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Abstract The mesolimbic dopamine system is an evolutionarily conserved set of brain circuits
that play a role in attention, appetitive behavior, and reward processing. In this circuitry, ascending
dopaminergic projections from the ventral midbrain innervate targets throughout the limbic fore-
brain, such as the ventral striatum/nucleus accumbens (NAc). Dopaminergic signaling in the NAc
has been widely studied for its role in behavioral reinforcement, reward prediction error encoding,
and motivational salience. Less well characterized is the role of dopaminergic neurotransmission

in the response to surprising or alerting sensory events. To address this, we used the genetically
encoded dopamine sensor dLight1 and fiber photometry to explore the ability of striatal dopamine
release to encode the properties of salient sensory stimuli in mice, such as threatening looming
discs. Here, we report that lateral NAc (LNAc) dopamine release encodes the rate and magnitude
of environmental luminance changes rather than the visual stimulus threat level. This encoding is
highly sensitive, as LNAc dopamine could be evoked by light intensities that were imperceptible
to human experimenters. We also found that light-evoked dopamine responses are wavelength-
dependent at low irradiances, independent of the circadian cycle, robust to previous exposure
history, and involve multiple phototransduction pathways. Thus, we have further elaborated the
mesolimbic dopamine system’s ability to encode visual information in mice, which is likely relevant
to a wide body of scientists employing light sources or optical methods in behavioral research
involving rodents.

Editor's evaluation

In this manuscript, Gonzalez et al. investigated the dynamics of dopamine signals in the lateral shell
of the nucleus accumbens (LNAC) in response to different types of carefully defined visual stimuli.
Contrary to reigning theories of dopamine signaling, the authors presented convincing evidence
that LNAcc dopamine transients tracked visual sensory transitions rather than any immediately
apparent motivational variable. These important findings based on compelling evidence point to a
potentially new role for dopamine signaling in the ventral striatum.
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Introduction

The mesolimbic dopamine system is an evolutionarily conserved set of circuits that plays a role in
approach and avoidance, appetitive behavior, and reward processing (Wise, 2004; Everitt and
Robbins, 2005; Alcantara et al., 2022). In this circuitry, ascending dopaminergic projections from
the ventral midbrain, including the ventral tegmental area (VTA), innervate targets throughout the
limbic forebrain, such as the ventral striatum/nucleus accumbens (NAc). Dopaminergic signaling in
the NAc has been widely studied for its involvement in motivational salience, behavioral reinforce-
ment, and reward prediction error encoding (Schultz et al., 2015; Berridge and Robinson, 2016;
Watabe-Uchida et al., 2017; Berke, 2018). Less well characterized is the role of dopaminergic neuro-
transmission in the response to unpredicted or alerting sensory events, which may encourage inves-
tigation or prime motivated behavioral responses to these stimuli (Horvitz, 2000; Bromberg-Martin
et al., 2010a; Schultz, 2010). While many previous studies have reported phasic firing of dopami-
nergic neurons in response to light flashes in laboratory animals (Horvitz et al., 1997; Comoli et al.,
2003; Dommett et al., 2005), it is unclear how NAc dopamine release encodes the properties and/
or emotional valence of arousing visual stimuli, such as visual threats.

Across a range of species (Ball and Tronick, 1971; Sun and Frost, 1998; Maier et al., 2004;
Nakagawa and Hongjian, 2010; Yilmaz and Meister, 2013; Temizer et al., 2015), rapidly
approaching objects or looming visual threats elicit automatic defensive or avoidance responses.
In mice, the presentation of an expanding, overhead, black disc that simulates an aerial predator
approach (a looming stimulus) promotes rapid escape to an available shelter, followed by long periods
of freezing (Yilmaz and Meister, 2013). In our previous work published in elife (Robinson et al.,
2019), mice modeling cognitive dysfunction associated with neurofibromatosis type 1 (NF1) exhib-
ited more vigorous escape in responses to looming stimulus presentation. Additionally, NAc dopa-
mine release evoked by a white light stimulus was higher in NF1 model mice compared to wildtype
littermates, which correlated with behavioral conditioning abnormalities in Nf1 mutants. Despite the
demonstration that white light can induce NAc dopamine release (Robinson et al., 2019; Kutlu et al.,
2021), the striatal dopamine response to visual threats is not well characterized in mice. Additionally,
it is unknown what visual stimulus characteristics — if any — are encoded by NAc dopamine. Thus, one
cannot fully interpret the significance of aberrant responses in neurodevelopmental disease models
without a more thorough understanding of visual stimulus encoding by mesolimbic dopamine release
in typically developing subjects.

In this Research Article, we sought to probe ventral striatal dopaminergic responses to arousing
visual stimuli, including looming visual threats. Given the ability of dopaminergic neurons to signal
stimulus saliency (Bromberg-Martin et al., 2010b), we hypothesized that looming discs would induce
‘alerting’ NAc dopamine release whose magnitude would scale proportionately with perceived threat
intensity. To test this hypothesis, we utilized the genetically-encoded sensor dLight1 (Patriarchi et al.,
2019) to monitor dopamine release in the lateral NAc (LNAc) of freely moving adult C57BI/6J mice
with fiber photometry, as performed previously (Robinson et al., 2019). The LNAc was chosen given
our previous observation that light stimuli evoked robust dopamine transients in this locus (Robinson
et al., 2019). Here, we report that lateral NAc dopamine release reliably reads out unique visual stim-
ulus properties in mice, a phenomenon that is likely relevant to a wide body of scientists employing
light sources or optical methods in behavioral research.

Results

Dopaminergic responses to looming visual threats

To explore the encoding of visual threats by ventral striatum dopamine, we stereotaxically injected
an adeno-associated viral vector (AAV5-hSyn-dLight1.2) to express dLight1.2 in the lateral nucleus
accumbens of adult C57BI/6J mice, followed by implantation of a 400 pm optical fiber for sensor exci-
tation and emitted photon collection with fiber photometry (Figure 1—figure supplement 1). Our
fiber photometry system utilized a 465 nm LED for sensor excitation and a 405 nm LED for isosbestic
(control) excitation, which was used as a reference signal to account for the effects of photobleaching
and movement artifacts (Figure 1—figure supplement 1). Post hoc histological analysis of dLight1
recording sites showed good targeting of the LNAc (Figure 1—figure supplement 1) with the distri-
bution of optical fiber tip locations centered upon the medial LNAc shell (LNAcS) and spanning from
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Figure 1. Lateral NAc (LNAc) dopaminergic encoding of visual threats. (A) Fluorescent dopamine signals were recorded during the presentation

of black or contrast-inverted looming and control discs. (B) Average dLight1 response to trains of five black or contrast inverted discs + standard

error of the mean (SEM). (C) The dLight1 response to black or inverted discs was dependent on disc color/background, disc type (static vs. looming

vs. receding), and stimulus number (n=11; 3-way repeated measures ANOVA; Fg 10 = 2.02, Paisc background x disc type x stimulus number = 0-045; Fi 40 = 143.92,
Poackground <0.001; F3000 = 150.32, Pyisc type <0.007; Furs0 = 192.64, Dytimutus number <0.001). Bonferroni post hoc tests revealed that contrast inverted discs
evoked more dopamine than black discs. Contrast inverted looming discs evoked less dopamine than inverted static and receding discs after the first
presentation. (D) dLight1 transient peak latency was dependent on disc color/background and disc type (n=11; 2-way repeated measures ANOVA; F, 5
= 64.78, Paisc background x disc tyoe <0-007; Fi1 20 = 25.69, Poackground <0.001; F 20 = 7.58, Pyisc ype = 0.01). Bonferroni post hoc tests showed that contrast inverted
static and receding discs evoked transients with shorter latency compared to black discs. Additionally, transients evoked by contrast inverted receding
discs had shorter latency than contrast inverted looming discs. (E) Escape velocity following overhead disc presentation was dependent on disc color/
background and disc type (n=12; 2-way repeated measures ANOVA; F;,, = 49.28, Paisc background x disc type <0-007; F1 2 = 18.38, Ppackgrouna = 0.001; F,, = 28.89,
Paisc ype <0.001). Bonferroni post hoc tests showed that black looming discs induced greater escape velocity than all other overhead discs. For panels C
and D, * indicates p<0.05 vs. black disc of the same type (e.g. black static disc vs. contrast inverted static disc); + indicates p<0.05 vs. looming disc of
the same color (e.g. black looming vs. black receding disc). For panel E, * indicates p<0.05 vs. other overhead discs.

The online version of this article includes the following source data and figure supplement(s) for figure 1:
Source data 1. Source data and associated statistical testing results for Figure 1.

Figure supplement 1. Overview of experimental setup and workflow.

the lateral edge of the LNACS to the lateral aspect of the NAc core medially. This region is innervated
by the broad axonal arbors of lateral VTA dopamine neurons (Beier et al., 2015), whose terminals
respond similarly to aversive stimuli in the LNAcS and lateral NAc core in mice (de Jong et al., 2019).
Additional details regarding the experimental setup and workflow are presented in the Materials and
methods and Figure 1—figure supplement 1.

Following surgical recovery, we measured dLight1 signals evoked by looming discs (Figure 1A-D;
Video 1) using a custom Bonsai-controlled (Lopes et al., 2015) setup for programmable visual stim-
ulus presentation on an overhead liquid crystal display (LCD) within a light and sound-attenuating
chamber. During photometry recordings, mice were exposed to trains of five overhead, black, looming
discs on a light gray background that we empirically determined produce short-latency escape in
C57BI/6J mice (Figure 1E, Video 2), consistent with previous studies (Evans et al., 2018; Yilmaz
and Meister, 2013). As controls, we presented mice with trains of discs that do not reliably evoke
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Video 2. The behavioral response to the presentation
of black looming discs on a light background when
mice entered the threat zone of a rectangular arena.

Video 1. Animation showing the black and contrast
inverted expanding (looming), receding, and static disc

https://elifesciences.org/articles/85064/figurestvideo2

stimuli.

https://elifesciences.org/articles/85064/figures#video’ defensive responses (Figure 1E), such as a static

disc (a fixed 30.5 cm black disc on a light gray

background), a receding disc (a black disc that
contracted from 30.5 cm to 0 cm on a light gray background), and contrast inverted discs (light gray
static, looming, or receding discs on a black background). We observed that looming discs induced
low-amplitude dopamine transients at the onset of the first stimulus in each train that — contrary to
our hypothesis — was not significantly different from the dLight1 responses to non-threatening static
and receding discs (Figure 1B-C). Surprisingly, repeating these experiments with contrast-inverted
discs that do not induce escape (Figure 1E) evoked ~3-6-fold greater dopamine release than black
discs (Figure 1B-C). This raised the possibility that LNAc dopamine release tracks stimulus brightness
rather than threat intensity.

Dopaminergic responses to rapid changes in environmental lighting
conditions

Because inverted looming discs, in which the number of bright overhead pixels ramps as the disc
expands, produced lower amplitude (Figure 1C) and longer latency (Figure 1D) dLight1 responses
than static or receding inverted discs with an instantaneous pixel change, we hypothesized that
LNAc dopamine may encode the rate of change of dark-to-light transitions. To test this possibility,
we exposed mice to full-screen, instantaneous transitions from black to light gray during dLight1
recordings, which eliminated disc edge motion as a contributing visual stimulus property. We found
that instantaneous dark-to-light transitions produced a high amplitude (10.38 + 0.43 z-score), short
duration (full width a half-maximal amplitude: 143 = 9.7 ms) dopamine transient that peaked 434 +
3.3 ms after transition onset (Figure 2A). Lengthening the dark-to-light transition time (i.e. the fade-in
time) to full-screen illumination (Figure 2B) non-linearly decreased the magnitude of the dLight1 peak
and increased the peak latency (Figure 2C). For transition times less than ~500 ms, the dopamine
peak latency closely matched the fade-in time, above which peak response occurred hundreds of
milliseconds to seconds before full field illumination was reached (Figure 2C). When transition times
were greater than 1 s, evoked dLight1 transients were often too small to accurately resolve from the
fluorescent baseline for individual mice. However, averaging the fluorescence trace from all mice
prior to peak detection allowed signals to be resolved for longer transition times. Thus, results are
presented as both the fluorescence peak(s) derived from the photometry trace averaged across all
mice (Figure 2C) and individual mice (Figure 2—figure supplement 1), which showed high concor-
dance for transition times of 1 s or less (Figure 2—figure supplement 1). No dLight1 response was
reliably evoked by a 10 s dark-to-light transition despite the stimulus ramping to the same number of
bright pixels as trials with shorter transition times (Figure 2B).

Next, we examined whether LNAc dopamine release also reads out the magnitude of environ-
mental lighting changes by measuring the dLight1 response to 10 s, instantaneous exposures to white
light across a range of intensities (0.2 nW/cm? — 5.0 pW/cm?, measured at mouse level) generated by
a light emitting diode (LED) presented across 10 trials with a randomized inter-stimulus interval (ISI)
between 90 and 180 s (Figure 2D-F). High irradiance LED illumination (5 yW/cm? evoked a dLight1
transient at stimulus onset (Figure 2D) that was similar to transients evoked by the LCD monitor
(Figure 2A-B; irradiance at mouse level: 11 pW/cm?). This response did not habituate from trial-to-
trial (Figure 2—figure supplement 1), was independent of the time of testing within the vivarium
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Figure 2. Dopaminergic responses to rapid dark-to-light transitions. (A) Instantaneous liquid crystal display (LCD) screen transitions from dark to light-
evoked rapid dopamine release at stimulus onset when compared to the pre-stimulus baseline (inset: baseline and stimulus-induced dLight1 peak
values for individual mice; n=11; paired t-test; t,,=7.01, p<0.001). (B) dLight1 responses to the onset of LCD screen dark-to-light transitions at different
transition lengths (0.05-2.0 s) + SEM. (C) The magnitude (pink) and latency (teal) of dopaminergic responses to dark-to-light transitions varied non-
linearly depending on transition speed (peak amplitude: one-phase exponential decay, y,=8.84 z-score, plateau = 1.36 z-score, tau = 0.43 s, R? = 0.90;
peak latency: one-phase exponential association, y,=0.43 ms, plateau = 0.59 ms, tau = 0.54 s, R? = 0.98). (D) dLight1 responses to the onset 10 s white
light emitting diode (LED) stimuli across a range of irradiances (0 uW/cm? — 0.01 pW/cm?) = SEM. (E) The magnitude of the dopaminergic response to
10 s white LED stimuli was dependent on the stimulus irradiance (n=7; 1-way repeated measures ANOVA; F, ,, = 38.79, <0.001). Data are shown with a
one-phase exponential association fit (y,=1.20 z-score, plateau = 0.84 z-score, tau = 0.00074 pW/cm?, R? = 0.63). (F). The latency of the dopaminergic
response to 10 s white LED stimuli was dependent on the stimulus irradiance (n=7; 1-way repeated measures ANOVA; F, 3, = 47.35, p<0.001). Data are
shown with a one-phase exponential decay fit (y,=0.42 ms, plateau = 0.35 ms, tau = 0.0079 pW/cm?, R? = 0.76). (G). The dopaminergic response to 5.0
pW/cm? white light was not different (right) if measured at the beginning of the vivarium dark (left) or light (center) phase of the day-night cycle (n=11;
paired t-test; t;0=1.27, p=0.23). In all panels, * indicates p<0.05.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Source data and associated statistical testing results for Figure 2.

Figure supplement 1. Additional data: dopaminergic responses to audiovisual stimuli.

Figure supplement 1—source data 1. Source data and associated statistical testing results for Figure 2—figure supplement 1.

day-night cycle (Figure 2G), and was significantly larger than the response to auditory tones (80 dB;
1-16 kHz; Figure 2—figure supplement 1). When LED irradiance was reduced, we observed an
intensity-dependent decrease in the magnitude of the dLight1 peak and an increase in the response
latency (Figure 2E—F), consistent with Bloch’s law of temporal summation in mammalian photorecep-
tors (Scharnowski et al., 2007, Donner, 2021). Significant dopaminergic responses were observed at
all irradiances tested, including 0.2 nW/cm?, which was not perceptible to the human experimenter. As
a point of reference, the lock screen of a Samsung S21 smart phone on the lowest brightness setting
had an irradiance of 20 nW/cm? when placed in the same position as the white LED. Likewise, time-
locked dopamine release could be evoked by simply uncovering the enclosure peephole that allows
users to observe mouse behavior (irradiance: 17 nW/cm? Figure 2—figure supplement 1). These
results were not likely caused by mouse movement, as illumination of a white LED that was 1000-fold
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more intense (5 mW/cm?) than the highest irra-
diance tested had little effect on behavior when
freely exploring mice entered a target zone within
a dark arena (Video 3). Thus, LNAc dopamine
release is sensitively evoked by ambient light and
reliably encodes the speed of these lighting tran-

Video 3. The behavioral response to the illumination sitions over short timescales.

of a spotlight when mice entered the target zone of a
rectangular arena.

Dopaminergic responses to
repeated light stimuli

Previous literature suggests that dopaminergic
neuron firing (Schultz, 1998) and dopamine
release in the medial NAc core (Kutlu et al., 2022) in response to novel sensory events habituates as
the stimulus becomes familiar. In order to test if the dLight1 response to 5 pW/cm? white LED light
is affected by a repeated exposure, we exposed mice to twenty consecutive 1 s white light pulses
over five trials (100 pulses total) across a range of ISls (10 ms to 10 s; Figure 3A). We found that
light-evoked dopamine transient magnitude decayed logarithmically as a function of the ISI duration
(Figure 3B). When the ISI was short (e.g. 10-100 ms), dLight1 responses habituated rapidly. This is
exemplified by the dopaminergic response to 40 Hz light flicker, which is used therapeutically to
enhance neural activity in the context of Alzheimer's disease (Singer et al., 2018). Presentation of
a sixty-second 40 Hz white LED flicker (5.0 yW/cm? irradiance, 50% duty cycle) induced a dopamine
transient only at stimulus onset (Figure 3C) that was indistinguishable from the response to constant
illumination (Figure 2D). This is in contrast to earlier repeated white LED experiments (Figure 2—
figure supplement 1) with a long ISI (90-180 s) that showed no trial-by-trial reduction in the dopa-
minergic response to light across a range of LED irradiances. To further explore how LNAc dopamine

https://elifesciences.org/articles/85064/figurest#video3

responses are affected by exposure history, we measured the response to 5 pW/cm? white LED light
(1 s duration X five trials with a 100 s ISl) in stimulus-naive mice before and after three hundred consec-
utive 1 s light exposures (1 s ISl) during the same session (Figure 3D). Compared to baseline measure-
ments, there was a significant reduction (31.6%) in the peak dLight1 response to the 5 pW/cm? light
after exposure to three hundred LED exposures. This reduction in the dopaminergic response to white
LED light was transient, as peak dLight1 magnitude returned to baseline when mice were re-exposed
to the light stimulus 48 hr later (Figure 3D). Therefore, the habituation of the dopamine response
to repeated light stimuli is more strongly influenced by stimulus frequency than the total number of
previous exposures.

During repeated stimulus experiments, the greatest reduction in the peak LNAc dopamine response
to light stimuli occurred between the first and second light pulse in each stimulus train. In order to
better characterize this phenomenon, we varied the duration of the first stimulus to determine if the
total amount of initial light exposure modulates the dopaminergic response to a subsequent stim-
ulus (Figure 3E). We found that the dopaminergic response to a 1 s white LED test stimulus was not
significantly different when preceded by either a 300 s or 1 s preconditioning light stimulus 1 s earlier
(Figure 3F). No difference in dLight1 response to the preconditioning stimulus was observed between
conditions (Figure 3F). We did observe, however, that the 300 s preconditioning stimulus produced a
dopaminergic response at a light offset, whereas the 1 s preconditioning stimulus did not (Figure 3G).
This observation is consistent with rebound excitation exhibited by light-adapted OFF and ON-OFF
retinal ganglion cells when a prolonged light stimulus is discontinued (Tikidji-Hamburyan et al., 2015;
Drinnenberg et al., 2018). Taken together, our findings indicate that ISI is a more significant determi-
nant of stimulus-to-stimulus dopamine release habituation than light stimulus duration.

Wavelength and photoreceptor contributions to the dopaminergic
response to light

In these and previous experiments (Robinson et al., 2019), we employed a white LED light to induce
striatal dopamine release; however, this light source is composed of multiple wavelengths throughout
the visible spectrum. Therefore, we next investigated if light-evoked dopamine release exhibits wave-
length specificity. This is additionally germane given the widespread use of molecular and optical
technologies in rodents that require delivery of specific wavelengths of visible light in order to probe
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Figure 3. Dopaminergic responses to repeated light stimuli. (A) (Left) Dopamine release evoked by 20 1 s white light emitting diode (LED) stimuli was

reduced with repeated exposures and was dependent on the interstimulus interval (ISI; 10 ms — 10 s; n=9; 2-way repeated measures ANOVA,; Fs; 4

= 9.54, Patimulus number x interstimulus interval <0-007; Fig4s6 = 72.98, Petimutus number <0-001; F3456 = 63.97, Pinterstimulus interval <0-001). (Right) Averaged dLight1 fluorescent
traces showing the dopaminergic response to 20 1 s white LED light pulses with a 100 ms ISI (purple) or 10 s ISI (orange). (B) Total habituation of the
peak dLight1 response to repeated stimuli (shown as the peak response to the 20™ stimulus as a percentage of the 1° stimulus) is dependent on the
duration of the interstimulus interval (n=9; 1-way repeated measures ANOVA; F;,, = 104.0, p<0.001). Data are shown with a semi-log fit (y-intercept:
48.92%, slope: 22.58% s™', R? = 0.86). (C) (Left) Averaged dLight1 trace showing lateral NAc (LNAc) dopamine evoked by a 60 s presentation of 40 Hz
white LED flicker (inset: response during the first second after stimulus onset) = SEM. (Right) 40 Hz flicker only evoked significant dopamine release

at stimulus onset (n=10; 1-way repeated measures ANOVA,; F, .3 = 100.4, p<0.001). Bonferroni post hoc tests confirmed that the dLight1 peak at LED
onset was greater than the baseline and offset responses, which did not differ from each other (p=0.09). (D) (Left) The dLight1 response to a 1 s white
LED stimulus in stimulus-naive mice was reduced after the presentation of 300 1 s LED stimuli with a one-second IS| but returned to baseline 48 hr later
(n=10; one-way repeated measures ANOVA with Bonferroni post hoc tests; Fy15 = 12.4, p=0.002). (Right) Averaged dLight1 fluorescent traces showing
the dopaminergic response to 1's LED light pulses before (black) or after (orange) 300 1 s LED stimuli, as well as 48 hr later (purple). (E) Averaged

dLight1 fluorescent traces showing the dopaminergic response to a 1 s white LED stimulus 1 s after a 1s (left) or 300 s (right) preconditioning stimulus +
SEM. (F) The dLight1 response to a 1 s white LED test stimulus was not dependent on the length of the preconditioning stimulus (n=11; 2-way repeated
measures ANOVA; F; 1 = 0.27, Pinisial stimulus length x stimulus Number — 0.61; Fy 10 = 3.83, Pinitial stimulus length = 0.08; Fy,10 = 55.10, Pstimutus numper <0.001). Bonferroni post

hoc tests revealed that the dLight1 response to the test stimulus onset was significantly smaller than the response to the onset of the preconditioning

stimulus, regardless of its duration. There was no difference between the dLight1 response to the onset of the preconditioning (p=0.11) or test stimulus

(p=0.40) between experiments. (G) The dLight1 response to light offset was larger for a 300 s light stimulus compared to a 1 s light stimulus (n=11;
paired t-test; t,0=4.91, p<0.001). In all panels, * indicates p<0.05.

The online version of this article includes the following source data for figure 3:

Source data 1. Source data and associated statistical testing results for Figure 3.

neural activity, structure, or biology (Fenno et al., 2011; Resendez and Stuber, 2015; Sabatini and
Tian, 2020). In order to determine if the dLight1 response varied by wavelength, we measured dopa-
mine release induced by 10 s exposures to environmental ultraviolet (UV; 360 nm), blue (475 nm),
green (555 nm), red (635 nm), and far-red (730 nm) light across a 100,000-fold range of irradiances (1
nW/cm? to 100 pW/cm?). These experiments revealed the broad sensitivity of the mesolimbic dopa-
mine system to light across the visual spectrum (Figure 4A-B). The dopamine response was least
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Figure 4. Dopaminergic responses to individual wavelengths across the visual spectrum. (A) The dopaminergic response to UV (360 nm), blue (475 nm),
green (555 nm), and red (635 nm) light emitting diode (LED) light was wavelength and irradiance-dependent (n=8; 2-way repeated measures ANOVA,
Fi281 = 9.63, Puavelength x imadiance <0.0071; F3g0 = 37.59, Puavelength <0.001; Fygs = 10.08, Piradiance = 0.004). Bonferroni post hoc tests revealed that dopamine
evoked by UV and the red light was smaller than blue and green wavelengths at the lowest irradiance tested (0.001 pW/cm?). The dLight1 response to
the red LED was also significantly lower than blue and green LEDs at irradiances of 0.01 pW/cm? and 0.1 pW/cm?. For comprehensive reporting of all
significant post hoc tests across irradiances and wavelengths, see the full statistical testing results in the source data file that accompanies this figure.

(B) Averaged dLight1 trace showing lateral NAc (LNAc) dopamine evoked by either 0.001 pW/cm? (1 nW/cm?) or 10 pW/cm? UV, blue, green, or red LEDs
+ SEM. (C) The dopaminergic response to 5.0 pW/cm? white light was significantly reduced in Gnat1/2 double knockout (dKO) mice relative to wildtype
controls (nwr = 4, ngo = 6; unpaired t-test; t;=7.08, <0.001). (D) The reduction in the dLight1 response to 10 pW/cm? light in Gnat1/2 dKO was wavelength
dependent (two-way repeated measures ANOVA; F3,4 = 7.02, Pgenotype xwavelength = 0-002; F30 = 17.54, Pravelengih = 0.003; F1 24 = 85.80, Pgenorype <0.001).
Bonferroni post hoc tests revealed that the dLight1 response to blue (475 nm), green (555 nm), and red (635 nm) light was lower in Gnat1/2 mice relative
to wildtype littermates. (E) The dopaminergic response to 5.0 pW/cm? white light was not different in Opn4 (melanopsin) knockout mice relative to
wildtype controls (nyr = 11, nko = 6; unpaired t-test; t15=0.75, p=0.46).

The online version of this article includes the following source data and figure supplement(s) for figure 4:

Source data 1. Source data and associated statistical testing results for Figure 4.

Figure supplement 1. Dopamine responses to invidual light wavelengths in wildtype, Opn4 knockout, and Gnat1/2 double knockout mice.

Figure supplement 1—source data 1. Source data and associated statistical testing results for Figure 4—figure supplement 1.

sensitive to UV and red light when the irradiance was low (1 nW/cm?, Figure 4A-B), and far-red light
(730 nm) only induced dopamine release when the irradiance was high (100 pW/cm?; Figure 4—figure
supplement 1). The ability of red light to induce dopamine release at intensities as low as 0.1 yW/cm?
is consistent with research that rodents are better at perceiving red wavelengths than is commonly
acknowledged (Danskin et al., 2015; Nikbakht and Diamond, 2021, Vinberg et al., 2019). Whereas
the dLight1 response to UV and the red light was irradiance-dependent, the response to blue and
green light remained robust across the entire irradiance range (Figure 4A). These experiments indi-
cate that the mesolimbic dopamine system is responsive to all visible wavelengths yet is most sensitive
to blue and green light.

The mouse visual system utilizes numerous opsin proteins for image-forming and non-imaging
forming phototransduction with unique wavelength sensitivities. These include the rod opsin rhodopsin
for scotopic vision (1 max ~500 nm) and short (2 .« ~360 nm) and medium/long wavelength (2 ..
~508 nm) cone opsins for photopic vision. Additionally, melanopsin (1 ... ~480 nm) is expressed
in intrinsically photosensitive retinal ganglion cells (ipRGCs) that mediate circadian entrainment, the
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pupillary light reflex, and light-regulated changes in mood (Panda et al., 2003; Hattar et al., 2003;
Fernandez et al., 2018). While it has been hypothesized that ipRGCs engage VTA dopamine neurons
via hypothalamic intermediates (Zhang et al., 2021), the role of melanopsin in the dopaminergic
response to light is unknown. In order to parse the role of visual opsins versus melanopsin in the meso-
limbic response to dark-to-light transitions, we performed LNAc dLight1 recordings in Opn4 (melan-
opsin) knockout mice and Gnat1/Gnat2 double knockout mice (Gnat1/2-dKO). Gnat1 and 2 knockout
mice lack expression of rod and cone a-transducin, respectively, and exhibit loss of signal transduction
through these photoreceptors (Deng et al., 2009; Yao et al., 2018). Compared with wildtype litter-
mates, Gnat1/2-dKO mice displayed a robust reduction in the dopaminergic response to a 5 pW/cm?
white LED (Figure 4C) and an increase in the dLight1 response latency (Figure 4—figure supplement
1). Light-evoked dopamine release was not abolished, however, in these mice (Figure 4C). Spectral
analysis indicated that Gnat1/2-dKO mice retain sensitivity to UV light (Figure 4D, Figure 4—figure
supplement 1), which may be indicative of residual cone-based vision (Allen et al., 2010). Conversely,
loss of melanopsin expression in Opn4 knockout mice (Panda et al., 2002) did not affect the dLight1
response to the white light stimulus (Figure 4E, Figure 4—figure supplement 1). These findings indi-
cate that light-evoked dopamine release is rod and cone-dependent and may not involve melanopsin.

Discussion

In these investigations, we used the genetically-encoded dopamine sensor dLight1 to demonstrate
that lateral NAc dopamine release can encode rapid changes in luminance but not looming threat
intensity. We found that rapid dark-to-light transitions evoked time-locked dopamine responses at
stimulus onset at irradiances as low as 0.2 nW/cm?, which is in line with findings that mice see over a
100 million-fold range of light intensity beginning at ~4 pcd/m? (Umino et al., 2008). The magnitude
of these dopaminergic responses was highly dependent on light stimulus frequency and transition
rate rather than duration or novelty. In fact, high amplitude LNAc dLight1 responses to a white LED
persisted after hundreds of exposures. Although mesolimbic dopamine systems regulate wakefulness
(Eban-Rothschild et al., 2016) and exhibit circadian oscillation (Korshunov et al., 2017), the time of
testing did not appear to be a significant contributor to our findings. Sudden dark-to-light transitions
are highly salient to nocturnal rodents that must avoid detection by visual predators (Thompson et al.,
2010), so it is possible that the dopaminergic response to light represents a specialized saliency signal
that helps the animal alert to stimuli that require motivated responses to promote survival (Schultz
and Romo, 1990; Horvitz, 2000).

In primates, midbrain dopaminergic neurons fire in response to unrewarded visual stimuli inde-
pendent of physical salience or novelty (Kobayashi and Schultz, 2014). However, the magnitude of
these responses is significantly more robust in rewarded environments, suggesting that dopaminergic
responses to sensory stimuli primarily serve to promote interaction with potentially rewarding objects
(Kobayashi and Schultz, 2014) or enable novel action discovery that could lead to reward (Redgrave
and Gurney, 2006). While there was no conditioned reward explicitly available in the present study,
dopaminergic responses to visual stimuli may relate to changes in environmental context that predict
future reward availability based on past experiences, such as rapid lighting changes that occur when
mouse cages are opened to provide food pellets. Additionally, dopamine release in the medial NAc
core in response to unconditioned auditory cues has been shown to facilitate latent inhibition, in which
habituation to repeated presentation of a neutral sensory stimulus reduces its ability to drive cue-
outcome learning (Kutlu et al., 2022). These considerations emphasize the need for future studies to
firmly establish the ethological and neurobiological importance of dopaminergic responses to envi-
ronmental light, especially when the relationship to a past or future reward is not obvious, as in our
experiments.

The LNAc dopamine response to light may also be influenced by the ability of dopaminergic
neurons to signal sensory prediction errors (Takahashi et al., 2017, Howard and Kahnt, 2018; Stal-
naker et al., 2019). In an elegant set of experiments in rats, VTA dopaminergic neurons were shown
to fire in response to unexpected changes in the sensory properties of a reinforcer when the relative
subjective value was unchanged (e.g. switching the flavor of an equally palatable Kool-Aid reward)
(Takahashi et al., 2017; Stalnaker et al., 2019). Thus, it is possible that the ISI-dependent attenuation
of the dopamine response to repeated light stimuli that we observed is not true habituation. Rather,
the dopaminergic response to light response may have decayed rapidly because events occurring
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closer in time are inherently more predictable, thus reducing the sensory prediction error and evoked
dopamine release. While this hypothesis could be tested by unexpectedly altering the stimulus wave-
length to induce a sensory prediction error during a train of repeated light exposures, one would need
to carefully account for the spectral overlap of mouse visual opsins and the non-uniform distribution
of cone opsins across the retina to ensure that changes in dopamine release were due to changes
in chromaticity rather than luminance, which would confound the results. The use of transgenic mice
genetically engineered to express the red human cone opsin (1 ., = 556 nm) in place of the mouse
M-opsin (Smallwood et al., 2003; Lall et al., 2010) may be useful in future efforts to test this hypoth-
esis, as it would allow for activation of cones with isoluminant blue and red light independent of mela-
nopsin (Brown et al., 2010b; Allen et al., 2011).

In these studies, we demonstrate that LNAc dopamine is broadly evoked by wavelengths across
the visual spectrum. Given the high proportion of rods in the mouse retina (~97% of photoreceptors)
(Jeon et al., 1998) and the reduced sensitivity of dopaminergic responses to 360 and 635 nm light at
lower irradiances, it is probable that rod-based phototransduction is primarily responsible for visually-
evoked dopamine release under dim (scotopic) lighting conditions. Conversely, rod and cone opsins
likely contributed to dLight1 signals in the photopic range. These hypotheses are supported by our
observation that genetic disruption of rod and cone-based signaling in Gnat1/2-dKO mice substan-
tially attenuated the dopaminergic response to light. Gnat1/2-dKO mice retained sensitivity to high
irradiance UV light, which was most likely caused by incomplete loss of cone-based vision in this model
(Allen et al., 2010). We cannot, however, rule out the involvement of UV-sensitive non-visual opsins
in our observed findings, such as neuropsin (Opn5), which is maximally activated by 380 nm light
(Tarttelin et al., 2003). Neuropsin-expressing retinal ganglion cells project to multiple limbic regions
(Sasaki et al., 2021), and this opsin promotes thermogenesis via intrinsically light-sensitive glutama-
tergic neurons in the preoptic area (Zhang et al., 2020). While melanopsin-expressing ipRGCs are
hypothesized to engage VTA outputs via a disynaptic circuit involving the preoptic area (Zhang et al.,
2021), we found that Opn4 knockout had no effect on the ability of light to evoke LNAc dopamine.
Given that ipRGCs receive rod and cone input via the retinal synaptic network (Giiler et al., 2008; Lall
et al., 2010, Altimus et al., 2010), it is possible that these neurons contribute to light-evoked dopa-
mine release independent of melanopsin. Thus, functional lesioning studies will be required to eluci-
date the role of non-image forming visual pathways in the dopaminergic encoding of visual stimuli.

Visual information is conveyed from the retina to the brain via the axons of retinal ganglion cells that
synapse in downstream nuclei to mediate image processing, circadian entrainment, pupillary reflexes,
gaze orientation, etc. (Peirson et al., 2018). While thalamocortical visual pathways are required for
conscious visual perception, neither the primary visual cortex (V1) nor the visual thalamus (e.g. lateral
geniculate nucleus) significantly innervates ventral midbrain dopamine neurons (Watabe-Uchida
et al., 2012). Previous work by Redgrave and colleagues suggest that dopaminergic responses to
light are driven by the superior colliculus (SC) (Comoli et al., 2003; Dommett et al., 2005; Takakuwa
et al., 2017), which receives direct input from retinal ganglion cells (Dhande and Huberman, 2014)
in its superficial layers and promotes motivated behavior via deep motor-output layers (Branco and
Redgrave, 2020). SC glutamatergic projection neurons directly synapse onto VTA (Solié et al., 2022)
and substantia nigra pars compacta dopamine neurons (Huang et al., 2021), both of which project
to the lateral NAc (Beier et al., 2015; Poulin et al., 2018). Likewise, optogenetic stimulation of SC
neuron somata is sufficient to evoke lateral NAc dopamine release in vivo (Robinson et al., 2019).
While these observations support a role for the SC in dopaminergic responses to light, the relative
contribution of different visual processing centers to our findings is an important area of future study.

One important question not addressed by the current study is whether the dopaminergic response
to unconditioned visual stimuli is consistent across striatal sub-regions or shows regional heteroge-
neity. We performed dLight1 recordings in the lateral NAc, which receives dopaminergic innervation
from the lateral VTA and medial substantia nigra pars compacta (Yang et al., 2018; Farassat et al.,
2019). LNAc-projecting VTA dopamine neurons have broad axonal arbors covering the dorsal stri-
atum, olfactory tubercle, and NAc core (Beier et al., 2015), which may indicate that dopamine release
encodes visual stimulus properties across these sub-regions. Conversely, the NAc medial shell is inner-
vated by more medially located VTA dopaminergic neurons (Lammel et al., 2011, Beier et al., 2015)
whose axonal arbors are primarily restricted to this downstream site (Beier et al., 2015). These differ-
ences in connectivity may explain previously observed variations in dopaminergic encoding across

Gonzalez, Fisher et al. eLife 2023;12:€85064. DOI: https://doi.org/10.7554/eLife.85064 10 of 20


https://doi.org/10.7554/eLife.85064

eLife

Key resources table

Reagent type (species)

Neuroscience

NAc subregions. For example, VTA axon terminals and dopamine release in the LNAc encode both
stimulus valence and prediction errors (de Jong et al., 2019; Robinson et al., 2019; Yuan et al.,
2019), similar to responses in the adjacent NAc core (de Jong et al., 2019; Patriarchi et al., 2018).
This is in contrast to the NAc medial shell, where dopaminergic axons are strongly activated by appe-
titive and aversive motivational stimuli but not reward predictive cues (de Jong et al., 2019). At this
time, how and if NAc medial shell dopamine encodes visual stimulus characteristics is unknown and
represents an important future direction for study.

Mesolimbic dopaminergic circuits are thought to play a role in the pathophysiology of several
neuropsychiatric conditions, including disorders of impulse control, schizophrenia, and neurodevel-
opmental disorders (Li et al., 2006; Purper-Ouakil et al., 2011; Maia and Frank, 2017; Robinson
and Gradinaru, 2018), including NF1 (Brown et al., 2010a; Diggs-Andrews et al., 2013; Anastasaki
et al., 2015). Patients with NF1 exhibit high rates of attention-deficit/hyperactivity disorder (Mautner
et al., 2015; Miguel et al., 2015), in which difficulties with attentional orientation are associated with
a diminished ability to suppress distractive stimuli (Aboitiz et al., 2014) such that irrelevant environ-
mental cues are assigned exaggerated stimulus salience (Tegelbeckers et al., 2015). Previously in
elLife, we showed that dopaminergic responses to light are enhanced in NF1 model mice and correlate
with disruptions in the expression of conditioned behavior (Robinson et al., 2019). Our current find-
ings suggest that these responses reflect changes in the encoding of environmental lighting condi-
tions and, given their correlation with phenotypic expression, may reflect altered stimulus saliency.
Aberrant sensory processing and motivational dysregulation are common features of neurodevelop-
mental disorders, including syndromic and non-syndromic forms of autism spectrum disorder (Behr-
mann et al.,, 2006; Tomchek and Dunn, 2007, Robinson and Gradinaru, 2018). Therefore, better
characterization of the functional interplay between visual processing and dopaminergic circuitry may
improve our pathophysiological understanding of these disorders.

Materials and methods

or resource Designation Source or reference  Identifiers Additional information
Recombinant DNA Cat#: 111068 Produced by Addgene in
reagent pAAV-hSyn-dLight1.2 Addgene RRID:Addgene_111068 the AAV5 serotype

Software, Algorithm

Python 3.8

Python Software
Foundation RRID:SCR_008394

https://www.tdt.com/docs/sdk/offline-data-
analysis/offline-data-python/examples/
FibPhoEpocAveraging/

Fiber Photometry Trace  Tucker-Davis

Software, Algorithm Processing Technologies
Software, Algorithm Bonsai 2.6.3 Bonsai Foundation CIC RRID:SCR_017218
Looming Visual Stimulus Austen Fisher, https://
Software, Algorithm Generation Robinson Lab github.com/jelliottrobinson/BonsaiLoomStim
ABET Il Software for Lafayette Instrument
Software, Algorithm Operant Control Company Model 89501
Noldus Information
Software, Algorithm Ethovision XT 17 Technology RRID:SCR_000441
Software, Algorithm GraphPad Prism 9 GraphPad Software, Inc RRID:SCR_002798

Software, Algorithm

Data Science

Workbench 14.0.0.15 TIBCO Software, Inc RRID:SCR_014213

Mono Fiber-Optic Cat#: MFC_400/430-0.66_6 mm_MF1.25_

Other Cannula Doric Lenses, Inc FLT OD: 400 pm, Length: 6 mm
Mono Fiber-Optic Patch Cat#: MFP_400/430/1100-0.57_1 m_FCM-

Other Cable Doric Lenses, Inc MF1.25_LAF, Doric Lenses Inc OD: 400 pm, Length: 1 m
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Experimental animals

Experimental subjects were adult male and female C57BI/6J mice (the Jackson Laboratory Stock No:
000664), homozygous Opn4 knockout mice (Panda et al., 2002), or homozygous Gnat1/2 knockout
mice (Gnat1”, Gnat2*™® mice; the Jackson Laboratory Stock No: 033163) that were greater than
12 weeks of age. Animals were paired or group housed (3—4 per group) throughout the duration of
the experiment in a vivarium on a 14 hour/10 hr light/dark cycle (lights on at 0600 hr, lights off at
2000 hr) with ad libitum access to food and water. All experiments were performed during the light
phase of the vivarium light/dark cycle, except when white LED exposure was performed 2-3 hr into
the dark phase, as shown in Figure 2G. Animal husbandry and experimental procedures involving
animal subjects were conducted in compliance with the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health and approved by the Institutional Animal Care and Use
Committee (IACUC) and by the Department of Veterinary Services at Cincinnati Children’s Hospital
Medical Center (CCHMC) under IACUC protocol 2020-0058. Mice were excluded from studies if they
could not complete an entire experiment due to loss of the brain implant or if there was no dynamic
photometry signal six weeks after surgery. Following the completion of experiments, mice were tran-
scardially perfused with 4% paraformaldehyde in phosphate-buffered saline so that the photometry
fiber location could be determined histologically.

Surgical procedures

Stereotaxic viral vector injections and optical fiber implantation surgeries for dLight1 were performed
as previously described (Robinson et al., 2019). This procedure was similar to the published protocol
of Tian and colleagues (Patriarchi et al., 2019). In brief, mice were anesthetized with isoflurane (1-3%
in 95% O,/5% CO, provided via nose cone at 1 L/min), the scalp was shaved and sterilized with chlor-
hexidine surgical scrub, the skull surface was exposed, and a craniotomy hole was drilled over the
lateral NAc (antero-posterior: 1.2 mm, medio-lateral: 1.6 mm relative to Bregma). 800-1000 nL of a
AAV5-hSyn-dLight1.2 vector (~1 x 10" viral genomes/mL, obtained from Addgene; catalog #AAV5-
111068) was delivered into the LNAc (antero-posterior: 1.2 mm, medio-lateral: 1.6 mm, dorso-ventral:
—-4.2 mm relative to Bregma) using a blunt or beveled 34 or 35-gauge microinjection needle within
a 10 uL microsyringe (NanoFil, World Precision Instruments) controlled by a microsyringe pump with
SMARTouch Controller (UMP3T-1, World Precision Instruments) over 10 min. Following viral injection,
a 6 mm long, 400 um outer diameter mono fiber-optic cannula (MFC_400/430-0.66_6 mm_MF1.25_
FLT, Doric Lenses Inc) with a metal ferrule was lowered to the same stereotaxic coordinates and
affixed to the skull surface with C&B Metabond (Parkel Inc) and dental cement. Mice were given 5 mg/
kg carprofen (s.c.) intraoperatively and for two days postoperatively for pain. Mice were allowed a
minimum of five weeks for surgical recovery and virus expression prior to participation in behavioral
studies.

Fiber photometry
Fluorescent signals were monitored using an RZ10x fiber photometry system from Tucker-Davis Tech-
nologies, which allowed for dLight1 excitation and emission light to be delivered and collected via
the same implanted optical fiber. Our system employed a 465 nm LED for sensor excitation and a
405 nm LED for isosbestic excitation. Light was filtered and collimated using a six-channel fluorescent
MiniCube [FMCé6_IE(400-410)_E1(460-490)_F1(500-540)_E2(555-570)_F2(580-680)_S] from Doric
Lenses, Inc, which was coupled to the implanted optical fiber via a one-meter, low autofluorescence
fiber optic patch cable (MFP_400/430/1100-0.57_1_FCM-MF1.25LAF, Doric Lenses Inc). The emission
signal from 405 nm isosbestic excitation was used as a reference signal to account for motion artifacts
and photo-bleaching. A first-order polynomial fit was applied to align the 465 nm signal to the 405 nm
signal. Then, the polynomial fitted model was subtracted from the 465 nm channel to calculate AF
values. The code for performing this function was provided by Tucker-Davis Technologies, Dr. David
Root (University of Colorado, Boulder), and Dr. Marisela Morales (NIDA); it is available at: https://
www.tdt.com/docs/sdk/offline-data-analysis/offline-data-python/examples/FibPhoEpocAveraging/
(Root et al., 2022).

During behavioral experiments, the AF time-series trace was z-scored within epochs to account
for data variability across animals and sessions, as described by Morales and colleagues (Barker
et al., 2017). When fiber photometry was performed during sensory stimulus exposure experiments,
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dLight1 signals were synchronized to stimulus onset via the delivery of TTL pulses to the photom-
etry system. Generally, we tried to design experiments where photometry signals could be averaged
across repeated trials to limit background noise. Peak data (magnitude, latency, and full width at half-
maximal intensity) was analyzed using Python.

Visual stimulus exposure

Visual stimuli were delivered to mice during fiber photometry recordings with unique stimuli presented
to the same subject during different experimental sessions. Experiments in C57BIl/6 J mice were
performed in the following order with a minimum of 48 hr between experiments: overhead disc expo-
sures, full field fades, white LED light stimuli, tone exposures, and individual wavelength exposures.
Experiments in Figure 3D were performed in a separate cohort of stimulus-naive mice. Experiments
in Gnat1/2 knockout and wildtype littermates were performed in the following order: white LED light
stimuli, and individual wavelength exposures. Opn4 mice underwent white LED exposure only. For
overhead disc stimuli, photometry was performed within a custom setup that featured a 24-inch LCD
mounted 25.4 cm above mouse level in a light and sound attenuating chamber (Model 83018DDP,
Lafayette Instrument Company). Stimuli (looming, static, and receding discs; full screen fades; etc.)
were generated on the LCD display using Bonsai (Lopes et al., 2015), which also controlled delivery
of a TTL pulse to the photometry system via a BNC cable to timestamp stimulus onset. The TTL
pulse was generated with an Arduino Uno Rev3 microcontroller. During each experiment, mice were
placed within the bottom of a clean shoebox cage with a thin layer cob bedding in the light and
sound-attenuating chamber underneath the LCD. Looming discs expanded from 0 cm to 30.5 cm
over 0.84 s and froze at full expansion for 0.26 s, encompassing 61.9 degrees of visual angle, as previ-
ously described (Evans et al., 2018; Yilmaz and Meister, 2013). Receding discs shrunk from 30.5 cm
to 0 cm over 0.84 s. Static discs maintained their 30.5 cm diameter throughout the duration of the
stimulus. During each stimulus train, five discs were shown consecutively with a 0.5 s interstimulus
interval (ISI). Mice were exposed to five stimulus trains with a 600 s inter-trial interval (ITl) on each
experimental day. In a separate experiment, single full field fades from black to light gray (0-10 s fade
duration) was delivered via the LCD screen across five trials with a 120 s ITI on different days of testing.

White LED exposures were delivered via the house light of a modular conditioning chamber
(Model 80015NS, Lafayette Instruments Company) placed within the light and sound attenuating
box and controlled by ABET Il software (Lafayette Instrument Company). A TTL breakout adapter
(Model 81510) was used to synchronize stimulus delivery with the photometry recording. Single 10
s light stimuli were delivered across ten trials with a randomized ITI between 90 and 180 s. Glass
neutral density filters were used to attenuate the irradiance when necessary (0.1-3.0 OD, HOYA Filter
USA and/or Edmund Optics TECHSPEC filters). Because ND filters could not be changed mid-testing
session, responses to each light intensity were recorded on different testing days. Trains of twent 1 s
light stimuli with variable ISls (10 ms — 10 s) were delivered across five trials (100 total exposures) with
a 300 s ITl on different testing days. Five 1 s light stimuli with a 100 s ISI were delivered before and
after 300 1 s light stimuli with a one-second ISI; 100 s separated the 300 1 s stimuli and each 100 s ISI
stimulus train. The five-stimulus train with a 100 s IS| was repeated 48 hr later in the same group of
mice. 1 min of 40 Hz flicker exposure (50% duty cycle) was repeated across 5 trials with a 120 s ITI. For
paired light stimuli experiments, a 1 s white LED stimulus was delivered 1 s after a 300 s or 1 s light
stimulus across ten trials (five trials/stimulus pair presented in a random order) during the same testing
session. Each trial was separated by 300 s.

Individual wavelength light stimuli were generated with a Lumencor Aura Ill LED light engine, which
was triggered via TTL inputs from the Lafayette Instruments TTL breakout adapter and controlled by
ABET II. The liquid light guide that delivered the visual stimulus was positioned in the approximate
location of the white LED within the testing chamber. LED light power (measured at mouse level with
a Thor Labs PM100D optical power meter with S130VC photodiode sensor) was modulated using
the onboard Lumencor graphical user interface and, when necessary, attenuated via the use of glass
neutral density filters (0.1-3.0 OD, HOYA Filter USA and/or Edmund Optics TECHSPEC filters) placed
in front of the liquid light guide outlet within a custom housing. Ten-second single-wavelength stimuli
were delivered in random order with a randomized ITI (140-200 s) to achieve five total exposures
per color per mouse. Because LED power could not be adjusted mid-testing session, responses to
different irradiances were measured on separate testing days.
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Auditory stimulus exposure

Auditory stimulus exposures were performed in the modular testing chamber within the light and
sound attenuating enclosure similar to single white LED exposures. A 10 s 80 dB tone (1-16 kHz;
generated via Lafayette Instruments 7 Tone Generator Model 81415 M) was presented via a speaker
(0.25-16 kHz; Model 80135 M14, Lafayette Instrument Company) across five trials with a randomized
ITI (140-200 s) during the same experimental session.

Looming stimulus assay

The looming stimulus assay was performed as previously described (Yilmaz and Meister, 2013) using
an apparatus built to the specifications of Evans et al., 2018. The apparatus featured a 20.3 cm (w) X
61 cm () x 40.6 cm (h) clear, open, rectangular acrylic arena with a dark, infrared (IR) light-transmitting
shelter at one end and a ‘threat zone’ at the opposite end that housed a 9 cm clear plastic petri
dish to encourage exploration outside of the shelter. A 15.6-inch monitor was mounted above the
arena so that discs (19.5 cm maximum diameter encompassing 27 degrees of visual angle) could
be presented to the mice when they entered the threat zone. The arena floor was backlit with an
infrared light (880 nm back-lit collimated backlight, Advanced lllumination) to improve mouse tracking
under dim light conditions. The entire apparatus was placed inside a custom light-attenuating enclo-
sure for testing. During testing, mice were recorded with a Basler acA2040-120 um camera with an
Edmunds Optics TECHSPEC 6 mm C Series fixed focal length lens, and real-time position tracking
was performed with Bonsai. This allowed for the presentation of the overhead looming, receding, or
static disc stimulus to be automatically triggered when the animal was in the threat zone following a
10 min habituation period. Mouse position and velocity data were analyzed post hoc using Ethovision
XT software (Noldus Information Technology) and Python. Note: In Video 2, the clear, circular pedes-
tals that separated the infrared backlight from the apparatus base can be seen with the IR camera;
they were below the arena floor and inaccessible to the mouse. The setup was modified for spotlight
experiments so that the pedestals would not be visible in the captured videos. Spotlight experiments
were performed in the same apparatus using the same procedure described above except that a
high-intensity white LED (5 mW/cm? measured at mouse level) positioned to illuminate the threat zone
replaced the LCD monitor.

Statistical analysis

Statistical analysis was performed using Python, GraphPad Prism 9 (GraphPad Software, Inc), and/or
Data Science Workbench 14 (for 3-way repeated measures ANOVA; TIBCO Software, Inc). All statistical
tests performed on data presented in the manuscript are stated in the figure captions and provided
in detail with the corresponding source data files. For each experiment, statistical tests were chosen
based on the structure of the experiment and the data set. No outliers were removed during statistical
analysis. Parametric tests were used throughout the manuscript. Sample size estimates were based
on studies by Robinson et al., 2019 and power analysis performed using the sampsizepwr function
in Matlab (MathWorks). When analysis of variance (ANOVA; 1-way, 2-way, 3-way, and/or repeated
measures) was performed, multiple comparisons were corrected using the Bonferroni correction.
When repeated measures ANOVA could not be performed due to missing values (Figure 2—figure
supplement 1C), data were analyzed by fitting a mixed model in GraphPad Prism 9; this approach
uses a compound symmetry covariance matrix and is fit using restricted maximum likelihood (REML).
When results were compared to a pre-stimulus baseline, this value was defined as the amplitude of
the dLight1 peak that occurred 500 ms prior to stimulus delivery. When results were compared to
a 'null” stimulus, the value was defined as the dLight1 peak that occurred at the onset of a TTL that
timestamped a trial in which no stimulus was delivered.

Data and materials availability

Viral vector plasmids used in this study are available on Addgene. Codes used for fiber photometry
signal extraction and analysis are available at https://www.tdt.com/docs/sdk/offline-data-analysis/
offline-data-python/examples/FibPhoEpocAveraging/. Codes used for visual stimulus generation are
available at https://github.com/jelliottrobinson/BonsaiLoomStim (Gonzalez, 2023; copy archived at
swh:1:rev:8353dc51dfffd013160b14ed75fd5ae040144245). Source data is provided with each figure.

Gonzalez, Fisher et al. eLife 2023;12:e85064. DOI: https://doi.org/10.7554/eLife.85064 14 of 20


https://doi.org/10.7554/eLife.85064
https://www.tdt.com/docs/sdk/offline-data-analysis/offline-data-python/examples/FibPhoEpocAveraging/
https://www.tdt.com/docs/sdk/offline-data-analysis/offline-data-python/examples/FibPhoEpocAveraging/
https://github.com/jelliottrobinson/BonsaiLoomStim
https://archive.softwareheritage.org/swh:1:dir:2e12ddc6c2d2e3891b0d1f17c150edc999ace6b6;origin=https://github.com/jelliottrobinson/BonsaiLoomStim;visit=swh:1:snp:7246c43df60f2510f22e20ce327a9e9e58189004;anchor=swh:1:rev:8353dc51dfffd013160b14ed75fd5ae040144245

eLife

Neuroscience

Acknowledgements

We would like to acknowledge Dr. Ronald Waclaw and Ms. Mary Claire Casper at CCHMC for assis-
tance with histological sample preparation and microscopy. We would also like to thank Dr. Gregory
Schwartz at Northwestern University Feinberg School of Medicine and Dr. Diego Fernandez at the
National Institute of Mental Health for helpful discussions regarding technical considerations and/
or interpretation of the experimental findings. This work was funded by a Cincinnati Children’s
Research Foundation Trustee Award, a Simons Foundation Autism Research Initiative (SFARI)
Bridge to Independence Award (663007), a SFARI Supplement to Enhance Equity and Diversity
(SEED) Award, and a Gilbert Family Foundation Neurofibromatosis Gene Therapy Initiative Team
Science Award to JER. LSG was supported by a National Institutes of Health Training Grant (T32
NS007453).

Additional information

Funding

Funder Grant reference number Author

Simons Foundation Autism BTl Award 663007 J Elliott Robinson
Research Initiative

Gilbert Family Foundation Team Science Award J Elliott Robinson
Cincinnati Children's Trustee Award J Elliott Robinson
Research Foundation

Simons Foundation Autism SEED award Evelin M Cotella

Research Initiative J Elliott Robinson
National Institutes of Training Grant T32 L Sofia Gonzalez

Health NS007453

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

L Sofia Gonzalez, Conceptualization, Data curation, Formal analysis, Investigation, Visualization,
Writing — original draft, Writing — review and editing; Austen A Fisher, Conceptualization, Data cura-
tion, Software, Formal analysis, Investigation, Visualization, Methodology, Writing — original draft,
Writing — review and editing; Shane P D'Souza, Richard A Lang, Resources, Writing — review and
editing; Evelin M Cotella, Formal analysis, Writing — review and editing; J Elliott Robinson, Concep-
tualization, Data curation, Formal analysis, Supervision, Funding acquisition, Visualization, Method-
ology, Writing - original draft, Project administration, Writing — review and editing

Author ORCIDs
Shane P D'Souza  http://orcid.org/0000-0001-6344-1434
J Elliott Robinson  http://orcid.org/0000-0001-9417-3938

Ethics

Animal husbandry and experimental procedures involving animal subjects were conducted in compli-
ance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health
and approved by the Institutional Animal Care and Use Committee (IACUC) and by the Department of
Veterinary Services at Cincinnati Children's Hospital Medical Center (CCHMC) under IACUC protocol
2020-0058.

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.85064.sa
Author response https://doi.org/10.7554/elife.85064.sa2

Gonzalez, Fisher et al. eLife 2023;12:€85064. DOI: https://doi.org/10.7554/eLife.85064 15 of 20


https://doi.org/10.7554/eLife.85064
http://orcid.org/0000-0001-6344-1434
http://orcid.org/0000-0001-9417-3938
https://doi.org/10.7554/eLife.85064.sa1
https://doi.org/10.7554/eLife.85064.sa2

eLife

Neuroscience

Additional files

Supplementary files
* MDAR checklist

Data availability

Viral vector plasmids used in this study are available on Addgene. Codes used for fiber photometry
signal extraction and analysis are available at https://www.tdt.com/docs/sdk/offline-data-analysis/
offline-data-python/examples/FibPhoEpocAveraging/ (Root et al., 2022). Codes used for visual stim-
ulus generation are available at https://github.com/jelliottrobinson/BonsaiLoomStim (copy archived
at Gonzalez, 2023). Source data is available in the source data files attached to the figures.

References

Aboitiz F, Ossandén T, Zamorano F, Palma B, Carrasco X. 2014. Irrelevant stimulus processing in ADHD:
catecholamine dynamics and attentional networks. Frontiers in Psychology 5:183. DOI: https://doi.org/10.
3389/fpsyg.2014.00183, PMID: 24723897

Alcantara IC, Tapia APM, Aponte Y, Krashes MJ. 2022. Acts of appetite: neural circuits governing the appetitive,
consummatory, and terminating phases of feeding. Nature Metabolism 4:836-847. DOI: https://doi.org/10.
1038/s42255-022-00611-y, PMID: 35879462

Allen AE, Cameron MA, Brown TM, Vugler AA, Lucas RJ. 2010. Visual responses in mice lacking critical
components of all known retinal phototransduction cascades. PLOS ONE 5:€15063. DOI: https://doi.org/10.
1371/journal.pone.0015063, PMID: 21124780

Allen AE, Brown TM, Lucas RJ. 2011. A distinct contribution of short-wavelength-sensitive cones to light-evoked
activity in the mouse pretectal olivary nucleus. The Journal of Neuroscience 31:16833-16843. DOI: https://doi.
org/10.1523/JNEUROSCI.2505-11.2011, PMID: 22090509

Altimus CM, Giler AD, Alam NM, Arman AC, Prusky GT, Sampath AP, Hattar S. 2010. Rod photoreceptors drive
circadian photoentrainment across a wide range of light intensities. Nature Neuroscience 13:1107-1112. DOI:
https://doi.org/10.1038/nn.2617, PMID: 20711184

Anastasaki C, Woo AS, Messiaen LM, Gutmann DH. 2015. Elucidating the impact of neurofibromatosis-1
germline mutations on neurofibromin function and dopamine-based learning. Human Molecular Genetics
24:3518-3528. DOI: https://doi.org/10.1093/hmg/ddv103, PMID: 25788518

Ball W, Tronick E. 1971. Infant responses to impending collision: optical and real. Science 171:818-820. DOI:
https://doi.org/10.1126/science.171.3973.818, PMID: 5541165

Barker DJ, Miranda-Barrientos J, Zhang S, Root DH, Wang HL, Liu B, Calipari ES, Morales M. 2017. Lateral
preoptic control of the lateral habenula through convergent glutamate and GABA transmission. Cell Reports
21:1757-1769. DOI: https://doi.org/10.1016/j.celrep.2017.10.066, PMID: 29141211

Behrmann M, Thomas C, Humphreys K. 2006. Seeing it differently: visual processing in autism. Trends in
Cognitive Sciences 10:258-264. DOI: https://doi.org/10.1016/j.tics.2006.05.001

Beier KT, Steinberg EE, DelLoach KE, Xie S, Miyamichi K, Schwarz L, Gao XJ, Kremer EJ, Malenka RC, Luo L.
2015. Circuit architecture of VTA dopamine neurons revealed by systematic input-output mapping. Cell
162:622-634. DOI: https://doi.org/10.1016/j.cell.2015.07.015, PMID: 26232228

Berke JD. 2018. What does dopamine mean? Nature Neuroscience 21:787-793. DOI: https://doi.org/10.1038/
s41593-018-0152-y, PMID: 29760524

Berridge KC, Robinson TE. 2016. Liking, wanting, and the incentive-sensitization theory of addiction. The
American Psychologist 71:670-679. DOI: https://doi.org/10.1037/amp0000059, PMID: 27977239

Branco T, Redgrave P. 2020. The neural basis of escape behavior in vertebrates. Annual Review of Neuroscience
43:417-439. DOI: https://doi.org/10.1146/annurev-neuro-100219-122527, PMID: 32259462

Bromberg-Martin ES, Matsumoto M, Hikosaka O. 2010a . Distinct tonic and phasic anticipatory activity in lateral
habenula and dopamine neurons. Neuron 67:144-155. DOI: https://doi.org/10.1016/j.neuron.2010.06.016,
PMID: 20624598

Bromberg-Martin ES, Matsumoto M, Hikosaka O. 2010b . Dopamine in motivational control: rewarding,
aversive, and alerting. Neuron 68:815-834. DOI: https://doi.org/10.1016/j.neuron.2010.11.022, PMID:
21144997

Brown JA, Emnett RJ, White CR, Yuede CM, Conyers SB, O'Malley KL, Wozniak DF, Gutmann DH. 2010a.
Reduced striatal dopamine underlies the attention system dysfunction in neurofibromatosis-1 mutant mice.
Human Molecular Genetics 19:4515-4528. DOI: https://doi.org/10.1093/hmg/ddg382, PMID: 20826448

Brown TM, Gias C, Hatori M, Keding SR, Semo M, Coffey PJ, Gigg J, Piggins HD, Panda S, Lucas RJ, Rieke F.
2010b. Melanopsin contributions to irradiance coding in the thalamo-cortical visual system. PLOS Biology
8:€1000558. DOI: https://doi.org/10.1371/journal.pbio.1000558, PMID: 21151887

Comoli E, Coizet V, Boyes J, Bolam JP, Canteras NS, Quirk RH, Overton PG, Redgrave P. 2003. A direct
projection from superior colliculus to substantia nigra for detecting salient visual events. Nature Neuroscience
6:974-980. DOI: https://doi.org/10.1038/nn1113, PMID: 12925855

Danskin B, Denman D, Valley M, Ollerenshaw D, Williams D, Groblewski P, Reid C, Olsen S, Blanche T, Waters J.
2015. Optogenetics in mice performing a visual discrimination task: measurement and suppression of retinal

Gonzalez, Fisher et al. eLife 2023;12:€85064. DOI: https://doi.org/10.7554/eLife.85064 16 of 20


https://doi.org/10.7554/eLife.85064
https://www.tdt.com/docs/sdk/offline-data-analysis/offline-data-python/examples/FibPhoEpocAveraging/
https://www.tdt.com/docs/sdk/offline-data-analysis/offline-data-python/examples/FibPhoEpocAveraging/
https://github.com/jelliottrobinson/BonsaiLoomStim
https://doi.org/10.3389/fpsyg.2014.00183
https://doi.org/10.3389/fpsyg.2014.00183
http://www.ncbi.nlm.nih.gov/pubmed/24723897
https://doi.org/10.1038/s42255-022-00611-y
https://doi.org/10.1038/s42255-022-00611-y
http://www.ncbi.nlm.nih.gov/pubmed/35879462
https://doi.org/10.1371/journal.pone.0015063
https://doi.org/10.1371/journal.pone.0015063
http://www.ncbi.nlm.nih.gov/pubmed/21124780
https://doi.org/10.1523/JNEUROSCI.2505-11.2011
https://doi.org/10.1523/JNEUROSCI.2505-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22090509
https://doi.org/10.1038/nn.2617
http://www.ncbi.nlm.nih.gov/pubmed/20711184
https://doi.org/10.1093/hmg/ddv103
http://www.ncbi.nlm.nih.gov/pubmed/25788518
https://doi.org/10.1126/science.171.3973.818
http://www.ncbi.nlm.nih.gov/pubmed/5541165
https://doi.org/10.1016/j.celrep.2017.10.066
http://www.ncbi.nlm.nih.gov/pubmed/29141211
https://doi.org/10.1016/j.tics.2006.05.001
https://doi.org/10.1016/j.cell.2015.07.015
http://www.ncbi.nlm.nih.gov/pubmed/26232228
https://doi.org/10.1038/s41593-018-0152-y
https://doi.org/10.1038/s41593-018-0152-y
http://www.ncbi.nlm.nih.gov/pubmed/29760524
https://doi.org/10.1037/amp0000059
http://www.ncbi.nlm.nih.gov/pubmed/27977239
https://doi.org/10.1146/annurev-neuro-100219-122527
http://www.ncbi.nlm.nih.gov/pubmed/32259462
https://doi.org/10.1016/j.neuron.2010.06.016
http://www.ncbi.nlm.nih.gov/pubmed/20624598
https://doi.org/10.1016/j.neuron.2010.11.022
http://www.ncbi.nlm.nih.gov/pubmed/21144997
https://doi.org/10.1093/hmg/ddq382
http://www.ncbi.nlm.nih.gov/pubmed/20826448
https://doi.org/10.1371/journal.pbio.1000558
http://www.ncbi.nlm.nih.gov/pubmed/21151887
https://doi.org/10.1038/nn1113
http://www.ncbi.nlm.nih.gov/pubmed/12925855

eLife

Neuroscience

activation and the resulting behavioral artifact. PLOS ONE 10:€0144760. DOI: https://doi.org/10.1371/journal.
pone.0144760

de Jong JW, Afjei SA, Pollak Dorocic |, Peck JR, Liu C, Kim CK, Tian L, Deisseroth K, Lammel S. 2019. A neural
circuit mechanism for encoding aversive stimuli in the mesolimbic dopamine system. Neuron 101:133-151..
DOI: https://doi.org/10.1016/j.neuron.2018.11.005

Deng WT, Sakurai K, Liu J, Dinculescu A, Li J, Pang J, Min SH, Chiodo VA, Boye SL, Chang B, Kefalov VJ,
Hauswirth WW. 2009. Functional interchangeability of rod and cone transducin alpha-subunits. PNAS
106:17681-17686. DOI: https://doi.org/10.1073/pnas.0901382106, PMID: 19815523

Dhande OS, Huberman AD. 2014. Retinal ganglion cell maps in the brain: implications for visual processing.
Current Opinion in Neurobiology 24:133-142. DOI: https://doi.org/10.1016/j.conb.2013.08.006, PMID:
24492089

Diggs-Andrews KA, Tokuda K, Izumi Y, Zorumski CF, Wozniak DF, Gutmann DH. 2013. Dopamine deficiency
underlies learning deficits in neurofibromatosis-1 mice. Annals of Neurology 73:309-315. DOI: https://doi.org/
10.1002/ana.23793, PMID: 23225063

Dommett E, Coizet V, Blaha CD, Martindale J, Lefebvre V, Walton N, Mayhew JEW, Overton PG, Redgrave P.
2005. How visual stimuli activate dopaminergic neurons at short latency. Science 307:1476-1479. DOI: https://
doi.org/10.1126/science.1107026, PMID: 15746431

Donner K. 2021. Temporal vision: measures, mechanisms and meaning. The Journal of Experimental Biology
224:jeb222679. DOI: https://doi.org/10.1242/jeb.222679, PMID: 34328511

Drinnenberg A, Franke F, Morikawa RK, Juttner J, Hillier D, Hantz P, Hierlemann A, Azeredo da Silveira R,
Roska B. 2018. How diverse retinal functions arise from feedback at the first visual synapse. Neuron 99:117-
134. DOI: https://doi.org/10.1016/j.neuron.2018.06.001, PMID: 29937281

Eban-Rothschild A, Rothschild G, Giardino WJ, Jones JR, de Lecea L. 2016. Vta dopaminergic neurons regulate
ethologically relevant sleep-wake behaviors. Nature Neuroscience 19:1356-1366. DOI: https://doi.org/10.
1038/nn.4377

Evans DA, Stempel AV, Vale R, Ruehle S, Lefler Y, Branco T. 2018. A synaptic threshold mechanism for computing
escape decisions. Nature 558:590-594. DOI: https://doi.org/10.1038/s41586-018-0244-6, PMID: 29925954

Everitt BJ, Robbins TW. 2005. Neural systems of reinforcement for drug addiction: from actions to habits to
compulsion. Nature Neuroscience 8:1481-1489. DOI: https://doi.org/10.1038/nn1579, PMID: 16251991

Farassat N, Costa KM, Stojanovic S, Albert S, Kovacheva L, Shin J, Egger R, Somayaji M, Duvarci S, Schneider G,
Roeper J. 2019. In vivo functional diversity of midbrain dopamine neurons within identified axonal projections.
elLife 8:e48408. DOI: https://doi.org/10.7554/eLife.48408

Fenno L, Yizhar O, Deisseroth K. 2011. The development and application of optogenetics. Annual Review of
Neuroscience 34:389-412. DOI: https://doi.org/10.1146/annurev-neuro-061010-113817, PMID: 21692661

Fernandez DC, Fogerson PM, Lazzerini Ospri L, Thomsen MB, Layne RM, Severin D, Zhan J, Singer JH,
Kirkwood A, Zhao H, Berson DM, Hattar S. 2018. Light affects mood and learning through distinct retina-brain
pathways. Cell 175:71-84. DOI: https://doi.org/10.1016/j.cell.2018.08.004, PMID: 30173913

Gonzalez LS. 2023. BonsaiLoomStim. swh:1:rev:8353dc51dfffd013160b14ed75fd5ae040144245. Software
Heritage. https://archive.softwareheritage.org/swh:1:dir:2e12ddc6c2d2e3891b0d1f17¢c150edc99%acebbé;
origin=https://github.com/jelliottrobinson/BonsaiLoomStim;visit=swh:1:snp:7246c43df60f2510f22e20ce327a
9e9e58189004;anchor=swh:1:rev:8353dc51dfffd013160b14ed75fd5ae040144245

Giiler AD, Ecker JL, Lall GS, Haqg S, Altimus CM, Liao HW, Barnard AR, Cahill H, Badea TC, Zhao H, Hankins MW,
Berson DM, Lucas RJ, Yau KW, Hattar S. 2008. Melanopsin cells are the principal conduits for rod-cone input to
non-image-forming vision. Nature 453:102-105. DOI: https://doi.org/10.1038/nature06829, PMID: 18432195

Hattar S, Lucas RJ, Mrosovsky N, Thompson S, Douglas RH, Hankins MW, Lem J, Biel M, Hofmann F, Foster RG,
Yau KW. 2003. Melanopsin and rod-cone photoreceptive systems account for all major accessory visual
functions in mice. Nature 424:76-81. DOI: https://doi.org/10.1038/nature01761, PMID: 12808468

Horvitz JC, Stewart T, Jacobs BL. 1997. Burst activity of ventral tegmental dopamine neurons is elicited by
sensory stimuli in the awake cat. Brain Research 759:251-258. DOI: https://doi.org/10.1016/s0006-8993(97)
00265-5, PMID: 9221945

Horvitz JC. 2000. Mesolimbocortical and nigrostriatal dopamine responses to salient non-reward events.
Neuroscience 96:651-656. DOI: https://doi.org/10.1016/s0306-4522(00)00019-1, PMID: 10727783

Howard JD, Kahnt T. 2018. Identity prediction errors in the human midbrain update reward-identity expectations
in the orbitofrontal cortex. Nature Communications 9:1611. DOI: https://doi.org/10.1038/s41467-018-04055-5,
PMID: 29686225

Huang M, Li D, Cheng X, Pei Q, Xie Z, Gu H, Zhang X, Chen Z, Liu A, Wang Y, Sun F, Li Y, Zhang J, He M, Xie Y,
Zhang F, Qi X, Shang C, Cao P. 2021. The tectonigral pathway regulates appetitive locomotion in predatory
hunting in mice. Nature Communications 12:4409. DOI: https://doi.org/10.1038/s41467-021-24696-3, PMID:
34285209

Jeon CJ, Strettoi E, Masland RH. 1998. The major cell populations of the mouse retina. The Journal of
Neuroscience 18:8936-8946. DOI: https://doi.org/10.1523/JNEUROSCI.18-21-08936.1998, PMID: 9786999

Kobayashi S, Schultz W. 2014. Reward contexts extend dopamine signals to unrewarded stimuli. Current Biology
24:56-62. DOI: https://doi.org/10.1016/j.cub.2013.10.061, PMID: 24332545

Korshunov KS, Blakemore LJ, Trombley PQ. 2017. Dopamine: a modulator of circadian rhythms in the central
nervous system. Frontiers in Cellular Neuroscience 11:91. DOI: https://doi.org/10.3389/fncel.2017.00091,
PMID: 28420965

Gonzalez, Fisher et al. eLife 2023;12:€85064. DOI: https://doi.org/10.7554/eLife.85064 17 of 20


https://doi.org/10.7554/eLife.85064
https://doi.org/10.1371/journal.pone.0144760
https://doi.org/10.1371/journal.pone.0144760
https://doi.org/10.1016/j.neuron.2018.11.005
https://doi.org/10.1073/pnas.0901382106
http://www.ncbi.nlm.nih.gov/pubmed/19815523
https://doi.org/10.1016/j.conb.2013.08.006
http://www.ncbi.nlm.nih.gov/pubmed/24492089
https://doi.org/10.1002/ana.23793
https://doi.org/10.1002/ana.23793
http://www.ncbi.nlm.nih.gov/pubmed/23225063
https://doi.org/10.1126/science.1107026
https://doi.org/10.1126/science.1107026
http://www.ncbi.nlm.nih.gov/pubmed/15746431
https://doi.org/10.1242/jeb.222679
http://www.ncbi.nlm.nih.gov/pubmed/34328511
https://doi.org/10.1016/j.neuron.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/29937281
https://doi.org/10.1038/nn.4377
https://doi.org/10.1038/nn.4377
https://doi.org/10.1038/s41586-018-0244-6
http://www.ncbi.nlm.nih.gov/pubmed/29925954
https://doi.org/10.1038/nn1579
http://www.ncbi.nlm.nih.gov/pubmed/16251991
https://doi.org/10.7554/eLife.48408
https://doi.org/10.1146/annurev-neuro-061010-113817
http://www.ncbi.nlm.nih.gov/pubmed/21692661
https://doi.org/10.1016/j.cell.2018.08.004
http://www.ncbi.nlm.nih.gov/pubmed/30173913
https://archive.softwareheritage.org/swh:1:dir:2e12ddc6c2d2e3891b0d1f17c150edc999ace6b6;origin=https://github.com/jelliottrobinson/BonsaiLoomStim;visit=swh:1:snp:7246c43df60f2510f22e20ce327a9e9e58189004;anchor=swh:1:rev:8353dc51dfffd013160b14ed75fd5ae040144245
https://archive.softwareheritage.org/swh:1:dir:2e12ddc6c2d2e3891b0d1f17c150edc999ace6b6;origin=https://github.com/jelliottrobinson/BonsaiLoomStim;visit=swh:1:snp:7246c43df60f2510f22e20ce327a9e9e58189004;anchor=swh:1:rev:8353dc51dfffd013160b14ed75fd5ae040144245
https://archive.softwareheritage.org/swh:1:dir:2e12ddc6c2d2e3891b0d1f17c150edc999ace6b6;origin=https://github.com/jelliottrobinson/BonsaiLoomStim;visit=swh:1:snp:7246c43df60f2510f22e20ce327a9e9e58189004;anchor=swh:1:rev:8353dc51dfffd013160b14ed75fd5ae040144245
https://doi.org/10.1038/nature06829
http://www.ncbi.nlm.nih.gov/pubmed/18432195
https://doi.org/10.1038/nature01761
http://www.ncbi.nlm.nih.gov/pubmed/12808468
https://doi.org/10.1016/s0006-8993(97)00265-5
https://doi.org/10.1016/s0006-8993(97)00265-5
http://www.ncbi.nlm.nih.gov/pubmed/9221945
https://doi.org/10.1016/s0306-4522(00)00019-1
http://www.ncbi.nlm.nih.gov/pubmed/10727783
https://doi.org/10.1038/s41467-018-04055-5
http://www.ncbi.nlm.nih.gov/pubmed/29686225
https://doi.org/10.1038/s41467-021-24696-3
http://www.ncbi.nlm.nih.gov/pubmed/34285209
https://doi.org/10.1523/JNEUROSCI.18-21-08936.1998
http://www.ncbi.nlm.nih.gov/pubmed/9786999
https://doi.org/10.1016/j.cub.2013.10.061
http://www.ncbi.nlm.nih.gov/pubmed/24332545
https://doi.org/10.3389/fncel.2017.00091
http://www.ncbi.nlm.nih.gov/pubmed/28420965

eLife

Neuroscience

Kutlu MG, Zachry JE, Melugin PR, Cajigas SA, Chevee MF, Kelly SJ, Kutlu B, Tian L, Siciliano CA, Calipari ES.
2021. Dopamine release in the nucleus accumbens core signals perceived saliency. Current Biology 31:4748-
4761.. DOI: https://doi.org/10.1016/j.cub.2021.08.052, PMID: 34529938

Kutlu MG, Zachry JE, Melugin PR, Tat J, Cajigas S, Isiktas AU, Patel DD, Siciliano CA, Schoenbaum G,

Sharpe MJ, Calipari ES. 2022. Dopamine signaling in the nucleus accumbens core mediates latent inhibition.
Nature Neuroscience 25:1071-1081. DOI: https://doi.org/10.1038/s41593-022-01126-1, PMID: 35902648

Lall GS, Revell VL, Momiji H, Al Enezi J, Altimus CM, Gdler AD, Aguilar C, Cameron MA, Allender S,

Hankins MW, Lucas RJ. 2010. Distinct contributions of rod, cone, and melanopsin photoreceptors to encoding
irradiance. Neuron 66:417-428. DOI: https://doi.org/10.1016/j.neuron.2010.04.037, PMID: 20471354

Lammel S, lon DI, Roeper J, Malenka RC. 2011. Projection-specific modulation of dopamine neuron synapses by
aversive and rewarding stimuli. Neuron 70:855-862. DOI: https://doi.org/10.1016/j.neuron.2011.03.025, PMID:
21658580

Li D, Sham PC, Owen MJ, He L. 2006. Meta-Analysis shows significant association between dopamine system
genes and attention deficit hyperactivity disorder (ADHD). Human Molecular Genetics 15:2276-2284. DOI:
https://doi.org/10.1093/hmg/ddI152

Lopes G, Bonacchi N, Frazdo J, Neto JP, Atallah BV, Soares S, Moreira L, Matias S, Itskov PM, Correia PA,
Medina RE, Calcaterra L, Dreosti E, Paton JJ, Kampff AR. 2015. Bonsai: an event-based framework for
processing and controlling data streams. Frontiers in Neuroinformatics 9:7. DOI: https://doi.org/10.3389/fninf.
2015.00007, PMID: 25904861

Maia TV, Frank MJ. 2017. An integrative perspective on the role of dopamine in schizophrenia. Biological
Psychiatry 81:52-66. DOI: https://doi.org/10.1016/j.biopsych.2016.05.021

Maier JX, Neuhoff JG, Logothetis NK, Ghazanfar AA. 2004. Multisensory integration of looming signals by
rhesus monkeys. Neuron 43:177-181. DOI: https://doi.org/10.1016/j.neuron.2004.06.027, PMID: 15260954

Mautner V-F, Granstrdom S, Leark RA. 2015. Impact of ADHD in adults with neurofibromatosis type 1: associated
psychological and social problems. Journal of Attention Disorders 19:35-43. DOI: https://doi.org/10.1177/
1087054712450749, PMID: 22786884

Miguel CS, Chaim-Avancini TM, Silva MA, Louzd MR. 2015. Neurofibromatosis type 1 and attention deficit
hyperactivity disorder: a case study and literature review. Neuropsychiatric Disease and Treatment 11:815-821.
DOI: https://doi.org/10.2147/NDT.S75038, PMID: 25848279

Nakagawa H, Hongjian K. 2010. Collision-sensitive neurons in the optic tectum of the bullfrog, Rana
catesbeiana. Journal of Neurophysiology 104:2487-2499. DOI: https://doi.org/10.1152/jn.01055.2009, PMID:
20810689

Nikbakht N, Diamond ME. 2021. Conserved visual capacity of rats under red light. eLife 10:e66429. DOI:
https://doi.org/10.7554/eLife.66429, PMID: 34282724

Panda S, Sato TK, Castrucci AM, Rollag MD, DeGrip WJ, Hogenesch JB, Provencio |, Kay SA. 2002. Melanopsin
(opn4) requirement for normal light-induced circadian phase shifting. Science 298:2213-2216. DOI: https://doi.
org/10.1126/science.1076848, PMID: 12481141

Panda S, Provencio |, Tu DC, Pires SS, Rollag MD, Castrucci AM, Pletcher MT, Sato TK, Wiltshire T, Andahazy M,
Kay SA, Van Gelder RN, Hogenesch JB. 2003. Melanopsin is required for non-image-forming photic responses
in blind mice. Science 301:525-527. DOI: https://doi.org/10.1126/science. 1086179, PMID: 12829787

Patriarchi T, Cho JR, Merten K, Howe MW, Marley A, Xiong WH, Folk RW, Broussard GJ, Liang R, Jang MJ,
Zhong H, Dombeck D, von Zastrow M, Nimmerjahn A, Gradinaru V, Williams JT, Tian L. 2018. Ultrafast neuronal
imaging of dopamine dynamics with designed genetically encoded sensors. Science 360:eaat4422. DOI:
https://doi.org/10.1126/science.aat4422

Patriarchi T, Cho JR, Merten K, Marley A, Broussard GJ, Liang R, Williams J, Nimmerjahn A, von Zastrow M,
Gradinaru V, Tian L. 2019. Imaging neuromodulators with high spatiotemporal resolution using genetically
encoded indicators. Nature Protocols 14:3471-3505. DOI: https://doi.org/10.1038/s41596-019-0239-2

Peirson SN, Brown LA, Pothecary CA, Benson LA, Fisk AS. 2018. Light and the laboratory mouse. Journal of
Neuroscience Methods 300:26-36. DOI: https://doi.org/10.1016/j.jneumeth.2017.04.007, PMID: 28414048

Poulin JF, Caronia G, Hofer C, Cui Q, Helm B, Ramakrishnan C, Chan CS, Dombeck DA, Deisseroth K,
Awatramani R. 2018. Mapping projections of molecularly defined dopamine neuron subtypes using
intersectional genetic approaches. Nature Neuroscience 21:1260-1271. DOI: https://doi.org/10.1038/
s41593-018-0203-4, PMID: 30104732

Purper-Ouakil D, Ramoz N, Lepagnol-Bestel AM, Gorwood P, Simonneau M. 2011. Neurobiology of attention
deficit/hyperactivity disorder. Pediatr Res 69:69R-76R. DOI: https://doi.org/10.1203/PDR.0b013e318212b40f

Redgrave P, Gurney K. 2006. The short-latency dopamine signal: a role in discovering novel actions? Nature
Reviews. Neuroscience 7:967-975. DOI: https://doi.org/10.1038/nrn2022, PMID: 17115078

Resendez SL, Stuber GD. 2015. In vivo calcium imaging to illuminate neurocircuit activity dynamics underlying
naturalistic behavior. Neuropsychopharmacology 40:238-239. DOI: https://doi.org/10.1038/npp.2014.206,
PMID: 25482169

Robinson JE, Gradinaru V. 2018. Dopaminergic dysfunction in neurodevelopmental disorders: recent advances
and synergistic technologies to aid basic research. Current Opinion in Neurobiology 48:17-29. DOI: https://
doi.org/10.1016/j.conb.2017.08.003, PMID: 28850815

Robinson JE, Coughlin GM, Hori AM, Cho JR, Mackey ED, Turan Z, Patriarchi T, Tian L, Gradinaru V. 2019.
Optical dopamine monitoring with dlight1 reveals mesolimbic phenotypes in a mouse model of
neurofibromatosis type 1. eLife 8:e48983. DOI: https://doi.org/10.7554/elife.48983

Gonzalez, Fisher et al. eLife 2023;12:€85064. DOI: https://doi.org/10.7554/eLife.85064 18 of 20


https://doi.org/10.7554/eLife.85064
https://doi.org/10.1016/j.cub.2021.08.052
http://www.ncbi.nlm.nih.gov/pubmed/34529938
https://doi.org/10.1038/s41593-022-01126-1
http://www.ncbi.nlm.nih.gov/pubmed/35902648
https://doi.org/10.1016/j.neuron.2010.04.037
http://www.ncbi.nlm.nih.gov/pubmed/20471354
https://doi.org/10.1016/j.neuron.2011.03.025
http://www.ncbi.nlm.nih.gov/pubmed/21658580
https://doi.org/10.1093/hmg/ddl152
https://doi.org/10.3389/fninf.2015.00007
https://doi.org/10.3389/fninf.2015.00007
http://www.ncbi.nlm.nih.gov/pubmed/25904861
https://doi.org/10.1016/j.biopsych.2016.05.021
https://doi.org/10.1016/j.neuron.2004.06.027
http://www.ncbi.nlm.nih.gov/pubmed/15260954
https://doi.org/10.1177/1087054712450749
https://doi.org/10.1177/1087054712450749
http://www.ncbi.nlm.nih.gov/pubmed/22786884
https://doi.org/10.2147/NDT.S75038
http://www.ncbi.nlm.nih.gov/pubmed/25848279
https://doi.org/10.1152/jn.01055.2009
http://www.ncbi.nlm.nih.gov/pubmed/20810689
https://doi.org/10.7554/eLife.66429
http://www.ncbi.nlm.nih.gov/pubmed/34282724
https://doi.org/10.1126/science.1076848
https://doi.org/10.1126/science.1076848
http://www.ncbi.nlm.nih.gov/pubmed/12481141
https://doi.org/10.1126/science.1086179
http://www.ncbi.nlm.nih.gov/pubmed/12829787
https://doi.org/10.1126/science.aat4422
https://doi.org/10.1038/s41596-019-0239-2
https://doi.org/10.1016/j.jneumeth.2017.04.007
http://www.ncbi.nlm.nih.gov/pubmed/28414048
https://doi.org/10.1038/s41593-018-0203-4
https://doi.org/10.1038/s41593-018-0203-4
http://www.ncbi.nlm.nih.gov/pubmed/30104732
https://doi.org/10.1203/PDR.0b013e318212b40f
https://doi.org/10.1038/nrn2022
http://www.ncbi.nlm.nih.gov/pubmed/17115078
https://doi.org/10.1038/npp.2014.206
http://www.ncbi.nlm.nih.gov/pubmed/25482169
https://doi.org/10.1016/j.conb.2017.08.003
https://doi.org/10.1016/j.conb.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/28850815
https://doi.org/10.7554/eLife.48983

eLife

Neuroscience

Root D, Morales M, Tucker-Davis Technologies. 2022. Fiber photometry epoch averaging example. MATLAB.
Tucker-Davis Technologies. https://www.tdt.com/docs/sdk/offline-data-analysis/offline-data-python/examples/
FibPhoEpocAveraging/

Sabatini BL, Tian L. 2020. Imaging neurotransmitter and neuromodulator dynamics in vivo with genetically
encoded indicators. Neuron 108:17-32. DOI: https://doi.org/10.1016/j.neuron.2020.09.036, PMID: 33058762

Sasaki N, Gusain P, Hayano M, Sugaya T, Tonegawa N, Hatanaka Y, Tamura R, Okuyama K, Osada H, Ban N,
Mitsukura Y, Lang RA, Mimura M, Tsubota K. 2021. Violet Light Modulates the Central Nervous System to
Regulate Memory and Mood. bioRxiv. DOI: https://doi.org/10.1101/2021.11.02.466604

Scharnowski F, Hermens F, Herzog MH. 2007. Bloch's law and the dynamics of feature fusion. Vision Research
47:2444-2452. DOI: https://doi.org/10.1016/j.visres.2007.05.004, PMID: 17675130

Schultz W, Romo R. 1990. Dopamine neurons of the monkey midbrain: contingencies of responses to stimuli
eliciting immediate behavioral reactions. Journal of Neurophysiology 63:607-624. DOI: https://doi.org/10.
1152/jn.1990.63.3.607, PMID: 2329364

Schultz W. 1998. Predictive reward signal of dopamine neurons. Journal of Neurophysiology 80:1-27. DOI:
https://doi.org/10.1152/jn.1998.80.1.1, PMID: 9658025

Schultz W. 2010. Dopamine signals for reward value and risk: basic and recent data. Behavioral and Brain
Functions 6:24. DOI: https://doi.org/10.1186/1744-9081-6-24, PMID: 20416052

Schultz W, Carelli RM, Wightman RM. 2015. Phasic dopamine signals: from subjective reward value to formal
economic utility. Current Opinion in Behavioral Sciences 5:147-154. DOI: https://doi.org/10.1016/].cobeha.
2015.09.006, PMID: 26719853

Singer AC, Martorell AJ, Douglas JM, Abdurrob F, Attokaren MK, Tipton J, Mathys H, Adaikkan C, Tsai LH. 2018.
Noninvasive 40-hz light flicker to recruit microglia and reduce amyloid beta load. Nature Protocols 13:1850-
1868. DOI: https://doi.org/10.1038/s41596-018-0021-x, PMID: 30072722

Smallwood PM, Olveczky BP, Williams GL, Jacobs GH, Reese BE, Meister M, Nathans J. 2003. Genetically
engineered mice with an additional class of cone photoreceptors: implications for the evolution of color vision.
PNAS 100:11706-11711. DOI: https://doi.org/10.1073/pnas.1934712100, PMID: 14500905

Solié C, Contestabile A, Espinosa P, Musardo S, Bariselli S, Huber C, Carleton A, Bellone C. 2022. Superior
colliculus to VTA pathway controls orienting response and influences social interaction in mice. Nature
Communications 13:817. DOI: https://doi.org/10.1038/s41467-022-28512-4, PMID: 35145124

Stalnaker TA, Howard JD, Takahashi YK, Gershman SJ, Kahnt T, Schoenbaum G. 2019. Dopamine neuron
ensembles signal the content of sensory prediction errors. eLife 8:e49315. DOI: https://doi.org/10.7554/elife.
49315

Sun H, Frost BJ. 1998. Computation of different optical variables of looming objects in pigeon nucleus rotundus
neurons. Nature Neuroscience 1:296-303. DOI: https://doi.org/10.1038/1110, PMID: 10195163

Takahashi YK, Batchelor HM, Liu B, Khanna A, Morales M, Schoenbaum G. 2017. Dopamine neurons respond to
errors in the prediction of sensory features of expected rewards. Neuron 95:1395-1405.. DOI: https://doi.org/
10.1016/j.neuron.2017.08.025, PMID: 28910622

Takakuwa N, Kato R, Redgrave P, Isa T. 2017. Emergence of visually-evoked reward expectation signals in
dopamine neurons via the superior colliculus in V1 lesioned monkeys. eLife 6:24459. DOI: https://doi.org/10.
7554/elife.24459, PMID: 28628005

Tarttelin EE, Bellingham J, Hankins MW, Foster RG, Lucas RJ. 2003. Neuropsin (Opn5): a novel opsin identified
in mammalian neural tissue. FEBS Letters 554:410-416. DOI: https://doi.org/10.1016/s0014-5793(03)01212-2,
PMID: 14623103

Tegelbeckers J, Bunzeck N, Duzel E, Bonath B, Flechtner H-H, Krauel K. 2015. Altered salience processing in
attention deficit hyperactivity disorder. Human Brain Mapping 36:2049-2060. DOI: https://doi.org/10.1002/
hbm.22755, PMID: 25648705

Temizer |, Donovan JC, Baier H, Semmelhack JL. 2015. A visual pathway for looming-evoked escape in larval
zebrafish. Current Biology 25:1823-1834. DOI: https://doi.org/10.1016/].cub.2015.06.002, PMID: 26119746

Thompson S, Recober A, Vogel TW, Kuburas A, Owens JA, Sheffield VC, Russo AF, Stone EM. 2010. Light
aversion in mice depends on nonimage-forming irradiance detection. Behavioral Neuroscience 124:821-827.
DOI: https://doi.org/10.1037/a0021568, PMID: 21038932

Tikidji-Hamburyan A, Reinhard K, Seitter H, Hovhannisyan A, Procyk CA, Allen AE, Schenk M, Lucas RJ,

Miinch TA. 2015. Retinal output changes qualitatively with every change in ambient illuminance. Nature
Neuroscience 18:66-74. DOI: https://doi.org/10.1038/nn.3891, PMID: 25485757

Tomchek SD, Dunn W. 2007. Sensory processing in children with and without autism: a comparative study using
the short sensory profile. The American Journal of Occupational Therapy 61:190-200. DOI: https://doi.org/10.
5014/ajot.61.2.190, PMID: 17436841

Umino Y, Solessio E, Barlow RB. 2008. Speed, spatial, and temporal tuning of rod and cone vision in mouse. The
Journal of Neuroscience 28:189-198. DOI: https://doi.org/10.1523/JNEUROSCI.3551-07.2008, PMID:
18171936

Vinberg F, Palczewska G, Zhang J, Komar K, Wojtkowski M, Kefalov VJ, Palczewski K. 2019. Sensitivity of
mammalian cone photoreceptors to infrared light. Neuroscience 416:100-108. DOI: https://doi.org/10.1016/j.
neuroscience.2019.07.047, PMID: 31400484

Watabe-Uchida M, Zhu L, Ogawa SK, Vamanrao A, Uchida N. 2012. Whole-Brain mapping of direct inputs to
midbrain dopamine neurons. Neuron 74:858-873. DOI: https://doi.org/10.1016/j.neuron.2012.03.017, PMID:
22681690

Gonzalez, Fisher et al. eLife 2023;12:€85064. DOI: https://doi.org/10.7554/eLife.85064 19 of 20


https://doi.org/10.7554/eLife.85064
https://www.tdt.com/docs/sdk/offline-data-analysis/offline-data-python/examples/FibPhoEpocAveraging/
https://www.tdt.com/docs/sdk/offline-data-analysis/offline-data-python/examples/FibPhoEpocAveraging/
https://doi.org/10.1016/j.neuron.2020.09.036
http://www.ncbi.nlm.nih.gov/pubmed/33058762
https://doi.org/10.1101/2021.11.02.466604
https://doi.org/10.1016/j.visres.2007.05.004
http://www.ncbi.nlm.nih.gov/pubmed/17675130
https://doi.org/10.1152/jn.1990.63.3.607
https://doi.org/10.1152/jn.1990.63.3.607
http://www.ncbi.nlm.nih.gov/pubmed/2329364
https://doi.org/10.1152/jn.1998.80.1.1
http://www.ncbi.nlm.nih.gov/pubmed/9658025
https://doi.org/10.1186/1744-9081-6-24
http://www.ncbi.nlm.nih.gov/pubmed/20416052
https://doi.org/10.1016/j.cobeha.2015.09.006
https://doi.org/10.1016/j.cobeha.2015.09.006
http://www.ncbi.nlm.nih.gov/pubmed/26719853
https://doi.org/10.1038/s41596-018-0021-x
http://www.ncbi.nlm.nih.gov/pubmed/30072722
https://doi.org/10.1073/pnas.1934712100
http://www.ncbi.nlm.nih.gov/pubmed/14500905
https://doi.org/10.1038/s41467-022-28512-4
http://www.ncbi.nlm.nih.gov/pubmed/35145124
https://doi.org/10.7554/eLife.49315
https://doi.org/10.7554/eLife.49315
https://doi.org/10.1038/1110
http://www.ncbi.nlm.nih.gov/pubmed/10195163
https://doi.org/10.1016/j.neuron.2017.08.025
https://doi.org/10.1016/j.neuron.2017.08.025
http://www.ncbi.nlm.nih.gov/pubmed/28910622
https://doi.org/10.7554/eLife.24459
https://doi.org/10.7554/eLife.24459
http://www.ncbi.nlm.nih.gov/pubmed/28628005
https://doi.org/10.1016/s0014-5793(03)01212-2
http://www.ncbi.nlm.nih.gov/pubmed/14623103
https://doi.org/10.1002/hbm.22755
https://doi.org/10.1002/hbm.22755
http://www.ncbi.nlm.nih.gov/pubmed/25648705
https://doi.org/10.1016/j.cub.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26119746
https://doi.org/10.1037/a0021568
http://www.ncbi.nlm.nih.gov/pubmed/21038932
https://doi.org/10.1038/nn.3891
http://www.ncbi.nlm.nih.gov/pubmed/25485757
https://doi.org/10.5014/ajot.61.2.190
https://doi.org/10.5014/ajot.61.2.190
http://www.ncbi.nlm.nih.gov/pubmed/17436841
https://doi.org/10.1523/JNEUROSCI.3551-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18171936
https://doi.org/10.1016/j.neuroscience.2019.07.047
https://doi.org/10.1016/j.neuroscience.2019.07.047
http://www.ncbi.nlm.nih.gov/pubmed/31400484
https://doi.org/10.1016/j.neuron.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22681690

ELife Neuroscience

Watabe-Uchida M, Eshel N, Uchida N. 2017. Neural circuitry of reward prediction error. Annual Review of
Neuroscience 40:373-394. DOI: https://doi.org/10.1146/annurev-neuro-072116-031109, PMID: 28441114

Wise RA. 2004. Dopamine, learning and motivation. Nature Reviews. Neuroscience 5:483-494. DOI: https://doi.
org/10.1038/nrn1406, PMID: 15152198

Yang H, de Jong JW, Tak Y, Peck J, Bateup HS, Lammel S. 2018. Nucleus accumbens subnuclei regulate
motivated behavior via direct inhibition and disinhibition of VTA dopamine subpopulations. Neuron 97:434—
449. DOI: https://doi.org/10.1016/j.neuron.2017.12.022

Yao K, Qiu S, Wang YV, Park SJH, Mohns EJ, Mehta B, Liu X, Chang B, Zenisek D, Crair MC, Demb JB, Chen B.
2018. Restoration of vision after de novo genesis of rod photoreceptors in mammalian retinas. Nature
560:484-488. DOI: https://doi.org/10.1038/s41586-018-0425-3, PMID: 30111842

Yilmaz M, Meister M. 2013. Rapid innate defensive responses of mice to looming visual stimuli. Current Biology
23:2011-2015. DOI: https://doi.org/10.1016/j.cub.2013.08.015, PMID: 24120636

Yuan L, Dou YN, Sun YG. 2019. Topography of reward and aversion encoding in the mesolimbic dopaminergic
system. The Journal of Neuroscience 39:6472-6481. DOI: https://doi.org/10.1523/JNEUROSCI.0271-19.2019,
PMID: 31217328

Zhang KX, D'Souza S, Upton BA, Kernodle S, Vemaraju S, Nayak G, Gaitonde KD, Holt AL, Linne CD, Smith AN,
Petts NT, Batie M, Mukherjee R, Tiwari D, Buhr ED, Van Gelder RN, Gross C, Sweeney A,
Sanchez-Gurmaches J, Seeley RJ, et al. 2020. Violet-light suppression of thermogenesis by opsin 5
hypothalamic neurons. Nature 585:420-425. DOI: https://doi.org/10.1038/s41586-020-2683-0, PMID:
32879486

Zhang Z, Beier C, Weil T, Hattar S. 2021. The retinal iprgc-preoptic circuit mediates the acute effect of light on
sleep. Nature Communications 12:5115. DOI: https://doi.org/10.1038/s41467-021-25378-w

Gonzalez, Fisher et al. eLife 2023;12:€85064. DOI: https://doi.org/10.7554/eLife.85064 20 of 20


https://doi.org/10.7554/eLife.85064
https://doi.org/10.1146/annurev-neuro-072116-031109
http://www.ncbi.nlm.nih.gov/pubmed/28441114
https://doi.org/10.1038/nrn1406
https://doi.org/10.1038/nrn1406
http://www.ncbi.nlm.nih.gov/pubmed/15152198
https://doi.org/10.1016/j.neuron.2017.12.022
https://doi.org/10.1038/s41586-018-0425-3
http://www.ncbi.nlm.nih.gov/pubmed/30111842
https://doi.org/10.1016/j.cub.2013.08.015
http://www.ncbi.nlm.nih.gov/pubmed/24120636
https://doi.org/10.1523/JNEUROSCI.0271-19.2019
http://www.ncbi.nlm.nih.gov/pubmed/31217328
https://doi.org/10.1038/s41586-020-2683-0
http://www.ncbi.nlm.nih.gov/pubmed/32879486
https://doi.org/10.1038/s41467-021-25378-w

	Ventral striatum dopamine release encodes unique properties of visual stimuli in mice
	Editor's evaluation
	Introduction
	Results
	Dopaminergic responses to looming visual threats
	Dopaminergic responses to rapid changes in environmental lighting conditions
	Dopaminergic responses to repeated light stimuli
	Wavelength and photoreceptor contributions to the dopaminergic response to light

	Discussion
	Materials and methods
	Experimental animals
	Surgical procedures
	Fiber photometry
	Visual stimulus exposure
	Auditory stimulus exposure
	Looming stimulus assay
	Statistical analysis
	Data and materials availability

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Decision letter and Author response

	Additional files
	Supplementary files

	References


