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Studies with experimental animals have revealed a mood-regulating neural pathway
linking intrinsically photosensitive retinal ganglion cells (ipRGCs) and the prefrontal
cortex (PFC), involved in the pathophysiology of mood disorders. Since humans also
have light-intensity–encoding ipRGCs, we asked whether a similar pathway exists in
humans. Here, functional MRI was used to identify PFC regions and other areas exhib-
iting light-intensity–dependent signals. We report 26 human brain regions having acti-
vation that either monotonically decreases or monotonically increases with light
intensity. Luxotonic-related activation occurred across the cerebral cortex, in diverse
subcortical structures, and in the cerebellum, encompassing regions with functions
related to visual image formation, motor control, cognition, and emotion. Light sup-
pressed PFC activation, which monotonically decreased with increasing light intensity.
The sustained time course of light-evoked PFC responses and their susceptibility to
prior light exposure resembled those of ipRGCs. These findings offer a functional link
between light exposure and PFC-mediated cognitive and affective phenomena.
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Light impacts mood and cognition in humans and animals. Abnormal lighting induces
depression (1–3), while bright light enhances antidepressant therapies and ameliorates
both seasonal and nonseasonal depression (4–7). Bright light also affects decision-making
and working memory, two key functions of the prefrontal cortex (PFC) (8–11). These
light-related effects likely depend upon a specialized output channel of the retina dedi-
cated to a stable representation of environmental illumination: that is, a light-intensity
(irradiance) signal (12–14). However, the origin of the specific light-intensity signal acting
in the PFC has yet to be identified. One light-intensity signal discovered in recent years,
arises from intrinsically photosensitive retinal ganglion cells (ipRGCs), a rare class of reti-
nal output neurons found both in humans and mice, among other species, with autono-
mous sensitivity to light by virtue of their expression of the photopigment melanopsin
(15, 16). Light-intensity signals from ipRGCs are conveyed to a myriad of brain regions
and affect in mice, among other functions, circadian clock photoentrainment, pupil con-
striction, neuroendocrine rhythms regulation, learning, and mood (17–19).
In mice, a light-intensity signal derived from ipRGCs are routed to the PFC by a

remarkably direct pathway that affects mood, presumably through light-dependent modu-
lation of PFC activity (20). Specifically, light-intensity–encoding ipRGCs innervate the
perihabenular nucleus (PHb), a small region in the dorsomedial thalamus. The PHb proj-
ects in turn to the medial PFC (mPFC), a region with known roles in mood regulation
(21, 22). Continuous activation of this retino-thalamo-frontocortical pathway induced
depression-like behaviors in mice, while suppressing its activity protected against the nega-
tive mood effects of unnatural day–night cycles (20). This pathway is a tiny offshoot of
the retino-thalamic pathway, dramatically different in scale and function from the lemnis-
cal visual pathway through the dorsal lateral geniculate nucleus (dLGN) to the visual cor-
tex. Notably, the PHb also projects to the nucleus accumbens (NAc), which modulates
hedonic behaviors (23), and to the dorsomedial striatum, where activity is related to goal-
directed actions (24). Neurons in the PHb’s dorsal and ventral sectors project to the NAc
and mPFC, respectively (23), and the two sectors also differ in their function: the activity
of NAc-projecting neurons is gated according to the circadian rhythm, while the mPFC-
projecting neurons do not express such gating.
Might a similar retino-PFC pathway link light and mood in humans? Certainly, the

retinal elements exist, since light-intensity coding ipRGCs closely resembling those in
mice exist in primates, including humans (25). Human studies likewise link the PFC,
light exposure (5, 6), and mood (26–32) with the development of depression, and
other mood disorders are likely affected by PFC dysfunction (33–36). However, the
ability of the human PFC to encode light intensity remains unclear. Identifying such a
pathway and understanding its function might directly promote development of
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approaches to treat depression, either by pharmacological
manipulation of activation in selected nodes of the pathway or
environmental manipulation with targeted bright-light therapy.
Here, as a first step to probe for a retinal-thalamic-fronto-

cortical pathway in humans, we tested the hypothesis that the
intensity of light reaching the eyes—stripped of color, form,
and movement information—would modulate activation in the
human PFC. We used functional MRI (fMRI) to identify brain
regions having light-intensity–dependent activation (hereafter
“luxotonic regions”) and analyzed the data to identify transient
and persistent activation modulation. Ten brain regions showed
a steady-state activation pattern related to light intensity. Most
of these regions were in the PFC or in the classic thalamocorti-
cal visual pathway; others were found in the cerebellum and a
region encompassing the pineal body. The PFC regions and
the pineal body exhibited marked suppression of fMRI signals
by bright sustained light, while the other regions exhibited pro-
nounced activation. The sustained time course of the light-
evoked responses in the PFC resembled those of ipRGCs, and
prior light exposure influenced the PFC response to light. We
also found 16 regions that exhibited transient responses to
changes in light intensity. These regions were located across the
cerebral cortex, with functions related to visual perception,
motor control, and cognition.

Results

To determine whether a light-intensity–encoding pathway modu-
lates the human PFC, we used blood-oxygen level-dependent
(BOLD) fMRI (3T Siemens Prisma, 2-mm isotropic voxels) to

explore whole-brain activation patterns in 20 healthy adults who
viewed full-field diffused white light stimuli. Every 30 s, the light
was stepped to a new intensity drawn from one of four values,
which together spanned nearly four orders of magnitude (average
irradiance across the 400- to 700-nm human visible spectrum,
10.2, 12.1, 13.1, and 13.8 log photons cm�2 s�1). All four light
intensities were tested three times in each 6-min run, and each
session included five runs, providing 15 total blocks at each
light intensity (see Materials and Methods and SI Appendix,
Supplementary Materials and Methods and Fig. S1 A and B for addi-
tional details). Participants donned Teflon goggles that diffused the
light and removed any spatial contrast, as confirmed by each par-
ticipant. We encouraged alertness in the participants by asking
them to keep their eyes open throughout the experiment, and by
requiring them to discriminate between two randomly presented
tones by pressing one of two buttons (SI Appendix, Fig. S1A). We
used a combination of criteria (monotonic contrast, voxel-wise
threshold P < 0.001, cluster false-discovery rate = 0.05, cluster
size > 26 voxels) to reveal brain regions that exhibited activation
varying monotonically with light intensity and showing either a
sustained or transient component (SI Appendix, Fig. S1 C and D).

Light Intensity Modulates Steady-State Activation of Diverse
Cortical, Subcortical, and Cerebellar Regions. Throughout this
report, we refer to brain regions exhibiting light-intensity–dependent
monotonic activation as luxotonic regions, regardless of whether the
response persisted throughout the 30-s period or did not. Overall,
10 brain regions met the criteria for light-intensity–dependent
monotonic activation, with a significant sustained component (Fig.
1A and SI Appendix, Table S1; see Materials and Methods and

Fig. 1. Cortical, subcortical, and cerebellar luxotonic regions showing a sustained component. (A) The 10 identified luxotonic regions are color-coded based
on the contrast for monotonic increases or decreases as a function of light intensity. The MNI coordinates of presented slices are indicated in yellow. Color
scale corresponds to t values: warm colors (positive t) represent light-evoked responses increases with light intensity; cool colors (negative t) depict light-
evoked responses decreases with light intensity. Color bar, t values range ±8.7, and images are thresholded at P < 0.001, two-tailed t19 = 3.621 (white hori-
zontal lines). Anatomical underlay represents the mean of all 20 participants following spatial alignment. (B) BOLD (mean ± SEM) responses for S4 and S6
over the 30-s light stimulus, for four light intensities (given in log photons cm�2 s�1). Data for all luxotonic regions are shown in SI Appendix, Fig. S2.
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SI Appendix for details on the regressor used for this analysis).
Light-intensity–dependent activation in all these regions persisted
throughout the 30-s duration of the stimulus. In several of the
regions, activation also changed abruptly upon light onset (Fig. 1B
and SI Appendix, Fig. S2). Steady-state BOLD signals in those
10 brain areas with a sustained component either monotonically
increased or decreased with light intensity. Five of these regions
were in the PFC, specifically in the superior PFC, orbital frontal
cortex (OFC), and anterior cingulate cortices (ACC, regions S1 to
S5), all showing a monotonically decreasing response to increasing
light intensity. In contrast, monotonically increasing responses to
increasing light intensity were observed in the image-forming visual
system: light intensity strongly increased the BOLD signal in the
occipital lobe (S6), especially in the primary visual cortex (V1), but
also in several extrastriate regions beyond V1. These results are con-
sistent with previous studies (37–39; but see ref. 40). The dLGN
(S7, S8), the thalamic relay nucleus of the primary visual pathway,
is almost certainly the source of this luxotonic signal in V1, since it
too exhibited bilateral, strong BOLD activation responses to bright
light, that monotonically increased with light intensity. The only
brain region beyond the primary visual pathway that shared the
visual system’s BOLD activation to light was a small region in the
uvula at the inferior vermis of the cerebellum (S9). An additional
small region exhibited suppressed BOLD responses that monotoni-
cally decreased with light intensity, like those in the PFC. This was
a region encompassing the pineal body (S10), in which activity is
known to be depressed in response to light through the influence of
ipRGCs (41).
Sensitivity, calculated as the difference in steady-state response

between the second lowest and highest stimulus light intensity
divided by the change in intensity, was significantly larger in cor-
tical (0.18 ± 0.06 BOLD response; mean ± SD) compared to
subcortical regions (0.04 ± 0.03 BOLD response; permutation
t test, P = 0.005) (SI Appendix, Fig. S2B). Between-subject varia-
tion in the time-course and response amplitude is a well-known
characteristic of fMRI data, even for robust effects. Nonetheless,
effects similar to those identified in the responses averaged across
participants were readily detected also at the level of individual
participants (SI Appendix, Fig. S3).

Functional Connectivity between Luxotonic Sustained Regions.
We next assessed to what extent the activated regions formed
independent or dependent networks, by measuring functional
connectivity (Pearson correlation) between each of the 10 regions
that exhibited sustained light-intensity–dependent activation (Fig.
2A). Note that rather than implying node-to-node interconnec-
tivity, functional connectivity merely suggests that different
patterns of correlation in the response hint to the existence of dif-
ferent networks. BOLD time series in luxotonic regions in the
PFC generally exhibited significant positive correlations with one
another (Fig. 2A, hot colors and red dots), except for the right
ACC, in which activity correlated only with that in the right
OFC. Similarly, we found positive correlations in the BOLD
time series among several regions along the thalamo-visuocortical
pathway: V1 (with extra striate areas) and LGN, as well as a
region in the vermis of the cerebellum (BOLD time-series in V1,
left LGN, and cerebellar vermis correlated positively). These
BOLD time-series were either not correlated or negatively corre-
lated with PFC regions (Fig. 2A, cold colors). BOLD time series
in the pineal did not correlate with either the PFC group or
thalamo-visuocortical pathway. Thus, it seems that sustained light
intensity-dependent responses engaged two main separate func-
tional networks, one encompassing the thalamo-visuocortical
pathway and another including a set of PFC regions. The latter
set of regions has been previously implicated in mood regulation
and high-level cognition and value-related judgments (8–11).

Activation in Luxotonic Sustained Regions Diverges in Temporal
Profile and Polarity. Our findings represent a demonstration
that the PFC and the cerebellar inferior vermis and pineal
body, exhibit activation modulation in proportion to light
intensity. To assess the timing of the sustained light-evoked
BOLD responses, we compared normalized the amplitude of all
observed time courses to range between 0 and 1 (or �1) (Fig.
2B). Luxotonic regions in the visual cortex, LGN, and cerebel-
lum, in which light enhanced the BOLD signal, showed a rela-
tively rapid increase in activation (latency of ∼10 s), which
then gradually declined in magnitude (Fig. 2B, blue, cyan, and
magenta lines); this time course has consistency with the slow

Fig. 2. Light-evoked responses with a significant sustained component are either rapid and increasing with light intensity or slow and decreasing with light
intensity. (A) Pair-wise Pearson correlation between the 10 identified luxotonic regions. Regions are grouped as “prefrontal,” “thalamo-visuocortical,” and
“other.” Correlation coefficient of ±0.51 corresponds to a significance level of 0.05 (marked with red dots on the correlation matrix and indicated on the
color scale bar). (B) Light-evoked responses, normalized in all 10 identified luxotonic regions to the highest light intensity, averaged across 20 participants,
fell into two functional groups: rapid and slow. Responses are color-coded based on the general brain region, as depicted in the legend at the bottom.
(C) Distribution of the 10 identified luxotonic regions as a function of the slope before peak/trough and the time to peak/trough. Responses are color-coded
based on the general brain region.
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BOLD response to transient stimulation. In contrast, activity
in all the PFC luxotonic regions and pineal body dropped
below baseline, reaching its minimum toward the end of the
30-s stimulus presentation (Fig. 2B, red and green lines). This
dichotomy in the temporal profile and polarity of the responses
is clearly evident when plotting the time to peak/trough as a
function of the slope before peak/trough (Fig. 2C).

Effect of Light History on PFC Luxotonic Activation. Prior evi-
dence demonstrated that antecedent light exposure can modu-
late subsequent brain activity and the emotional and cognitive
processes mediated by the specific brain region (42–44). To
control for possible effects of the immediately preceding stimu-
lus on the encoding of the current light intensity, we focused
on the three transitions in which light intensity (L) was stepped
up from the single, lowest intensity (L1 ! L2, L1 ! L3, and
L1 ! L4). This analysis revealed that the PFC activation in

response to the second stimulus in each light-intensity pair (L2,
L3, and L4) developed slowly throughout the 30-s duration
(Fig. 3, Left panels). Steady-state PFC activation, measured as
the average response over the last 10 s of the 30-s stimulus
period, monotonically decreased with increasing light intensity
in all five identified PFC luxotonic regions (Fig. 3, second col-
umn from the left), namely, the right and left superior frontal
gyrus (SFG; S1, S2, S4), right OFC (S3), and right ACC (S5).
We also found similar effects for individual participants (SI
Appendix, Fig. S4). In addition to the five prefrontal regions,
the pineal body (S10) also encoded steady-state light intensity;
activation in the pineal body was similarly monotonically sup-
pressed with increasing light intensity (SI Appendix, Fig. S5B).
In contrast, the time course of light activation along the
thalamo-visuocortical pathway differed (Fig. 4A). In the visual
cortex (S6), activation increased sharply several seconds after
the light onset, and then gradually declined, though the

Fig. 3. Light suppresses steady-state prefrontal activity. (A–E, Left) BOLD Light-evoked responses (mean [line] ± SEM [shaded area]) step-up transitions:
transitions in which light intensity was stepped up from the same, lowest, light intensity. Responses around individual transitions are depicted in different
colors. Shaded gray areas represent the SE from the mean. Dashed vertical line marks the transition time. For example, the red curve in A represents
stepping-up light intensity from the lowest level (L1, 10.2 log photons cm�2 s�1) to the highest level (L4, 13.8 log photons cm�2 s�1). Second column from
left: Steady-state prefrontal activity monotonically decreased with increasing light intensity in all five identified prefrontal luxotonic regions. These are the
left and right SFG (A, B, D), right OFC (C), and right ACC (E). Vertical bar representing 0.2 BOLD response in A applies to the amplitude of responses in A–E.
Third column from left: BOLD light-evoked responses (mean ± SEM) to step-down transitions (transitions in which light intensity was stepped down from
the same, highest, light intensity). Rightmost column: Slopes fitted to the three step-up and three step-down transitions. In the PFC in which activity
decreased with light intensity, transitions to higher light intensities resulted in negative slopes, whereas transitions to lower light intensities resulted in posi-
tive slopes. With no effect of light history, the trend observed when moving across slope values for step-up transitions (cyan line) is expected to be the
opposite of that of step-down transitions (gray line). The actual observed trend for step-down transitions is depicted (cyan line). The angular difference
between the observed and expected trends for step-down transitions serves as a proxy for the strength of the effect of prior light history. Sample size,
L1 ! L2: n = 81, L1 ! L3: n = 56, L1 ! L4: n = 79, L2 ! L1: n = 78, L3 ! L1: n = 84, L4 ! L1: n = 68.
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response did not return to baseline during the 30-s light stimu-
lus of the highest light intensity (Fig. 4 A, Left). Similar trends
were observed in the right (S7) and left (S8) LGN (Fig. 4 B
and C, Left). While steady-state activation increased with light
intensity in all three identified regions along the thalamo-
visuocortical pathway (Fig. 4, second column from left), the mag-
nitude of responses in the visual cortex was three times as large as
that observed in the LGN. Activation in another luxotonic
region, the cerebellar vermis (S9), also appeared to increase
slightly with increasing light intensity (SI Appendix, Fig. S5B).
We next quantified the effect of prior light exposure on

BOLD activation by plotting the three transitions in which
light intensity was stepped down to the lowest intensity from
higher levels: that is, L4 ! L1, L3 ! L1, and L2 ! L1 (Fig. 3,
third column from left). We then fit a straight line to the activa-
tion around a given transition and repeated this for the three
step-up and the three step-down transitions. This procedure
yielded three slope values for both the step-up transitions and the
step-down transitions (Fig. 3, two rightmost columns). We rea-
soned that if brain activation was unaffected by prior light expo-
sure, the trend observed when moving across slope values should
be opposite, or close to, for the step-up and step-down transitions.
Deviation from this expectation serves as a proxy for the strength
of the effect of prior light exposure. While activation in all 10
identified luxotonic regions that exhibited a sustained response
was affected by prior light exposure, the effect in the five prefron-
tal luxotonic regions (0.58 ± 0.15 BOLD response; mean ± SD)
was significantly larger (permutation t test, P < 0.001) than in the
other five regions not in the PFC (0.19 ± 0.05 BOLD response),

and it was especially high in the right SFG and the right OFC
(Fig. 3, Right, Fig. 4, Right, Fig. 5, and SI Appendix, Fig. S5,
Right). These results demonstrate a strong effect of light history
on PFC activation. Since ipRGCs, more so than conventional
RGCs, can exhibit persistent responses following the light offset
(45), this analysis raises the possibility that the observed PFC acti-
vation may be driven by ipRGCs.

Light-Induced Transient Activation in the Cerebral Cortex. In
addition to the 10 luxotonic regions with a significant sustained
component that we described above, we also identified 16 luxo-
tonic regions (SI Appendix, Table S1) that showed activation with
a significant transient component (see Materials and Methods for
details on the regressor used for this analysis). These 16 regions
correspond only to those that showed a light-intensity–dependent
amplitude of the transient response rather than all regions show-
ing a transient response (i.e., a contrast-dependent transient
response). Therefore, the light-intensity–dependent transient
activation detected in these 16 regions represented the remain-
ing activation after the contrast-dependent transient response
has been removed. Transient activation increased (orange) or
decreased (blue) monotonically with light intensity (Fig. 6 and SI
Appendix, Fig. S6). Light-intensity–dependent transient activation
was detected bilaterally in the SFG (T2, T4), paracentral lobule
(T7, T8), visual cortex (T10, T11), and lingual gyri (T12–T14).
We observed right hemisphere-only transient activation in the
superior medial gyrus (T1), frontal operculum (T5), precentral
gyrus (T6), superior occipital gyrus (T15), and fusiform gyrus
(T16). And, we found left hemisphere-only transient activation

Fig. 4. Light enhances activity along the thalamo-visuocortical pathway. Conventions as in Fig. 3. (A–C, two leftmost columns). Steady-state activity (mean ± SEM)
monotonically increased with increasing light intensity in all three luxotonic regions along the thalamo-visuocortical pathway. Vertical bar, representing 0.2 BOLD
response in A, applies to all panels. In the visual cortex (A) and the right and left LGN (B and C), in which activity increased with light intensity, transitions to higher
light intensities resulted in positive slopes, whereas transitions to lower light intensities resulted in zero or negative slopes. Sample size, L1 ! L2: n = 81, L1 ! L3:
n = 56, L1 ! L4: n = 79, L2 ! L1: n = 78, L3 ! L1: n = 84, L4 ! L1: n = 68.
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in the middle OFC (T3), superior gyrus (T4), and intraparietal
sulcus (IPS, T9).
We next assessed whether the 16 luxotonic regions that

showed a transient component formed independent or dependent
networks by assessing their functional connectivity (SI Appendix,
Fig. S7). BOLD time-series in the frontal cortex showed two dis-
tinct activation sets, one in the PFC (set a) and another in more
posterior regions including motor areas (set b). Time series in the
parietal lobe (set c) positively correlated with those in the prefron-
tal regions but negatively correlated with all other regions. Time
series in the occipital and temporal lobes correlated with one
another (set d) and with the frontal regions (set e).
Next, just as we did for luxotonic regions in which activa-

tion exhibited a sustained component (Figs. 3 and 4 and SI
Appendix, Fig. S5), we assessed the light-intensity–encoding
capability of the 16 identified luxotonic regions with a transient
component while controlling for prior light exposure; that is,
we examined the three transitions in which light intensity was
stepped up from the lowest intensity (SI Appendix, Fig. S8).
Light-intensity–dependent activation level typically changed
abruptly upon light onset, then declined, although in several
regions the activation persisted throughout the 30-s duration of
the stimulus. Activation in the SFG and the middle OFC
(regions T1 to T4) decreased sharply following light onset,
remained relatively low throughout the 30-s duration of the
stimulus, and typically decreased monotonically with increasing
light intensity. Activation in the 12 remaining identified
regions increased upon light onset and then gradually tapered
off. In some regions (e.g., visual cortex, T11) activation did not
return to baseline during the 30-s light stimulus.

Luxotonic Regions Exhibiting Sustained and Transient Activation
Co-Occur Along a Streak in the Occipital Lobe. Finally, we exam-
ined the overlap luxotonic regions having a significant sustained
component and those having a significant transient component.
We found little overlap except for one nearly contiguous strip
running along the parieto-occipital sulcus and the dorsal cuneus
(Fig. 7), indicating near complete anatomical segregation
between brain regions showing sustained or transient responses
to steady-state light stimuli. Sustained activation comprised
3,678 voxels and transient activation comprised 1,735 voxels,

for a total of 5,413 voxels. Of these, 350 voxels showed overlap
for transient and sustained activation, corresponding to ∼6%
of the combined activation.

Discussion

While luxotonic activation in the early human visual cortex has
been previously documented (37–39), we now report luxotonic-
related activation in the human PFC, precentral gyrus, para-
central lobule, frontal operculum, intraparietal sulcus, LGN,
fusiform and lingual gyrus, pineal body, and portions of the
cerebellum. Therefore, we now demonstrate that light intensity
alters the physiology of diverse human brain regions that col-
lectively contribute to motor control, cognition, emotion, and
reward; thus, well beyond those subsumed by the classic form
vision pathways. We identified 26 human brain regions in
which activation either monotonically decreased or increased
with light intensity, with 10 regions showing significant sus-
tained activation and 16 other regions exhibiting a significant
transient activation pattern. All the regions with a monotoni-
cally decreasing pattern in response to increasing light intensity
had responses that persisted until the termination of the light
stimulus.

Acute Effect of Light on Steady-State PFC Activation. Prior
observations have suggested light-evoked modulation of several
prefrontal regions. For example, blue light exposure (as opposed
to green or orange), concurrently with an auditory working mem-
ory task, increased activation in the left middle frontal gyrus
(8, 9) and decreased ACC activation (9). Furthermore, blue light
(as opposed to amber) decreased ACC activation following an
emotional anticipation task (46). However, our observations
uniquely demonstrate wide-ranging effects of light on PFC physi-
ology, which varied monotonically with light intensity. We did
not, however, examine the influence of ambient illumination on
activation related to the auditory discrimination task, though nei-
ther reaction time to the tones nor discrimination accuracy dif-
fered across the illumination intensities. We identified five regions
having a sustained-activation pattern in the PFC: right and left
SFG, right OFC, and right ACC. These regions have clear
involvement in cognitive and emotional processes. For example,
the left SFG is involved in self-awareness (47) and spatial working
memory (48). In the right hemisphere, this region contributes to
the control of impulsive responses or action inhibition (49). The
ACC contributes to social cognition, attention allocation, motiva-
tion, decision making, learning, cost–benefit calculation, impulse
control, and emotion (50, 51). Additionally, the OFC is involved
in learning and reversing associations between taste, smell,
somatosensory, and visual information, and in controlling
reward-related and punishment-related behaviors. Thus, the
OFC participates in shaping motivational, emotional, and social
behaviors (52, 53). Our results demonstrate that activation in all
five identified prefrontal luxotonic regions decreased with light
intensity and offer a possible functional link between prefrontal
light processing and several cognitive and affective phenomena
previously reported to be affected by light intensity.

Chronic Effect of Light on Prefrontal Activation. In addition to
the acute effect of light on neural activation, light can also chron-
ically affect neural activation. We found a pronounced effect of
light exposure on subsequent activation in the five prefrontal
luxotonic regions, particularly in the right SFG and the right
OFC. Activation in those regions, which comprise portions of
the mPFC, was suppressed during and subsequent to light expo-
sure. Such chronic suppression of brain activation by light has

Fig. 5. High effect of prior light exposure on brain activity in the PFC. The
magnitude of the effect of light history estimated as the angular difference
between the observed and expected trends for step-down transitions.
While prior light exposure affected all luxotonic regions, the effect on the
PFC, and especially on the right SFG and right OFC was the largest.
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not been previously reported in these regions, but chronic
enhancement of neural activation by light has been reported in
other brain regions. For example, a single 30-min exposure to
blue light as opposed to amber light (expected to activate the
blue-sensitive melanopsin photopigment of ipRGCs) has been
shown to improve working memory task performance and
increase activation in the dorsolateral PFC (dlPFC) and ventrolat-
eral PFC (vlPFC) over the subsequent 40-min period (42).
Another study, using a shorter light exposure (21 min), reported
increased activation over the subsequent 8-min period in the hip-
pocampus, right ACC, left precuneus, and right IPS (43). Our
demonstration of a chronic effect of light on PFC activation
complements previous reports and may constitute the substrate
for the previously reported effects of light on decision making,
social behavior, working memory, and mood (2, 42, 44, 54, 55).

Origin of Prefrontal Luxotonic Responses. The slowly evolving
and persistent responses we observed in the human PFC have
similarity to ipRGCs responses. ipRGCs responses in humans
(25), as well as in the mouse (12–14, 56), persist throughout
the duration of the stimulus and even after light offset, with
the poststimulus response duration increasing with light

intensity. Thus, the similarity in light-evoked activity in
ipRGCs and the human PFC may suggest a contribution of
ipRGCs’ light responses to PFC activation. While ipRGCs also
receive synaptic input from rod and cone photoreceptors, their
melanopsin pigment is especially sensitive to blue light wave-
lengths (15), which appear to shape PFC-mediated functions in
humans. For example, blue-enriched white light occurring in
the evening (as opposed to white light), either in the environ-
ment or emitted by a computer screen, improves cognitive per-
formance, alertness, and concentration (57, 58). Additionally,
improvement in cognitive performance under blue-enriched
lighting occurs during the daylight hours (59). At least some of
these cognitive functions have been shown to depend on
ipRGCs, thus linking specific frontal functions to a unique
ipRGCs sensitivity. For example, in blind individuals who lack
rod and cone photoreceptors but retain ipRGCs, blue light
exposure during an auditory task increases activation in the
mPFC and vlPFC (60), supporting the notion that the light-
evoked modulation we observed in the PFC had contributions
from ipRGCs. Together, these reports suggest that blue light-
sensitivity drives alterations in cognition and frontal brain acti-
vation, and it occurs specifically by activity of ipRGCs.

Fig. 6. Cortical luxotonic regions that show a significant transient component. (A) The 16 identified luxotonic regions are color-coded based on the contrast for
monotonic increases or decreases as a function of light intensity. The MNI coordinates of presented slices are indicated in yellow. Color scale corresponds to
t value: warm colors (positive t), light-evoked responses increase with light intensity; cool colors (negative t), light-evoked responses decrease with light intensity.
Color bar, t values ranges ±8.7, and images are thresholded at P < 0.001, t19 = 3.621 (white horizontal lines). Anatomical underlay represents the mean of all
20 participants following spatial alignment. Regions: T1, right superior medial gyrus (R SMG); T2, R SFG; T3, left middle orbital gyrus (L mOFG); T4, L SFG; T5,
R frontal operculum; T6, R precentral gyrus; T7, R paracentral lobule; T8, L paracentral lobule; T9, L IPS; T10, R V1; T11, L V1; T12, right lingual gyrus A (R LingGA);
T13, R LingGB; T14, L. LingG; T15, right superior occipital gyrus (R SOG); T16, right fusiform gyrus (R FusiG). (B) BOLD responses (mean ± SEM) for T5, T9, T15, and
T16 over the 30-s light stimulus, for four light intensities. Data for all the luxotonic regions are shown in SI Appendix, Fig. S4.
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The rapidly developing and decaying responses we observed in
V1 and the LGN resemble responses of conventional RGCs
(non-ipRGCs). Conventional RGCs do not express melanopsin;
they respond to alterations in light intensity only briefly, and
their maintained firing rates do not correlate with photon flux
(61, 62). Conventional RGCs encode temporal and spatial con-
trast, and support the object detection and recognition, color,
depth, and motion (63, 64), especially via signals routed through
the thalamus to the primary and extrastriate visual cortices. Inter-
estingly, the luxotonic activity we observed in V1 and the LGN
did not return to baseline by stimulus termination, suggesting,
but not proving, a modest ipRGCs’ contribution to this activa-
tion pattern. Indeed, melanopsin, the blue-sensitive pigment of
ipRGCs, contributes to light-evoked response in the human V1
(65); and, while the majority of input to the mouse dLGN,
which routes information to visual cortices, arrives from conven-
tional RGCs, at least some ipRGC types do project to the dLGN
(66). Therefore, the light-evoked activation we observed in the
visual cortex and LGN likely represents the integration of signals
from both ipRGCs and conventional RGCs.
The frontal regions with light-intensity–dependent activation

in humans did not have a clear correspondence to frontal corti-
cal regions in mice, which based on anatomical data also likely
exhibit light-intensity sensitivity, although new experiments
would have to demonstrate such sensitivity. In mice, the tha-
lamic PHb projects to the infralimbic and prelimbic cortices
(20), raising the possibility that luxotonic neural input is trans-
mitted from the PHb to those limbic cortices. We did not find
light-intensity–dependent activation in the infralimbic and pre-
limbic cortices of humans. However, our relatively conservative
cluster size criterion (27 voxels), the relatively limited size of
the human infralimbic and prelimbic cortices, or differences in
homologous pathways between humans and mice could readily
explain this discrepancy. While it is currently unknown
whether the human PFC is part of a pathway homologous to
the retinal-thalamic-frontocortical pathway discovered in mice,
the persistence and luxotonic nature of light-evoked responses
in the human PFC strongly suggests that it receives input from
ipRGCs, similar to the pathway in mice (20). Knowing the

spectral sensitivity of melanopsin in humans (479 nm) (67),
unlike the present study that used a white-light stimulus, future
studies may utilize discrete monochromatic stimuli to reveal
whether the light-intensity–dependent activation we observed
here is greatest at the peak spectral sensitivity of melanopsin.
Moreover, mouse PHb neurons that receive ipRGCs input,
along with PHb neurons that project to the NAc, are mainly
GABAergic (23). If a subset of mPFC-projecting PHb neurons
is also GABAergic, this feature would raise the possibility that
the mouse PHb transmits inhibitory drive to the PFC. If dis-
covered in humans, PHb-to-mPFC inhibitory input may
explain our observation that light exposure suppressed prefron-
tal activation.

Human PFC and Mood Regulation. The PFC is commonly
divided, based on connectivity and functional specialization, into
the dlPFC and ventromedial PFC (vmPFC) (35, 68). Resting-
state brain activation (26, 28) and glucose metabolic rates
(28, 29) in the vmPFC, including the OFC, are higher in
depressed people, whereas the metabolic rate in dlPFC of
depressed people appears low (28, 30). Recovery from depression
and antidepressants affect the vmPFC and dlPFC in an opposite
manner. Specifically, antidepressants and the accompanying
recovery from depression is associated with decreased vmPFC
activation but increased dlPFC activation (31, 32). Here, we
found light-evoked suppression of the PFC, including in the
OFC. Therefore, similar to antidepressants, light appears to
reduce activation in these regions.

Effect of Light on the Cerebellum and Pineal Body. We identi-
fied a luxotonic region in the uvula that constitutes a large por-
tion of the cerebellar inferior vermis. Activation in this region
was enhanced with light exposure. The uvula is activated dur-
ing optokinetic eye movements, and this activation depends on
the speed and direction of eye movements (69). Interestingly,
oculomotor performance has been shown to depend on light
intensity, resulting in eye movements of greater accuracy in the
light compared to darkness (70), suggesting a possible func-
tional role for the uvula’s light-intensity–dependent activation
in oculomotor responses.

The melatonin-producing pineal gland modulates sleep and
circadian and seasonal rhythms (71). It receives indirect photic
input from ipRGCs (via the paraventricular hypothalamic
nucleus, intermediolateral nucleus of the spinal cord, and superior
cervical ganglion) (72). Our observation that light exposure sup-
presses pineal BOLD activation in a light-intensity–dependent
manner is consistent with the known suppression of melatonin
production in response to light (73). This light-induced melato-
nin suppression is retained following severe degeneration of rods
and cones, in both humans (74) and mice (75). Its spectral tun-
ing is strikingly similar to that of melanopsin, rather than to that
of rods or cones (76), and is a common assay for the integrity of
the nonimage-forming visual system. The similar form of the
pineal and prefrontal light-evoked responses, and its divergence
from light responses in the visual cortex and LGN, is yet another
plausible indicator for ipRGCs contribution to the observed sup-
pression of prefrontal activation by light.

An Overlap Between Luxotonic Regions in Which Activation
Showed Significant Sustained and Transient Components.
While this study focused on how light exposure affects steady-
state brain activation, we also identified 16 brain regions exhibit-
ing a significant transient component that varied monotonically
with light intensity. These regions are merely those in which

Fig. 7. Sustained and transient response regions along the parieto-
occipital sulcus. (A) Horizontal, mid sagittal, and coronal sections showing
the overlap between luxotonic regions in which activity showed both signif-
icant sustained and transient components. Sustained and transient regions
are marked in purple and in red, respectively, and overlapping areas are
marked in green. The MNI coordinates of presented slices are indicated in
yellow. (B) Same data presented on an inflated brain model.
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light-evoked transient activity has been detected. Instead, activa-
tion in these regions varied monotonically with light intensity after
removing any contrast-dependent responses associated with step-
ping light intensity, either down or up. These regions included
the right precentral gyrus (primary motor cortex, T6), which
together with the paracentral lobule (T7, T8) and other structures
participate in planning, regulating, and performing voluntary
movements (77). Indeed, light clearly has a role in shaping
locomotion-related neuronal activity recorded from the motor cor-
tex (78). The frontal operculum (T5) is a critical node in a net-
work controlling activation in other brain areas with roles in a
wide array of cognitive tasks (79–81). The fusiform gyrus (T16)
appears critical for visual categorization and high-level visual proc-
essing, including the processing of information related to faces
and bodies (82–85). The lingual gyrus contributes to visual and
semantic memory and word processing (86–88). The IPS region
(T9) integrates visual and sensorimotor signals for guiding and
controlling spatial action (89, 90), and contributes to object
manipulation and grasping movements (91), attention processes,
and eye movement control (92). Finding luxotonic regions in
these cortical areas raises the possibility that light likely modulates
processing in some of them, thereby possibly influencing a wide
array of sensory, motor, emotional, and cognitive functions. Fur-
ther study into the effect of light exposure on those brain regions
and the functions they mediate would shed light on these ques-
tions. We have found that sustained and transient responsive
regions were almost completely segregated, except for one nearly
contiguous strip running along the parieto-occipital sulcus and the
dorsal cuneus, which is in a position to modify information trans-
ferred from the primary visual cortex to extrastriate cortices (93).
Horiguchi et al. (94) extracted the relative contributions of

transient and sustained neural channels that appear to be inter-
leaved at the scale of a typical 2-mm isotropic fMRI voxel. The
central visual field representation was reported to include a signifi-
cant sustained response, with the amplitude of the sustained chan-
nel signal declining with eccentricity. In the present study, we
utilized transient and sustained temporal channels similar to those
previously used, but only after removing the contrast-dependent
response driven by transitions between light intensities. This was
achieved by subtracting from the BOLD response a third channel
that accounted for the transitions between light intensities.
The activation pattern we observed in V1 is consistent with

previous studies that reported the effect of long-duration
diffused light stimuli in V1 (39, 94, 95). Our results also dem-
onstrate the contribution of sustained and transient compo-
nents to activation in the visual cortex (SI Appendix, Fig. S8).

However, because we removed the contrast-dependent compo-
nent from the BOLD response, in our hands, the extent across
which the transient component dominated was restricted to
smaller areas than reported previously. Indeed, without remov-
ing the contrast-dependent response, the activation pattern in
the visual cortex better resembled previously reported activation
(SI Appendix, Fig. S9). Future work could explore more sophis-
ticated models to account for the contribution of the sustained
and transient response activation components. For example, the
model used by Stigliani et al. (96) that considers prior knowl-
edge on the neural response might prove useful to disentangle
the two seemingly opposing effects.

See SI Appendix for a description of alternative sources of
time-locked increases in brain activation.

Materials and Methods

Twenty healthy female and male participants provided written informed consent
and received modest monetary compensation. This study was approved by the
Brown University Institutional Review Board. We used BOLD fMRI to explore
whole-brain activation patterns in response to full-field diffused-light stimuli at
four intensities. To ensure alertness during the scan session, participants
performed an auditory discrimination task. Data were warped to Montreal Neuro-
logical Institute (MNI) space for anatomical alignment, slice time- and motion-
corrected, spatially smoothed, and normalized. Independent regressors were
used to reveal brain regions having sustained or transient activation that varied
monotonically with light intensity, while accounting for the contrast-dependent
response related to the relative change in light intensity from one stimulus to
the next. See SI Appendix, Supplementary Materials and Methods for further
description.

Data Availability. The raw data and source code required to reproduce all anal-
yses and figures in this paper are deposited in FigShare (https://doi.org/10.6084/
m9.figshare.c.6054941.v1) (97). We have deposited the raw data at OpenNeuro
(https://openneuro.org), including the magnetic resonance images, identifying
information about stimulus light intensity, individual participant coding, and the
time and outcome of the auditory task, and using the following accession num-
ber: ds004065 (98).
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