortical dopamine. (A) We trained mice
to perform a fixed-interval timing task, in which rodents had to make a motor
response 12 s after a starting cue. Early responses were not reinforced, whereas
the first response after interval end was rewarded. (B) We recorded from 6 mice
with optrodes placed in medial frontal cortex (MFC; red dots).
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Figure 2. Optogenetic tagging of MFC D1DR+ and connected neurons. (A) By virally expressing DIO-ChR2 in the MFC of D1-Cre mice, we can optogenetically “tag” MFC
D1DR+ neurons (in red) as those with short-latency action potentials <5 ms from 473-nm laser onset, as this latency is most consistent with action potentials initi-
ated within the recorded neuron rather than synaptic transmission. Aside from tagged neurons, however, we noticed a second peak in latency in some neurons that
could be consistent with monosynaptic connectivity to MFC D1DR+ neurons. We operationally termed neurons with this peak MFC D1DR+ “Connected” neurons (in
green). (B) Light-evoked latencies as histograms and box plots of putative MFC D1DR+ (red) and putative MFC D1DR+ Connected neurons are shown. Waveforms for
nonstimulated (orange) and stimulated trials (blue) inset. (C) The reliability of action potentials triggered by optical stimulation pulse is significantly higher in DIDR+
neurons than D1DR+ connected neurons. * indicates P < 0.05.
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Figure 3. MFC D1DR+ neurons have less time-related ramping than MFC neurons. Examples of (A) a stimulus-modulated neuron, (B) a neuron with time-related ramp-
ing, and (C) a nose poke-modulated neuron. (D) We examined the number of significantly modulated MFC D1DR+ neurons (red), MFC D1DR+ Connected neurons
(green), and untagged MFC neurons (blue). There were less MFC D1DR+ ramping neurons than MFC D1DR+ Connected (green asterisk) and untagged MFC neurons
(blue asterisk). There were also fewer MFC D1DR+ than untagged MFC nose poke neurons (blue asterisk). Data from 314 MFC neurons in 6 mice, including 93 MFC
D1DR+ neurons. * indicates P < 0.05.
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studies have demonstrated that MFC D1DR pharmacological or
optogenetic manipulation can selectively influence ramping,
leading to our hypothesis that MFC D1DR+ neurons ramp.

We found that 21 of 93 MFC D1DR+ neurons (23%) exhibited
time-related ramping (5 ramped up; 16 ramped down). To our
surprise, this was significantly less than MFC DI1DR+
Connected neurons (51 of 149; 34%; y* = 3.7, P < 0.05; statistical
power = 0.89; 25 ramped up and 26 ramped down) and signifi-
cantly less than untagged MFC neurons (31 of 72, or 43%; °=7.9
P < 0.005; statistical power = 0.97; 8 ramped up, 23 ramped
down; Fig. 3D). There were similar fractions of stimulus-related
activity in MFC D1DR+ neurons and untagged neurons (Fig. 3D).
These data indicate that MFC D1DR+ neurons had “less” time-
related ramping than other populations of MFC neurons. We
also found that MFC DIDR+ neurons had less motor-related
activity than untagged MFC neurons (y* = 5.7, P < 0.02; Fig. 3D),
but not less than MFC D1DR+ Connected neurons.

To further analyze patterns of MFC neurons, we turned to a
data-driven method, PCA. This method makes no assumptions
about the underlying structure of the data, but simply tries to
minimize variance by rotating multivariate data along orthogo-
nal basis functions. We have used PCA extensively in the past
to capture patterns of neuronal activity (Chapin and Nicolelis
1999; Narayanan and Laubach 2009; Parker, Chen, et al. 2014;
Emmons et al. 2017; Kim et al. 2017; Parker et al. 2017). PCA
revealed that the first 4 components each accounted for >10%
of variance among MFC ensembles, with PC1 accounting for
22% of variance and PC4 accounting for 11% of variance
(Fig. 4A-C). Smaller components >PC5 accounted for progres-
sively less variance and were not analyzed. In line with past
work, PC1 exhibited a monotonic change over the interval,
which we interpret as time-related ramping (Narayanan and
Laubach 2009; Narayanan 2016; Kim et al. 2017; Parker et al.
2017). PC1 had significantly less loading on MFC D1DR+ neu-
rons than untagged neurons (tpe3 = 3.6, P < 0.0004; statistical
power = 1; Fig. 4C) or MFC D1DR+ Connected neurons (t40) =
2.1, P < 0.03; statistical power = 0.99; Fig. 4C). MFC D1DR+ neu-
rons loaded strongly on PC4. This was stronger for MFC D1DR+
neurons than untagged neurons (tue3 = 2.0, P < 0.05) and MFC
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D1DR+ Connected neurons (f4) = 2.3, P < 0.02). Thus, 2 meth-
ods with vastly different analytical approaches (linear regres-
sion and PCA) indicated that MFC D1DR+ neurons had less
time-related ramping than untagged MFC neurons. These
results do not support the hypothesis that MFC D1DR+ neurons
exhibit ramping more strongly than MFC D1DR+ Connected or
untagged MFC neurons.

Consequently, we investigated alternative patterns of MFC
D1DR+ activity. Several prior studies by our group have indi-
cated that low-frequency delta/theta rhythms around 4Hz
require MFC D1DRs (Cavanagh and Frank 2014; Parker,
Narayanan, et al. 2014; Parker, Chen, et al. 2015; Parker,
Ruggiero, et al. 2015; Chen et al. 2016). Accordingly, we exam-
ined spike-to-spike coherence between MFC D1DR+ neurons
and D1DR+ Connected neurons as well as untagged neurons
(Fig. 5A). We found that MFC D1DR+ neurons had prominent
cue-locked delta/theta coherence with ramping DI1DR+
Connected neurons (Fig. 5A). This was significantly more than
we observed with nonramping DIDR+ Connected neurons and
untagged MFC neurons (Fig. 5B-E; delta: t;75 = 2.4, P < 0.02—
statistical power = 0.82; theta; t(;7s) = 2.7, P < 0.008—statistical
power = 0.93; beta; t;7s) = 0.5, P < 0.60). These data indicate that
MFC D1DR+ neurons could have specific cue-triggered delta/
theta synchrony with ramping neurons. We also noticed that
this interaction was strongest early in the interval between 0
and 6 s at 1-8 Hz (Fig. 5F; paired t(;s0) = 2.9, P < 0.004 first 6 s-last
6s; statistical power = 0.83). These findings suggest that MFC
D1DR+ neurons might interact with MFC ramping neurons via
delta/theta interactions early in the interval.

To test the behavioral significance of these interactions, we
optogenetically stimulated MFC D1DR+ neurons at delta fre-
quencies (2 Hz) early versus late in the interval. Our prior work
indicates that MFC D1DR+ stimulation for the entire 12-s inter-
val could compensate for behavioral deficits of dopamine
depletion (Kim et al. 2017). Data in Fig. 5F predict that stimula-
tion should have different effects in the interval, with the first
6s being more effective as delta interactions are stronger ear-
lier in the interval. To test this prediction, we stimulated MFC
D1DR+ neurons from 0 to 6s (early) and from 6 to 12s (late) at
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Figure 4. MFC D1DR+ neuronal ensembles have distinct principal components, including less ramping activity. Principal component analysis is a data-driven
approach to identify dominant patterns in multivariate data. (A) Four large components were noted; as in past work, PC1 was a “ramping” component and PC4 had
an oscillatory pattern with a period of approximately 65s. (B) The first 4 PCs each explained >10% of variance. (C) MFC D1DR+ neurons had less loading on PC1 and
more loading on PC4. Data from 314 MFC neurons, including 93 MFC D1DR+ neurons, in 6 mice. * indicates P < 0.05 for MFC D1DR+ versus untagged MFC neurons.
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Figure 5. MFC D1DR+ neurons have delta/theta coherence with connected ramping neurons. (A) We examined spike-spike coherence, which involves frequency and
phase-specific synchrony between the spike trains of 2 neurons. For example, these 2 MFC neurons had high approximately 4-Hz spike-spike coherence early in the
interval, implying that they had more spikes with frequency/phase synchrony at approximately 4 Hz. Later in the delay, this pair had less approximately 4-Hz spike-
spike coherence. (B) MFC D1DR+ neurons had marked cue-triggered delta/theta coherence that was prominent early in the interval (white arrow appears to be a point
of transition). This pattern was not apparent with nonramping Connected neurons or with untagged MFC neurons. (E) In addition, MFC D1DR+ neurons had stronger
coherence with connected ramping neurons than with nonramping or untagged neurons. (F) MFC D1DR+ neurons had significantly more coherence early in the inter-
val compared with late in the interval (see white arrow in (B) where a transition at approximately 6 s is apparent). Note that in B-D, the scale was adjusted to best
visualizes coherence between MFC D1DR+ neurons and ramping neurons, and the number of pairs going into each comparison appears in white at the top right. Data
from 4679 combinations of 93 D1DR+ neurons, 149 D1DR+ Connected neurons, and 72 untagged MFC neurons in 6 mice. * indicates P < 0.05.

delta frequencies (2Hz, delivering a total of 12 laser pulses
early/late in the interval; Fig. 6A), which would exogenously
drive delta coherence among MFC D1DR+ neurons. We mea-
sured interval-timing performance by the “curvature” of time-
response histograms during behavior. This measure is based
on the cumulative distribution of time-response histograms
and is independent of overall response rate. Values range
between 0 and 1, with impaired performance leading to flatter
curvature values closer to 0 (Fry et al. 1960; Narayanan et al.
2012; Parker, Chen, et al. 2014; Kim et al. 2017). Consistent with
our previous studies, we found no effects in mice with intact
mesocortical dopamine circuits (Fig. 6A). However, these mice
are likely at maximal performance, thus limiting this

experiment by a ceiling effect (Vijayraghavan et al. 2007; Cools
and D’Esposito 2011; Narayanan, Rodnitzky, et al. 2013; Kim
et al. 2017). To explore if MFC D1DR+ stimulation was effective
in animals with interval-timing deficits, we depleted dopamine
in the VTA using the neurotoxin 60HDA, which impairs inter-
val timing (VTA-Saline: 0.19 + 0.06 vs. VTA-60HDA: 0.07 + 0.08;
tay = 3.3, P < 0.01; statistical power = 0.88). For these VTA-
60HDA animals, there were differential effects of 2-Hz stimula-
tion early versus late in the interval (ts) = 6.2, P < 0.002; Fig. 6B).
Stimulation early in the interval was sufficient to improve
interval timing and rescue timing deficits in these animals
(early 6 vs. nonstim: t;7 = 2.6, P < 0.02). The minimum time
animals started responding was 6.6s; thus, optogenetic



Prefrontal D1 Dopamine-Receptor Neurons and Delta Resonance in Interval Timing Kim and Narayanan | 2057

VTA-Saline

>
o

0.1 0.1

Early Late

VTA-60HDA

No Opsin

@)

Early6S

0.1 Later6S

Normalized Response
Normalized Response

o WL
0 12

Time from Cue (s)

0.2 0.2

Curvature Index
Curvature Index

0 0

Time from Cue (s)

Normalized Response

12 0 12

Time from Cue (s)

**

Early6S
0.2 Later6S
No Stim

Curvature Index

0

Figure 6. MFC D1DR+ delta stimulation early in the interval can rescue deficits in VTA-60HDA animals. Time-response histograms for (A) VTA-Saline animals (purple
ticks indicate laser stimulation pulses early in the interval, blue ticks indicate laser stimulation pulses late in the interval), (B), VTA-60HDA animals, and (C) a sepa-
rate group of 6 control D1-Cre mice expressing virus but no opsin. Blue—MFC D1DR+ 2 Hz stimulation late in the delay from 6 to 12's; Purple—stimulation from 0 to

65s. Data from 18 mice. * indicates P < 0.05.

stimulation in the early epoch from 0 to 6s occurred prior to
any responses made by the mice. Notably, there was no effect
on mean-response times (VTA-Saline: nonstim —9.7 + 0.3, early
6s —9.6 + 0.3, later 6s —9.7 + 0.3; VTA-60HDA: nonstim — 9.8 +
0.2, early 6s —9.7 + 0.3, later 6s —10.1 + 0.4) or overall accuracy
(VTA-Saline: nonstim — 20 + 1%, early 6s —22 + 1%, later 6s —22
+ 1%; VTA-60HDA: nonstim —21 + 1%, early 6s —25 + 2%, later
6s —23 + 2%). No effects were found in control sessions with
mCherry in D1-Cre mice (Fig. 6C). These data support the idea
that cue-triggered delta coherence between DI1DR+ neurons
and ramping neurons early in the interval is key for interval-
timing performance.

Discussion

We tested the hypothesis that frontal D1IDR+ neurons strongly
exhibited time-related ramping, a key temporal signal, during
interval timing. We recorded from optogenetically tagged MFC
D1DR+ neurons and connected neurons as rodents performed
an interval-timing task. While approximately 23% of MFC D1DR
+ neurons exhibited ramping activity, this was less than we
observed among other MFC neurons. As such, our data did not
provide evidence to support our hypothesis. However, we
found that MFC D1DR+ neurons had cue-triggered delta coher-
ence with connected ramping neurons that was strongest early
in the interval, predicting that optogenetically increasing delta
coherence among these neurons would affect interval-timing
performance. In line with this idea, 2-Hz stimulation of MFC
D1DR+ neurons early in the interval compensated for behav-
ioral deficits caused by mesocortical dopamine depletion.
These data replicate previous studies from our group manipu-
lating, recording from, and stimulating MFC D1DR+ neurons
(Parker, Chen, et al. 2014; Parker, Ruggiero, et al. 2015; Kim et al.
2017). The present study provides novel information that (a)
MFC D1DR+ neurons do not strongly exhibit ramping activity,
(b) MFC D1DR+ neurons are strongly coherent with MFC ramp-
ing neurons early in the interval, and (c) stimulating MFC D1DR
+ early in the interval is sufficient to compensate for behavioral
deficits caused by disrupting mesocortical dopamine. This line
of work suggests that MFC D1DR+ neurons provide input to
MFC ramping neurons via delta/theta interactions early in the

interval. This interaction provides insight into how MFC D1DR+
neurons might support cognitive processing.

Modulation of delta/theta frequencies in MFC represent the
need for cognitive control (Cavanagh et al. 2012; Narayanan,
Cavanagh, et al. 2013; Cavanagh and Frank 2014; Chen et al.
2016). These signals depend on cortical D1DRs and are attenu-
ated in human patients with schizophrenia and Parkinson’s
disease (Parker, Chen, et al. 2015; Kim et al. 2017; Parker et al.
2017) as well as in rodent models (Parker, Chen, et al. 2015; Kim
et al. 2017; Parker et al. 2017). During interval timing, the need
for cognitive control is triggered by the cue, which initiates
temporal processing (Buhusi and Meck 2005; Meck et al. 2008).
In fixed-interval timing tasks, the cue functions as a reward-
predictive CS+ involving phasic dopamine release from mid-
brain dopamine neurons (Schultz 1997; Fonzi et al. 2017). Our
data suggest that D1IDR+ neurons respond to this phasic dopa-
minergic release early in the interval and initiate temporal pro-
cessing via delta-range coherence with MFC ramping neurons.
About 2-Hz stimulation may be effective, in part, because it
resonates with this delta/theta coherence in MFC.

Our findings go beyond correlative evidence as we show that
MFC D1DR+ stimulation improves interval timing (Narayanan
et al. 2012; Kim et al. 2017; Parker et al. 2017). This is only true
when mesocortical dopamine circuits are disrupted, leading to
less task-related MFC delta/theta power (Parker, Chen, et al.
2014; Kim et al. 2017). Stimulation is not consistently effective in
animals with intact mesocortical dopamine circuits, likely
because dopaminergic circuits are close to optimal network
function (Vijayraghavan et al. 2007; Cools and D’Esposito 2011,
Narayanan, Rodnitzky, et al. 2013; Kim et al. 2017). Our previous
stimulation protocols delivered delta stimulation of D1DR+ neu-
rons at a consistent phase during the entire interval (Narayanan
et al. 2012; Kim et al. 2017; Parker et al. 2017). If MFC D1DR+ neu-
rons exhibited time-related ramping, this stimulation would
have further disrupted interval timing by replacing a time-
dependent signal (ramping) with a time-independent signal (a
constant 2-Hz firing rate over the interval). We found that con-
stant stimulation of MFC D1DR+ neurons both created time-
related ramping among untagged MFC neurons and improved
interval-timing behavior (Kim et al. 2017). Findings in Fig. SB,F
indicate that delta coherence phase-locked to the cue and early
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in the interval is sufficient to produce the effects of MFC D1DR+
neuron stimulation on behavior. Notably, in this study and in
other work from our group in mice, rats, and humans (Kim et al.
2017; Parker et al. 2017; Kelley et al. 2018), stimulation at higher
frequencies did not reliably affect behavior. One reason may be
that higher-frequency stimulation did not engage delta/theta
activity among MFC neurons, which may be key for cognitive
control (Cavanagh and Frank 2014). Furthermore, stimulating
early versus late in the interval with identical length of stimula-
tion and number of pulses produced differential effects on
behavior (Fig. 6B). Finally, brain stimulation at delta frequencies
can entrain delta rhythms (Kelley et al. 2018; Kim et al. 2017).
These data indicate that our behavioral effects are not a result of
generalized activation on the MFC. Rather, our findings indicate
that there is delta/theta coherence between MFC D1DR+ neurons
and ramping neurons, and that specifically increasing coherence
at delta/theta frequencies via optogenetic stimulation can
improve interval timing in dopamine-depleted animals.

These data support a role for oscillatory activity in temporal
encoding, as predicted by the striatal beat-frequency model of
timing (Matell and Meck 2004; Meck et al. 2008). This model pre-
dicts that the degree of phase-locking between neurons can
reflect elapsed time (Buhusi and Meck 2005). Delta coherence in
Fig. 5 implies that oscillatory structure early in temporal inter-
vals might be a meaningful temporal signal among MFC neu-
rons. It may be that the animal is only timing until the initiate
responding. Indeed, the first response times occur around this
transition in coherence in Fig. 5A. MFC D1DR+ interactions may
help initiate drift-diffusion dynamics that encode time (Simen
et al. 2011) via ramping or other mechanisms (Matell and Meck
2004; Latimer et al. 2015; Narayanan 2016). Also of interest is
that PC4 seems to highly load on MFC D1DR+ neurons, and this
component has oscillatory features with a period of approxi-
mately 6s. This may be related to low-frequency delta rhythms,
or a signature of oscillations playing a role in temporal computa-
tions. This idea is difficult to test in our single fixed-interval
task; but tasks with peak trials and multiple intervals might pro-
vide insight into the significance of this type of activity.

Interval timing requires many complex processes that involve
MFC, such as waiting and inhibitory control over inappropriate
actions (Hardung et al. 2017; Narayanan and Laubach 2017).
Some of these signals may be encoded by neurons with time-
related ramps (see PC1 in Narayanan and Laubach 2009). As the
interval end approaches, less waiting and self-control is required,
facilitating goal-directed movements (Narayanan 2016). Our prior
work has shown that delta/theta rhythms can flexibly and adap-
tively engage MFC neurons in service of cognitive control
(Narayanan, Cavanagh et al. 2013; Laubach et al. 2015).

D1DRs play a critical role in working memory in lateral pre-
frontal regions in primates (Sawaguchi and Goldman-Rakic
1991, 1994; Williams and Goldman-Rakic 1995; Goldman-Rakic
et al. 2004), which are distinct from rodent MFC (Preuss 1995;
Narayanan and Laubach 2017). Our group has shown that MFC
D1DR+ is critically required for timing behaviors (Narayanan
et al. 2012; Parker, Alberico, et al. 2013) and time-related ramp-
ing among MFC neurons (Parker, Narayanan, et al. 2014; Parker,
Ruggiero, et al. 2015), but it remains to be seen how these
insights relate to other tasks involving cognitive control and
prefrontal brain areas in other species.

Dopamine plays a key role in interval timing (Malapani et al.
1998; Meck 2006; Coull et al. 2011). Dopamine may critically modu-
late temporal judgments, with inhibiting dopamine neurons slow-
ing down time estimation and stimulating dopamine neurons

speeding up time estimation (Soares et al. 2016). This group tar-
geted nigrostriatal dopamine neurons, whereas the cortex
receives input from the VTA (Williams and Goldman-Rakic 1998;
Alberico et al. 2015). Several studies from our group indicate that
cortical dopamine is involved in the accuracy of timing
(Narayanan et al. 2012; Parker, Chen, et al. 2014; Parker, Ruggiero,
et al. 2015; Kim et al. 2017) perhaps as a function of impaired
inhibitory control (Narayanan et al. 2006; Parker, Alberico, et al.
2013; Narayanan and Laubach 2017). Both cortical and striatal pro-
cesses may be at work in patients with Parkinson’s disease and
schizophrenia (Malapani et al. 1998; Ward et al. 2012; Nombela
et al. 2016). Studying these circuits in tandem as a function of
dopaminergic signaling may shed light on these questions.

We find that MFC D1DR+ neurons have less ramping activity
and less motor-related modulation, although they have equiva-
lent cue-modulation to other MFC neurons. This may suggest
that these neurons are less task-responsive, in part because
they are engaged by delta/theta rhythms that instantiate cogni-
tive control (Parker, Chen, et al. 2014; Parker, Ruggiero, et al.
2015). Our working model is that MFC D1DR+ neurons are spe-
cifically tuned to these rhythms that indicate key moments in
the task—such as the instructional cue—and help engage MFC
ramping neurons involved in temporal control of action. Future
studies might test this idea by investigating the role of MFC
D1DR+ in tasks with more elaborate cognitive processing, such
as working memory.

Our study is limited in making anatomical inferences because
we cannot directly visualize recorded neurons and their connec-
tivity. Additionally, we cannot further describe untagged MFC neu-
rons, although they appear to have the strongest ramping activity.
Prefrontal neurons are densely and recurrently connected via local
microcircuits and distant projections (Constantinidis et al. 2001,
Han et al. 2017). Because of technical limitations, we cannot spec-
ify the exact pathway by which MFC D1DR+ neurons entrain
ramping neurons or the synaptic connectivity patterns of MFC
D1DR+ neurons to other MFC neurons. Such insights likely require
correlation of optogenetic approaches with techniques that have
better spatial resolution, such as two-photon imaging. It is not
clear, however, if these techniques can detect delta/theta coher-
ence (Chen et al. 2013). A major technical limitation is that
because of our recording and sorting approach, our recordings are
biased towards large pyramidal cells and thus we cannot reliably
record from cortical interneurons. This point is particularly impor-
tant because MFC D1DRs can be expressed on interneurons as
well as pyramidal cells (Muly et al. 1998; Trantham-Davidson et al.
2008; Glausier et al. 2009). Designing mice with Cre targeted to
D1DR+ interneurons versus pyramidal cells, or tetrode/intracellu-
lar/juxtacellular recording techniques might be better able to
address the role of MFC D1DR+ pyramidal neurons versus inter-
neurons. A further limitation is that our analysis of ramping might
be influenced by averaging over multiple trials (Latimer et al.
2015). Despite these limitations, our results provide novel insight
into how dopamine influences cognitive processing in frontal cir-
cuits, which could have relevance for disorders such as
Parkinson’s disease and schizophrenia.
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