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Coordinated Ramping of Dorsal Striatal Pathways preceding
Food Approach and Consumption
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The striatum controls food-related actions and consumption and is linked to feeding disorders, including obesity and anorexia nervosa.
Two populations of neurons project from the striatum: direct pathway medium spiny neurons and indirect pathway medium spiny
neurons. The selective contribution of direct pathway medium spiny neurons and indirect pathway medium spiny neurons to food-
related actions and consumption remains unknown. Here, we used in vivo electrophysiology and fiber photometry in mice (of both sexes)
to record both spiking activity and pathway-specific calcium activity of dorsal striatal neurons during approach to and consumption of
food pellets. While electrophysiology revealed complex task-related dynamics across neurons, population calcium was enhanced during
approach and inhibited during consumption in both pathways. We also observed ramping changes in activity that preceded both
pellet-directed actions and spontaneous movements. These signals were heterogeneous in the spiking units, with neurons exhibiting
either increasing or decreasing ramps. In contrast, the population calcium signals were homogeneous, with both pathways having
increasing ramps of activity for several seconds before actions were initiated. An analysis comparing population firing rates to population
calcium signals also revealed stronger ramping dynamics in the calcium signals than in the spiking data. In a second experiment, we
trained the mice to perform an action sequence to evaluate when the ramping signals terminated. We found that the ramping signals
terminated at the beginning of the action sequence, suggesting they may reflect upcoming actions and not preconsumption activity.
Plasticity of such mechanisms may underlie disorders that alter action selection, such as drug addiction or obesity.
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Alterations in striatal function have been linked to pathological consumption in disorders, such as obesity and drug addiction. We
recorded spiking and population calcium activity from the dorsal striatum during ad libitum feeding and an operant task that
resulted in mice obtaining food pellets. Dorsal striatal neurons exhibited long ramps in activity that preceded actions by several
seconds, and may reflect upcoming actions. Understanding how the striatum controls the preparation and generation of actions
may lead to improved therapies for disorders, such as drug addiction or obesity. j
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Introduction site of pathology in feeding disorders, such as obesity (Robinson

The dorsal striatum regulates food-related actions, consumption, ¢t al, 2015; Contreras-Rodriguez et al., 2017) and anorexia ner-
and palatability (Volkow et al., 2002; Krause et al., 2010) andisa VOS2 (Frank et al., 2005). Electrophysiological recording studies
report a mix of excitatory and inhibitory responses of striatal
neurons during food-related actions (movements toward food),
and mainly inhibitory responses during consumption itself (Taha
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to hypothesize that the activity of both
pathways would increase during food-
directed approach. Based on their distinct
roles in reward and reinforcement (Krav-
itz et al,, 2012), we hypothesized that
iMSN activity may be inhibited during
consumption, whereas dMSN activity may
be enhanced or sustained. This could reduce aversive drive via
iMSNs, while sustaining the reinforcing properties of food con-
sumption via dMSNs (Kravitz and Kreitzer, 2012; Kravitz et al.,
2012).

We addressed these predictions using a combination of in vivo
electrophysiology to record action potential firing and fiber pho-
tometry to record the population calcium responses from dMSNs
and iMSNs. Most prior electrophysiological studies were per-
formed in the ventral striatum (Carelli et al., 2000; Nicola et al.,
2004a; Wilson and Bowman, 2004; Yun et al., 2004; Roitman et
al., 2005; Taha and Fields, 2005, 2006; Wheeler et al., 2005; Wan
and Peoples, 2006; Jones et al., 2008; Khamassi et al., 2008; Krause
etal., 2010; Roitman et al., 2010; Ambroggi et al., 2011; Day et al.,
2011), but the dorsal striatum has also been implicated in
outcome-directed actions (Yin et al., 2005; Gremel and Costa,
2013; Furlong et al., 2014; Jin et al., 2014) and in food consump-
tion (Balleine et al., 2007; DiFeliceantonio et al., 2012). To better
understand the role of the dorsal striatum in food approach and
consumption, we characterized spiking activity in the dorsome-
dial striatum (DMS) during food approach and consumption.
We then used fiber photometry (Cui et al., 2013; Tecuapetla et al.,
2014) to record population calcium activity of dMSNs and
iMSNss during approach to and consumption of food pellets.

We noted time-locked changes in activity around approach
and consumption in both spiking and photometry recordings.
Surprisingly, we also observed ramping changes in activity that
started several seconds before food-related and spontaneous ac-
tions. Our results support the conclusion that dorsal striatal ac-
tivity relates to upcoming actions and may reflect a novel manner
by which the striatum contributes to action selection.

Figure 1.

Materials and Methods

Animals and experimental procedures. A total of 22 adult mice (C57BL/6
background, p60-p180) were housed in standard mouse vivarium caging
and kept on a 12 h light/dark cycle at 23°C-25°C. Cre lines (A2A-cre
KG139, D1-cre EY217) were generated by the GENSAT project. Both
male and female mice were included in these experiments (9 female, 13
male). Mice were single housed after surgery to protect the cranial im-
plants. Standard chow diet (5001 Rodent Diet; LabDiet) and water were
given ad libitum, and cages were changed at least biweekly. No mice had
drug exposures other than those associated with surgery and postopera-
tive care. All were of normal weight and immune status. All animal stud-
ies were approved by the National Institute of Diabetes and Digestive and

Proportion of Inhibitory Neuronal
Responses During Action / Approach

Proportion of Inhibitory Neuronal
Responses During Consumption

Meta-analysis of neural responses to approach and consumption during electrophysiology recordings. 4, Schematic
of investigated behaviors. B, Proportion of inhibitory versus excitatory responses during consumption. €, Proportion of inhibitory
versus excitatory responses during action and/or approach.

Kidney Diseases/National Institutes of Health Animal Care and Use
Committee.

Ad libitum feeding experiment. Feeding experimentation devices (FEDs)
(Nguyen et al., 2016) dispensing grain-based chow pellets (MLabRodent
Tablet 20MG; TestDiet) with a 60 s refractory period after each pellet re-
trieval were used during recording experiments. The device was modified
with a custom software to introduce a 60 s time-out after each pellet retrieval
(custom code available here: https://github.com/KravitzLab/FED/tree/
FED-London-et-al). This time-out was imposed to space out pellets for
analysis of consumption responses in electrophysiological recordings.
Mice were habituated to an FED in their home cage for several days
before recording. For electrophysiological recordings, mice were fasted
for 4—6 h preceding each recording, and mice ate from FED for 2-3 h.
For fiber photometry experiments, mice were not fasted but were run
overnight, and so were required to eat pellets to obtain sustenance.

Operant task training. Behavioral training occurred during the dark
cycle and took between 10 and 21 d to complete. Mice were trained in
behavioral chambers equipped with cameras for behavioral recording
and monitoring (PhenoTyper 3000, 30 cm X 30 cm X 35 cm, Noldus
Information Technologies). Video and behavioral events (e.g., time-
stamps of pellet dispensing) were collected with Ethovision XT version
10 (Noldus Information Technologies, NED). One side of training
chamber contained a 10 cm Petri dish to serve as a tangible cue for the
trigger zone, whereas the other contained the pellet receptacle. Mice were
progressively trained to remain in the trigger zone for 6 s, completion of
which was signaled with a tone (2 s, 2300 Hz). Following the tone, the
mice had 6 s to traverse the arena to the pellet dispenser to retrieve a 20
mg pellet. Failure to reach the pellet dispenser within 6 s required the
mouse to reenter the trigger zone and initiate a new trial.

Viral expression and implantation. Anesthesia was induced with 2-3%
isoflurane (v/v) and maintained with 0.5%-1.0% isoflurane through a
nose cone mounted on a stereotaxic apparatus (Stoelting). A 5 ul Ham-
ilton syringe with a 33-gauge metal needle was used to infuse the virus
(AAVDJ-GCaMP6s) with a syringe pump (KD Scientific) at a rate of 50
nl/min ~" with a total volume of 500 nl. All stereotaxic coordinates were
in relation to bregma for DMS: anteroposterior, 0.5 mm; mediolateral,
+/—1.5 mm; dorsoventral, —2.8 mm. Following the infusion, the needle
was kept at the injection site for 5 min then slowly withdrawn. For array
and fiber implantation, we followed the same coordinates (antero-
posterior, 0.5; mediolateral, 1.5; dorsoventral, —2.6 mm per bregma).
The recombinant AAV vectors were serotyped with AAVD] coat proteins
and packaged by the viral vector core at the University of North Carolina.

For in vivo electrophysiology, recordings were obtained with an
array with 32 Teflon-coated tungsten microwires (35 um diameter;
Innovative Neurophysiology) implanted into the DMS. For fiber pho-
tometry, optical fiber cannulas were implanted (fiber: core of 200 pm;
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Dorsal striatal phasic responses to food approach and consumption. 4, Schematic of analyzed behavior and histology showing recording array locations. X's indicate histological

estimate of the center of recording arrays on a coronal section of amouse brain. B, Proportion of neural responses to approach, consumption, and overlapping responses. (—F, Top to bottom, Example
perievent histograms, its corresponding firing rate, and average firing rate for approach increase, approach decrease, consumption increase, and consumption decrease responses. Average firing rate
expressed as z score for the corresponding groups, with shaded error bars indicating SEM. Time 0 (seconds) aligned to pellet retrieval.

0.48 NA; M3 thread titanium receptacle; Doric Lenses). Cannulas and
electrode arrays were secured to the skull using a base layer of adhe-
sive dental cement (C&B Metabond; Parkell) followed by a second
layer of cranioplastic cement (Stoelting). Behavioral testing started 2
weeks after surgery to allow for viral expression and recovery from
surgery.

Data processing: in vivo electrophysiology. Electrical signals were sam-
pled, digitized, time-stamped, and stored for offline analysis using a
Plexon recording system. Spike channels were acquired at 40 kHz with
16-bit resolution, and the signal was bandpass filtered at 150 Hz to 3 kHz
before spike sorting. Single and multiple units were discriminated using
principal component analysis (Offline Sorter; Plexon). MSNs were iden-
tified based on waveform shape.

Data processing: fiber photometry. Mice were connected for fiber pho-
tometry with a single optic fiber (core of 200 um; 0.48 NA; M3

connector; Doric Lenses). Blue light (475 nm Plexbright LED, Plexon)
was modulated with an 80 Hz sinusoid waveform from a function gen-
erator (B&K Precision, model 4054B) and delivered to the brain at 2040
uW. The emitted green fluorescence passed through a dichroic mirror
and 505-535 nm cut filter (FMC4 port minicube, Doric Lenses) and was
detected with a femtowatt silicon photoreceiver (Model 2151, Newport).
Analog signals from the detector were amplified and recorded with a
digital acquisition system (Omniplex, Plexon).

Raw signals were demodulated and converted to z scores with custom
Python scripts that were executed in Neuroexplorer version 5 (scripts
available at: https://github.com/KravitzLab). These scripts demodulated
the raw signal by returning its power at 79— 81 Hz, using the spectrogram
analysis in Neuroexplorer version 5. This demodulated signal was
transformed into local z scores by subtracting the mean and dividing
by the SD of a moving baseline of 60 s around each data point. This
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approach corrected for bleaching and stan-
dardized fluorescence values in all animals
for comparisons.

Data analysis. Pellet retrieval data from FED
were synchronized with electrophysiological or
photometry recordings by relaying a TTL out-
put from FED to the data acquisition hardware
(OmniPlex; Plexon). We divided events into four
task periods: baseline, approach, consumption,
and postconsumption. Baseline was defined as
45-30 s before trial initiation, approach defined
as 2 s before removing a pellet, consumption de-
fined as 5-10 s following pellet retrieval, and post-
consumption defined as 30—45 s after tone onset.
Analysis periods were chosen based on visual ob-
servation, and identical analyses windows were
used for electrophysiology and photometry data.
The ramping period was defined as 15-2 s before
the pellet retrieval, and signals were evaluated for
exhibiting a significant positive or negative corre-
lation with a monotonically increasing straight
line (Donnelly et al., 2015; Emmons et al., 2017).
Spiking data from this same ramping period were
used for the principal component analysis.

For the operant task, we analyzed six task
periods during the recordings: Baseline was de-
fined as 60—45 s before tone onset, pretrial was
defined as 1015 s before tone onset, waiting
was defined as 0-5 s before tone onset, ap-
proach as 5 s before entering zone around feed-
ing device, consumption as 5-10 s following
pellet retrieval, and postconsumption as 60—45 s
after tone onset.

Video of mouse behavior was processed and
quantified with Ethovision XT (Noldus In-
formation Technologies). Data were orga-
nized and analyzed in Neuroexplorer version 5.
Statistical comparisons were made in Graph-
Pad Prism version 7, via ANOVAs and ¢ tests
where specified.

Histology. Brains were removed and post-
fixed in 10% formalin for 1624 h. Brains were
transferred to 30% sucrose in PBS for 2-3 d
and sectioned at 40 um on a freezing mi-
crotome (Leica). Sections were counter stained
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Figure 3. Ramping signals in the dorsal striatum leading up to pellet retrieval. A, Example of a negative ramping neuron.

B, Example of a positive ramping neuron. C, Distribution of Pearson correlation coefficients for ramping in all recorded neurons,
with significantly ramping neurons in red bars. D, Average firing rate of all negative ramping neurons. E, Average firing rate of all
positive ramping neurons. Average firing rate expressed as z score for the corresponding groups, with shaded error bars indicating
SEM. Time 0 (seconds) aligned to pellet retrieval.
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Using fiber photometry to record bulk calcium signals from striatal subpopulations. A, Coronal section at (0.5 mm) anterior to bregma for GCaMP6s expression. B, Fiber-photometry

system schematic with feeding device. (, Transient rate by genotype. D, Example path plot of behavior in chamber. E, Example calcium traces from iMSN-GCaMP-, dMSN-GCaMP-, and GFP-

expressing animals.
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with DAPI and mounted on slides for imaging
with a slide-scanning microscope (Olympus
VS120) at 10X. Fluorescence areas from slide
scans were outlined in Image]J (https://imagej.
nih.gov/ij/) and positioned over a correspond-
ing atlas section in Illustrator (Adobe).

Results

To gain an understanding of striatal neu-
ral responses during approach and con-
sumption, we performed a meta-analysis
of electrophysiological studies that re-
ported the firing rates of rodent striatal
neurons during actions around consump-
tion (Fig. 1A). Twenty-two studies were
evaluated, of which 17 included informa-
tion on both excitatory and inhibitory
responses and were included in this meta-
analysis. The majority (10 of 17) of studies
in this analysis used sucrose solution as the
task outcome, whereas two used sucrose
pellets (Ambroggi et al., 2011; Day et al.,
2011), two used an ethanol solution
(Janak et al., 1999, 2004), one used sac-
charin (Wheeler et al., 2008), and two
used water (Carelli et al., 2000; Khamassi
et al., 2008). Regardless of the task out-
come, the majority of accumbal spiking
responses during consumption were in-
hibitory (one-sample ¢ test, p < 0.0001;
Fig. 1B). Nine of these studies also
reported responses to actions that directly
preceded consumption, including nose-
pokes, lever-presses, or approach. Responses
during these actions were heterogeneous and
did not reveal a significant trend toward exci-
tation or inhibition (one-sample ¢ test, p =
0.22; Fig, 1C).

As most of the prior studies were re-
corded in the ventral striatum or nucleus
accumbens, we performed in vivo electro-
physiological recordings to evaluate re-
sponses in the dorsal striatum during
consumption of and approach to food
(Fig. 2A). We took advantage of a pellet-
dispensing device developed by our labo-
ratory that identifies the time each food
pellet is removed by the mouse by emit-
ting a digital pulse (Nguyen et al., 2016,
2017). Fifty extracellularly recorded single
or multiunits were recorded from 5 mice
while they freely ate food pellets from this
device. Consistent with prior research in
the accumbens, the most common re-
sponse to pellet consumption was inhi-
bition (15 neurons, 30%; Fig. 2B,F),
whereas a smaller number (6 neurons,
12%) were excited during consumption (z
test, p < 0.05; Fig. 2E). Fourteen neurons
were inhibited, whereas 10 were excited
during approach (Fig. 2B-D; z test, p =
0.35). Interestingly, only 1 of 10 neurons
that were activated during approach was
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modulated during consumption (firing A
of this neuron remained elevated during
consumption), whereas 7 of 15 neurons
that were inhibited during approach were
also inhibited during consumption (Fig.
2D). Overall, the results indicate that neu-
rons that were excited during approach
were largely distinct from those that were
modulated during consumption, whereas
neurons that were inhibited during ap-
proach often maintained this inhibition

Fluorescence (z-score)
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retrieval and looked for ramping 0
changes in activity (monotonic in- -1.0
creases or decreases in activity). We ob-
served ramping changes in activity in 20
(40%) of the units, with 7 decreasing
and 13 increasing (Fig. 3A-C). Group
mean plots of all ramping neurons are
shown in Figure 3D, E.

We next sought to evaluate the re-
sponses of the two main projection path-
ways of the striatum during these same
behavioral periods. To investigate the population calcium responses
of iMSNs and dMSNs during approach and consumption, we ex-
pressed GCaMP6s in each population using a cre-dependent viral
strategy (Fig. 4A). We used fiber photometry (Fig. 4 B,E) to re-
cord fluctuations in population fluorescence as mice ate pellets.
We did not detect any difference in overall transient rates between
iIMSNs and dMSNss (two-tailed ¢ test, p = 0.29; Fig. 4C). Recordings
lasted ~8.5 h and were run overnight to capture naturalistic eating
without requiring food restriction (Fig. 4D). We quantified fluores-
cence in each pathway during four defined task periods: baseline,
approach, consumption, and postconsumption (see Materials and
Methods). GFP-expressing animals (1 = 3) were recorded to control
for potential effects of movement and did not exhibit transients or
modulation around the pellet removal (Fig. 4C,E).

Example responses for an iMSN and dMSN mouse are pro-
vided in Figure 5A, B. The response profile for each population
was very similar, showing a ramping increase leading up to the
pellet retrieval, and an inhibition of activity during the subse-
quent consumption period. By repeated-measures ANOVA, we
detected a significant effect of task period (F(;,, = 16, p <
0.0001), genotype (F(, 4y = 8, p < 0.02), and interaction (Fg »4) =

Figure 7.

of movement.

-0.5 0.0 0.5 1.0

Pearson Coefficient for Ramping

Population calcium signals show strong ramping before spontaneous movements that do not result in pellets.
A, Example response around start of movement of a mouse expressing GCaMP6s in iMSNs. Single trials are represented in the heat
map, whereas average calcium signal is represented in the trace below. B, Same as in A for a mouse expressing GCaMP6s in dMSNs.
€, Average fluorescence around start of movement for all genotypes. D, Average velocity around start of movement for all geno-
types. E, Distribution of Pearson correlation coefficients for ramping in all recorded mice. Red dashed line at time 0 indicates start

3.6, p < 0.02) on fluorescence levels. Post hoc tests revealed that,
relative to baseline, dMSNs (p < 0.005) were significantly acti-
vated, whereas iMSN’s trended toward an activation (p = 0.10)
during approach to the pellet (Fig. 5C,D). Both populations were
significantly inhibited during consumption (both p < 0.05). Nei-
ther approach nor consumption resulted in significant altera-
tions in GFP expressing animals (all p < 0.70). Velocity of the
mice is presented in Figure 5E. Counter to our earlier hypothesis,
both striatal pathways were activated during approach and were
inhibited during consumption. In addition, we analyzed whether
ramping of activity occurred in these two groups leading up to the
pellet retrieval (again using the period of 2—15 s preceding pellet
retrieval). Despite the heterogeneity of ramping signals in the
spiking data, recordings from both pathways were homogeneous,
and both ramped in a positive direction leading up to pellet re-
trieval (Fig. 5F).

To ask whether the ramping signals were specific to actions
directed at obtaining pellets, or whether they might be a general
feature of action selection in the striatum, we analyzed the spiking
and photometry data around spontaneous movements that were
preceded by 30 s of rest and occurred at least 30 s away from any
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pellet retrieval (Fig. 6A,B). We observed
ramping activity leading up to these
movement events in 21 (42%) of the re-
corded units in our electrophysiological
recordings, with 9 decreasing and 12 in-
creasing (Fig. 6C—E). This indicates that
these signals are not specific to actions
that resulted in pellets but may be a more
general feature of striatal signaling pre-
ceding actions. Despite the heterogeneity
of ramping signals in the spiking data,
photometry recordings were again homo-
geneous between the pathways, and
both ramped in a positive direction
leading up to spontaneous movements
(Fig. 7A-C,E).

These analyses support the conclusion
that the heterogeneity in the spiking data
cannot be explained by differences be-
tween iMSN and dMSN population activ-
ity. In addition, ramping analyses revealed
a distinction between population spiking
and photometry data, suggesting that
photometry recordings may not simply
reflect average spiking of the underlying
population of neurons. As the two pop-
ulations of neurons had very similar
response profiles, we pooled the photom-
etry data to formally compare it with av-
erage spiking data in the ramping period.
At the population average, little ramping
was observed in the spiking data preced-
ing pellet retrievals or spontaneous move-
ments (Fig. 8A-D). This was not
surprising, given that only 40% of neu-
rons showed significant ramps, and these
were in both positive and negative direc-
tions. In contrast, ramps were observed in
the pooled photometry data for both task
events (Fig. 8E,F). We compared the
strength of ramping by examining Pear-
son correlation coefficients for the spiking
versus photometry data, and found that
the photometry recordings had signifi-
cantly higher ramping than the spiking
data for both pellet retrieval (average spik-
ingr = 0.06, average photometry r = 0.65,
p < 0.01), and spontaneous movements
(average spiking r = —0.15, average pho-
tometry r = 0.88, p < 0.0001; Fig. 8G,H).

Principal component analysis has also
been used to identify ramping in popula-
tion signals that may otherwise elude de-
tection in individual neural spike trains
(Narayanan and Laubach, 2009; Ma et al.,
2014; Emmons et al., 2017). To examine
whether we were undersampling ramping
at the population level through our regres-
sion analysis, we also performed a principal
component analysis of the spiking data
around pellet retrievals and spontaneous
movements. The first four principal com-
ponents are plotted in Figure 9 and dem-
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Movie1. Example of mouse performing the task with text highlight-  [m] o
ing relevant task events.

onstrate task-related modulations, but there is little evidence of
ramping at the population level leading up to these task events.

The above experiments demonstrate that striatal neurons
ramp before two types of actions: pellet retrieval and spontaneous
movements that did not result in a pellet. Although the sponta-
neous movements did not result in a pellet, we could not rule out
that they were also directed at a pellet as they were recorded in the
same session as the pellet feeding. Therefore, it remains unclear
whether the ramping signals reflect actions that lead to the pellet,
to consumption itself, or to both. To distinguish between these
possibilities, mice were trained to perform a sequence of events to
receive a pellet. Importantly, mice did not receive a pellet until the
entire chain was complete, which allowed us to evaluate whether
the ramping signals terminated at the initiation of the chain
and/or at the delivery of the pellet (Movie 1).

Mice initiated behavioral sequences by entering a “trigger
zone” in the behavioral chamber. After remaining in this zone for
6's,a 2 stone signaled the availability of a chow pellet and the mice
had 6 s to approach the pellet well to retrieve a pellet (Fig. 10 A, B).
Failure to approach the pellet well within 6 s resulted in no pellet
delivery and required mice to reinitiate a new trial. Sessions were
run at night and mice received their entire nighttime caloric
needs via this task (~100 pellets resulting in ~7 Kcal/night). The
mice from the prior experiment, plus an additional 2 iMSN-
GCaMP and 3 dMSN-GCaMP mice were trained on this task (6
iMSN-GCaMP and 7 dMSN-GCaMP mice in total). During re-
cording sessions, mice completed 57% of the trials they initiated,
with the incomplete trials split between “no move” trials (25%),
in which the mice remained in the trigger zone for at least 6 s
following the tone, and “wrong move” trials, in which mice left
the trigger zone but did not approach the pellet well within 6 s
(18%; Fig. 10C).

Calcium activity in both populations increased in a ramping
manner starting ~15 s before the start of each trial and termi-
nated at the initiation of each trial (Fig. 10D-F). A repeated-
measures ANOVA of GCaMP6 fluorescence during six task
periods (baseline, pretrial, waiting, approach, consumption, and
postconsumption) revealed a significant effect of task period
(F(5,55) = 22, p <0.0001), but not genotype nor interaction (both
p > 0.49). Post hoc tests revealed that this effect of task period was
driven by activation of both pathways during the period before
the trial initiation (termed: pretrial period, both p < 0.05), as well
as inhibition of both pathways during consumption (both p <
0.005) (Fig. 10G).
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We considered whether this ramping activity reflected
changes in velocity leading up to trial initiation. A repeated-mea-
sures ANOVA of velocity revealed a significant effect of task pe-
riod (F(s 55, = 210, p < 0.0001), which was driven by the waiting,
approach, and consumption periods (Fig. 10 H,I). Velocity was
not significantly altered for either group during the pretrial pe-
riod (both p > 0.17). We also considered whether the ramping
signal might reflect a gradual approach of the mouse toward the
trigger zone. Again, while a repeated-measures ANOVA revealed
a significant effect of task period on this distance (F s 55, = 203,
p < 0.0001), this was driven by changes during the waiting, ap-
proach, and consumption periods (Fig. 10],K). Distance was not
significantly altered during the pretrial period for iMSNs (p >
0.28); and although there was a trend toward significance for
dMSNs (p > 0.06), the difference was a small shift away from the
trigger zone (~1.5 cm; Fig. 10],K). As we could not observe any
significant change in behavior during this pretrial activity, we
conclude that these ramping signals reflects something internal
to the mouse, such as the expectation or planning of future
actions.

Finally, we examined whether the pretrial activity might reflect
the performance of the mice on the task, or errors (Fig. 11 A, E). Two
types of errors were evaluated: “no movement” errors, in which
mice remained in the trigger zone for a full 6 s following the tone;
and “wrong movement” errors, in which mice left the trigger
zone following the tone but did not enter the pellet well within 6 s
(velocity shown in Fig. 11D, H). A repeated-measures ANOVA
examining five task periods (baseline, pretrial, waiting, tone, and
after trial) revealed a significant effect of task period (no move:
F444) = 24, p < 0.001; wrong move: F, 44, = 5.3. p < 0.05), but
not genotype nor interaction for both conditions (all p < 0.30; Fig.
11B,C,F,G). Post hoc analyses revealed that “no movement” and
“wrong movement” trials in both pathways were characterized by
elevated activity in the pretrial period (all p < 0.05). No move
trials were also characterized by significantly inhibited calcium
activity in iMSNs during both the waiting and tone periods (p <
0.05), whereas wrong movement trials were characterized by sig-
nificantly elevated iMSN activity during the tone/movement pe-
riod (p < 0.05). These results indicate that (1) population
calcium activity during the pretrial period was elevated in both
pathways regardless of task outcome; and (2) errors on the task
were associated with dysregulation of iMSN signaling during the
task itself.

Discussion

Here, we examined the relationship between neural activity in the
dorsal striatum to the approach and consumption of food. Con-
sistent with recordings from the ventral striatum, dorsal striatal
neurons exhibited a mix of excitatory and inhibitory responses
during approach to food, and mainly inhibitory responses during
consumption. Striatal AMSNs have been linked to reinforcement
(Hikida et al., 2010; Lobo et al., 2010; Ferguson et al., 2011; Krav-
itz and Kreitzer, 2012), leading us to initially hypothesize that
consumption-related inhibitory responses may occur more
strongly in iMSN’s than dMSNs. However, recording of popula-
tion calcium signals revealed that both pathways were inhibited
to similar degrees during the consumption of food pellets. This
suggests that both pathways contributed to the inhibitory re-
sponses observed during electrophysiological recordings during
consumption (Nicola et al., 2004b; Taha and Fields, 2006; Krause
etal., 2010), and argues that consumption is associated with a
coordinated inhibition of both pathways. Interestingly, a re-
cent study on the ventral striatum reported sustained eleva-
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sistent with reports of activation of both
striatal pathways during actions (Cui et
al., 2013; Isomura et al., 2013; Tecuapetla
et al., 2014; Barbera et al., 2016; Klaus et
al., 2017), and before food reward (Natsu-
bori et al., 2017). Together, our results
support a model in which MSNs of both
pathways are engaged during approach
and inhibited during consumption. It re-
mains unclear how these homogeneous
population responses relate to the oppos-
ing behavioral changes elicited by optoge-
netic stimulation (Kravitz et al., 2012;
Yttri and Dudman, 2016).

Finally, we observed ramping changes
in both spiking activity and population
calcium signals that started up to 15 s be-
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fore actions. In the free-feeding task, we
observed ramping changes in spiking in
~40% of the recorded neurons, with ap-
proximately two-thirds increasing and
one-third decreasing. In this same task, we
observed ramping changes in the popula-
tion calcium signals, which ramped in a
positive direction in all mice. This differ-
ence from the spiking data may reflect the
fact that more individual neurons ramped
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sumption. Here, we observed that ramp-
ing increases in calcium activity preceded
the initiation of each trial, rather than
consumption. These ramps may reflect
upcoming actions (Ma et al., 2014; Em-
mons et al., 2017).
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Figure 10.

tions in calcium activity during consumption (Natsubori et
al., 2017). The difference between our result and this result
may reflect differences in calcium indicator that was used, the
task design, or location of recordings.

Despite heterogenous spiking responses, which included a mix
of inhibition and excitation during approach to the pellet, popu-
lation calcium activity in both pathways was activated during the
approach to food. This is consistent with optogenetic studies that
demonstrate that stimulation of dMSNs reinforced approach to
stimuli (Kravitz et al., 2012; Yttri and Dudman, 2016), but un-
clear how it relates to demonstration from these same studies that
iMSN activation can reduce behavior. These results are also con-

Changes in calcium activity during completed trials. A, Diagram of behavioral task events. B, Example path plot of com-
pleted trials. C, Averaged proportion of completed, no movement, and wrong movement trials. D, Example response of successfully
completed trials around tone of a mouse expressing GCaMP6s in iMSNs. Single trials are represented in the heat map, whereas average
calcium signal is represented in the trace below. £, Same as in D for a mouse expressing GCaMP6s in dMSNs. F, G, Average fluorescence.
H, 1, Velocity. J, K, Distance to trigger zone during completed trials. Colored bars represent trial periods. Average fluorescence in z score for
the corresponding groups with colored error bars (SEM). Time 0 (seconds) indicates tone onset. *Significant difference from baseline.
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spontaneous movements that did not re-
sult in pellets, and noted that spiking of
individual neurons ramped during this
period as well. Again, both positive and
negative ramps were observed in the spik-
ing data, whereas only positive ramping
was observed in the population calcium
signals. As these ramps occurred in peri-
ods that explicitly preceded movement,
they support the conclusion that the
ramping signals do not reflect changes in
velocity of the mice. In the operant task,
we also found that the ramps did not reflect a gradual change in
the velocity or position of the mice relative to the trial-initiation
zone. As we did not observe any global behavioral correlate of
these ramping signals, we believe they may reflect premotor ac-
tivity or expectation of upcoming actions. That said, it is possible
that these ramps reflect behavioral correlates that we were not
able to observe with an overhead camera, such as mouth move-
ments or changes in posture or limb positions.

Although the ramping signals did not track changes in observ-
able movement parameters, both spiking and population calcium
activity reflected changes in velocity around movement initia-
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tion in these experiments. Spiking and A
calcium population signals were elevated
around the start of movement in both
pellet-directed and spontaneous move-
ments in the free-feeding task and the
operant task. This is consistent with liter-
ature showing increased spiking and cal-
cium signals at the initiation of learned
actions/action sequences in the striatum
(Costa et al., 2004; Cui et al., 2013; Iso-
muraetal, 2013; Jinetal., 2014; Yttriand C

Dudman, 2016) or voluntary movements 4 * ok ok

(Barbera et al., 2016). Thus, although the
ramping signal is not a movement or lo-
comotor correlate, neurons in our task do
also demonstrate locomotor correlates.
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As the ramping signal precedes move-
ment, we suspect it may relate to the selec-
tion of upcoming actions.

Ramping signals have been described
in cortex of both rodents and primates
(Shidara and Richmond, 2002; Naray-
anan and Laubach, 2009; Ma et al., 2014;
Ding, 2015; Donnelly et al., 2015; Naray-
anan, 2016; Emmons et al., 2017). In cor-
tex, ramping signals are commonly thought
to reflect timing, as they occur during
experimenter-imposed delay periods in
tasks, and scale with the length of these
delays. Inhibiting the mPFC or impairing
dopamine D1 receptor function in the
mPFC, impairs an animal’s ability in in-
terval timing tasks that require delays,
suggesting that ramping in these regions
may be necessary for the timing of these
tasks (Narayanan et al., 2012; Parker et al.,
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2014). The cortical regions where ramp- T
ing has been described (most commonly
mPFC) project to the DMS and may
transmit ramping signals to the striatum
(Emmons et al., 2017). Ramps have also
been described in striatum, in approxi-
mately the same prevalence observed in
our electrophysiology experiments here,
although ramps occur at a lower preva-
lence in striatum than cortex (Ma et al.,
2014; Emmons et al., 2017). Additionally,
ramping increases in dopamine levels have been reported to indicate
value or distance to reward, and such changes in dopamine may alter
the excitability of striatal neurons (Howe et al., 2013; Morita and
Kato, 2014). As our recordings occurred in the DMS, the ramps we
observed may be especially relevant to action-outcome relation-
ships, such as those that resulted in pellets here. While similar signals
may occur in other striatal regions, we would expect that they may
underlie different behavioral processes in those regions. Although
the ramping we observed here did not occur during experimenter-
imposed delays, it may reflect similar phenomena as the ramps de-
scribed under such conditions in cortex and striatum. Because of
differences in task design, it is also possible that the phenomena
reported here reflect a different process.

Interestingly, the ramping signals differed substantially be-
tween the electrophysiology and population calcium recordings.
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Changes in calcium activity during error trials A, Example path plot during no movement trials. B, D, Average
fluorescence and velocity trace during no movement trials. €, Average fluorescence power during five trial periods: baseline,
pretrial, waiting, tone, and postconsumption. E-H, Same as A-D for wrong movement trials. Colored bars represent trial periods.
Average fluorescence in z score for the corresponding groups with colored error bars (SEM). Time 0 (seconds) indicates tone onset.
*Significant difference from baseline.

Ramping was a very strong component of the population calcium
signal that preceded actions in all conditions. In contrast, ramp-
ing was a somewhat minor component of the spiking data and
was not observed at the level of population averages. If popula-
tion calcium reflected the average spiking of the underlying pop-
ulation, we would expect the signals to more closely resemble one
another. There are several reasons why this did not appear to be
the case. First, population calcium recordings can be influenced
by both somatic action potentials and subthreshold events. In
contrast, extracellular electrophysiology can only record super-
threshold spiking events. If the ramping signals are transmitted to
the striatum from cortex, they may cause changes in dendritic
calcium that may not lead to changes in spiking of striatal neu-
rons. In addition, MSNs have dense collateral projections within
the striatum (Dobbs et al., 2016), which may also be detected in
population calcium recordings. Third, the time course of GCaMP
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fluorescence is much slower than electrical recordings. Single ac-
tion potentials can evoke neuronal calcium responses that last
multiple seconds (Ghitani et al., 2017). It is possible that the
summation of a minority population of ramping neurons could
result in a sustained increase in global fluorescence that would
not be observed with electrical recording. Finally, it is worth not-
ing that, with both spiking and photometry, it is difficult to
dissociate linear increases in spiking rate on single trials from
“step-like” changes in activity that occur at different times rela-
tive to actions on different trials (Latimer et al., 2015). In
photometry recordings, this difficulty is compounded by the
population nature of the recorded signal; therefore, our results do
not inform whether single striatal neurons ramp linearly, versus
exhibit “step-like” changes in firing at variable times on individ-
ual trials. Further work will be needed to investigate these possi-
bilities and understand how population calcium signals relate to
the activity in individual neurons within the underlying neural
population.
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