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Neuronal Representation of 
Ultraviolet Visual Stimuli in Mouse 
Primary Visual Cortex
Zhongchao Tan, Wenzhi Sun, Tsai-Wen Chen, Douglas Kim & Na Ji

The mouse has become an important model for understanding the neural basis of visual perception. 
Although it has long been known that mouse lens transmits ultraviolet (UV) light and mouse opsins 
have absorption in the UV band, little is known about how UV visual information is processed in the 
mouse brain. Using a custom UV stimulation system and in vivo calcium imaging, we characterized 
the feature selectivity of layer 2/3 neurons in mouse primary visual cortex (V1). In adult mice, a 
comparable percentage of the neuronal population responds to UV and visible stimuli, with similar 
pattern selectivity and receptive field properties. In young mice, the orientation selectivity for UV 
stimuli increased steadily during development, but not direction selectivity. Our results suggest that, 
by expanding the spectral window through which the mouse can acquire visual information, UV 
sensitivity provides an important component for mouse vision.

UV vision is widespread in nature1,2 and used for a variety of essential tasks, such as navigation3, com-
munication4, mate-selection5, and foraging6. Although in early vertebrates, UV vision was mediated by 
cone photoreceptors expressing UV-absorbing S-opsin (λ max at 360 nm)7, many contemporary mam-
mals lost their UV-sensitivity by shifting the peak absorption of their S-opsin into the visible spectrum. 
UV-absorbing S-opsin, however, is retained in the two largest mammalian orders, rodentia (e.g., mouse 
and rat) and chiroptera (e.g., the bats)8. In addition to S-opsin, the visible-absorbing rhodopsin and 
M-opsin also have substantial side absorption bands (“β -band”) in the UV9. In spite of the widespread 
UV sensitivity in the retina of many species10, the function of UV vision, especially in these mostly 
nocturnal animals, remains a mystery11,12, and little is known on how UV visual stimuli are processed 
in their central nervous systems.

The house mouse is an ideal model system to study the processing of UV stimuli in the brain. Behind 
lenses highly transparent in UV13, mouse retina is highly sensitive to UV light14. Like most mammals 
including diurnal species, the mouse retina is rod-dominated15. Although cones constitute only 3% of 
the photoreceptor population in mouse16, their density and absolute sensitivity are similar to those in 
the peripheral retina of primates11,17–19. S-opsin is expressed in two cone types: genuine S-cones, which 
express only S-opsin and synapse with S-cone-selective bipolar cells20, and co-expressing cones that also 
contain M-opsin21–23. Despite the coexpression of S- and M-opsins, mice can perform dichromatic color 
discrimination24, the most common form of mammalian color vision25. Another common feature of the 
mammalian retina26, spatially differential opsin expression, is also found in mice21–23,27–31: Within mouse 
retina, the expression level of S-opsin and M-opsin follows a dorsal-ventral gradient, with M-opsin dom-
inant in the dorsal retina and S-opsin dominant in the ventral retina. Such a segregation of S- and 
M-opsin expression can support color opponency in retinal ganglion cells without requiring cone-type 
selective connectivity32–34.

The representation of visual stimuli in mouse central nervous system (CNS) has been extensively 
studied using visible stimuli35. Despite its low acuity, the mouse visual system is found to demonstrate 
many characteristics of cortical visual processing in higher mammals18,36. How UV stimuli are rep-
resented in the mouse CNS, however, is unknown, partly because typical visual stimulation methods 
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do not deliver stimuli in UV. In this study, we constructed a UV projector to characterize UV-elicited 
responses of layer 2/3 neurons in mouse V1. Using in vivo two-photon calcium imaging37, we found that 
UV-evoked cortical responses were orientation-selective and exhibited similar spatiotemporal properties 
to those evoked by visible light. Half of all orientation-tuned neurons were exclusively selective to either 
UV or visible stimuli. The rest half were orientation-selective under both UV and visible stimulation. A 
small percentage of neurons were found to have chromatically opponent receptive fields. We also stud-
ied developmental trajectory of mouse UV vision and found that the percentage of orientation-selective 
neurons increased steadily during development.

Results
Cortical neurons show orientation selectivity to UV stimuli. One important property of neurons 
in the mouse primary visual cortex is their selectivity to oriented visual stimuli, which has been well 
characterized using stimuli in the visible wavelength range. To determine whether L2/3 neurons are 
orientation selective to UV stimuli, we injected AAV-GCaMP6s virus into adult mouse primary visual 
cortex, and recorded cellular calcium responses to drifting sinusoidal gratings under UV illumination 
(100% contrast, spatial frequency 0.04 cyc/deg, temporal frequency 1 Hz) presented to the contralateral 
eye (Fig. 1a). Figure 1c shows an example imaging field, within which a subset of neurons were found to 
be responsive to UV gratings, with some of them showing orientation selectivity by having significantly 
different response amplitudes towards gratings of different orientations. Example somatic fluorescence 
time courses for four such neurons are shown in Fig. 1d. Orientation tuning curves were generated by 
plotting the response Ri, the averaged ∆F/F over a five-second window following the onset of gratings 
drifting in direction θi. The preferred orientation of each neuron was then identified by fitting its tuning 

Figure 1. Neurons in mouse primary visual cortex respond to UV drifting gratings. (a) Two-photon 
fluorescence images were collected from GCaMP6-labeled neurons in primary visual cortex of mouse 
presented with drifting grating stimuli. (b) Normalized spectral sensitivity for S-opsin (purple), M-opsin 
(green), and rhodopsin (black). Shaded rectangles indicate the wavelength ranges of the UV and visible 
light sources. (c) Left, an example two-photon fluorescence image. Right, neuronal responses to UV drifting 
gratings over the same imaging field. Dots indicate neurons that exhibited significant responses but no 
orientation selectivity. Bars mark neurons that exhibited significant tuning for the oriented drifting gratings, 
with the bar orientation matching the orientation preference of each neuron. Scale bar: 20 μ m. (d) Somatic 
calcium time courses for four example neurons labeled in (c). Light gray regions illustrate the 5-second 
duration of drifting grating stimulus. The average response across all 10 trials of a given stimulus condition 
is shown in purple trace, with the standard error across trials shaded in dark gray. Vertical scale bars: 40% 
∆F/F. Horizontal scale bar: 5 s. (e) Orientation tuning curves for four neurons shown in c generated by 
averaging ∆F/F over the five-second window following the stimulus onset. Purple circles, mean; vertical 
purple line, error bar, SEM.; purple curve, fit to a double Gaussian function.
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curve with a double Gaussian function (Fig.  1e). Its orientation-selective index (OSI) was defined as 
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. Among all UV-driven neurons, 69% (n =  174 out of 253 neurons, 7 animals) showed significant 

orientation selectivity (P <  0.05, one-way ANOVA test). We found little evidence for a clearly clustered 
organization of UV-sensitive cells with similar orientation selectivity, in line with the observations made 
in visible-responding neurons in rodent V138.

Cortical neurons responding to UV and visible light are interspersed in layer 2/3 and show 
similar orientation tuning properties. We next investigate what relationship, if any, exists between 
the UV- and visible-responding neurons in layer 2/3 of mouse primary visual cortex. UV and visible 
drifting gratings were presented separately to the contralateral eye while evoked calcium signals were 
recorded at the center of the primary visual cortex (~2.7 mm lateral, 0.5 mm anterior to lambda). Within 
the imaging field of view of a few hundreds of microns, we found that, in terms of their spatial locations, 
the UV and visible responsive neurons are intermingled, with some responding to both UV and visible 
stimuli, while others responding to either UV or visible stimuli (Fig. 2a,b). We found that similar per-
centages of UV-responding and visible-responding neurons exhibited significant orientation selectivity 
(P <  0.05, one-way ANOVA test, 179 out of the 266 visible-responding neurons at 67% cf. 174 of the 
253 UV-responding neurons at 69%). Out of 225 total orientation-tuned neurons, 57% (128) were tuned 
to both UV and visible stimuli (Fig.  2c). The remaining neurons were orientation-tuned in either UV 
(20%, 46 out of 225 neurons) or visible (23%, 51 out of 225 neurons) exclusively (Fig. 2b,c). For all these 
orientation-selective neurons, we plotted their maximal response to UV versus that to visible gratings 
(Fig.  2d). Across the population, neurons tuned to both wavelength ranges tended to distribute along 
the diagonal line while neurons tuned to single wavelength range were mainly dispersed on one side of 
the diagonal line.

Figure 2. Subsets of neurons exhibit orientation selectivity for visible and UV light exclusively, while 
neurons selective to both have similar preferred orientation. (a) Left, two-photon image of neurons 
labeled with GCaMP6s. Scale bar: 20 μ m. Right, responses to visible and UV drifting gratings. Dots, neurons 
with significant responses but no orientation selectivity to visual stimulation. Bars, neurons with significant 
orientation selectivity. Purple, UV-only responsive; green, visible-only responsive; black, responsive to 
both wavelengths. (b) Orientation tuning curves for four example neurons marked in a. Left, Two neurons 
orientation-tuned for both visible and UV wavelengths. Top right, a neuron exhibiting orientation selectivity 
to visible drifting grating exclusively. Bottom right, a neuron with orientation selectivity to UV drifting 
grating exclusively. Open circles, mean; vertical lines, error bar, SEM.; curves, double Gaussian fits to mean 
data. Green: visible; purple: UV. (c) Pie chart showing the percentage of neurons classified as orientation 
selective to only visible stimulation (green), only UV stimulation (purple), or both (black) (225 neurons 
in 7 animals). (d) Scatter plot of the maximal response to UV versus that to visible gratings for neurons 
orientation-selective to only visible (green dot), only UV (purple dot), and both visible-and-UV (open black 
circle) gratings. (e) Scatter plots of orientation selectivity index and tuning width. Dashed lines indicate 
mean values. (f) Histogram of difference in the preferred orientations of neurons orientation-selective to 
both UV and visible gratings.
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We examined two indices reflecting tuning curve shapes: orientation selectivity index and tuning width 
(Fig. 2e). No differences were found in the distributions of orientation selectivity index and tuning width 
between exclusively visible- and UV-tuned neurons (Mann-Whitney test, P =  0.65, 0.92). For neurons 
tuned to both wavelengths, their mean orientation selectivity indices, calculated from their responses to 
either UV or visible stimuli, were significantly higher than the other two groups (Mann-Whitney test, 
P =  1 ×  10−3, 4 ×  10−3) and their mean tuning widths were significantly narrower (Mann-Whitney test, 
P =  6 ×  10−3, 8 ×  10−3). Majority of the UV-and-visibly-tuned neurons had similar preferred orienta-
tions, with differences in preferred orientation less than 45° (Fig. 2f). The same trends hold for neurons 
located more laterally (~3 mm lateral, 0.5 mm anterior to lambda; Fig. 3a–d) and medially (~2 mm lateral, 
0.5 mm anterior to lambda; Fig. 3e–h), corresponding to the more dorsal and ventral regions of the visual 
field, respectively39. We did not observe significant response gradients towards either UV (Fig. 3k) or vis-
ible stimuli (Fig. 3i). In addition, a preference index, defined as (RUV,max− RVisible,max)/(RUV,max +  RVisible,max) 
with RUV,max and RVisibles,max being the peak UV and visible response, was calculated for neurons recorded 
at lateral, central and medial V1 (Fig.  3l–n). No significant difference was observed among distribu-
tions of the preference index across three regions of V1 (Kolmogorov-Smirnov test, P =  0.89, 0.21, 0.09). 
Therefore neurons located at the center of V1 were studied in the following experiments. Together, these 
results indicate that UV visual stimuli elicit substantial orientation-tuned responses from layer 2/3 neu-
rons and suggest that, in mouse primary visual cortex, UV stimulation may be processed in a similar 
fashion to visible stimuli.

Figure 3. Neurons orientation-tuned to UV stimuli were distributed across areas of mouse V1 
representing dorsal and ventral visual field. (a–d) Lateral V1 (dorsal visual field). (a) Pie chart showing 
the percentage of neurons classified as orientation selective to only visible stimulation (green), only UV 
stimulation (purple), or both (black) (156 neurons in 3 animals). (b) Scatter plot of the maximal response 
to UV versus that to visible gratings for neurons orientation-selective to only visible (green dot), only UV 
(purple dot), and both visible-and-UV (open black circle) gratings. (c) Scatter plots of orientation selectivity 
index and tuning width. Dashed lines indicate mean values. (d) Histogram of difference in the preferred 
orientations of neurons orientation-selective to both UV and visible gratings. (e–h) Medial V1 (ventral 
visual field) (141 neurons in 4 animals). (i–k) Proportions of neurons selective for visible, both and UV 
wavelength ranges among all orientation-selective neurons recorded in lateral (L), central (C) and medial 
(M) V1 (Mann-Whitney test, *P =  0.02). (l–n) Distributions of the response preference index for neurons 
located in lateral, central and medial V1, respectively.
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UV and visible visual stimuli evoke neuronal responses with similar temporal and spatial fre-
quency tuning properties. In addition to their similar orientation-selective responses, layer 2/3 cor-
tical neurons also exhibited similar temporal and spatial tuning properties to UV and visible stimuli, as 
characterized by measuring their calcium responses to upward drifting gratings of varying temporal and 
spatial frequencies40,41. For temporal frequency responses, gratings at 5 temporal frequencies (0.5, 1, 2, 4, 
8 Hz) and at the spatial frequency of 0.04 cyc/deg were used to evaluate 211 neurons activated by UV and 
218 neurons activated by visible stimulation in 7 animals. Tuning curves were assessed for each neuron 
and then fitted with a log-Gaussian function to identify its preferred temporal frequency41. Figure  4a 
shows the temporal frequency tuning curves for two example neurons. For both UV and visible gratings, 
their responses peaked at low temporal frequencies and decreased significantly as temporal frequency 
increased. The same trend was observed in the average temporal frequency tuning curve pooled across 
the population of neurons (Fig. 4b). The preferred and high cutoff temporal frequency distributions for 
UV and visible stimulation were not significantly different (Fig.  4c,d) (P =  0.8, preferred; P =  0.4, high 
cutoff; Kolmogorov-Smirnov test).

For spatial frequency tuning, upward drifting gratings of 5 different spatial frequencies (0.01, 0.02, 
0.04, 0.08, 0.16 cyc/deg) at the temporal frequency of 1 Hz were used to assess the spatial frequency tun-
ing of 247 neurons activated by UV and 226 neurons activated by visible stimuli in 4 animals. Figure 4e 
shows the tuning profiles for two example neurons. Both of them had similar band-pass tuning profiles 
to UV and visible gratings, as did the average spatial frequency tuning curves pooled across neurons 
responding to either visible or UV stimulation (Fig. 4f). In terms of the preferred and the high cutoff spa-
tial frequencies, their population distributions under UV and visible stimulation were not significantly 
different (Fig. 4g,h) (P =  0.2 preferred; P =  0.2, high cutoff; Kolmogorov-Smirnov test).

Cortical neurons have overlapping and similarly sized receptive fields to UV and visible stim-
ulation. The visual receptive field of a neuron is a two-dimensional (2D) region in visual space, within 
which a visual stimulus of appropriate structures can evoke neuronal activity42. Receptive fields of layer 
2/3 neurons in mouse primary visual cortex were mapped using sparse-noise visual stimulation pre-
sented with UV and visible illumination, respectively. We injected AAV-GCaMP6f virus into the mouse 
primary visual cortex and monitored calcium transients of labeled layer 2/3 neurons during sparse-noise 

Figure 4. Temporal and spatial frequency tuning properties are similar for UV and visible stimuli. 
(a) Temporal frequency (TF) tuning curves for UV and visible upward drifting gratings for two example 
neurons. They were generated by averaging ∆F/F over the five second window following each stimulus onset. 
Open circles, mean; vertical lines, error bar, SEM; curves, log-Gaussian fits to mean data. Green: visible; 
purple: UV. (b) Average TF tuning curves over 211 and 218 neurons (N =  7 animals) that responded to 
UV and visible stimuli, respectively. (c) Distributions of preferred TF to UV (purple open bar) and visible 
stimuli (green solid bar). (d) Distributions of high cutoff TF to UV and visible stimuli. (e) Spatial frequency 
(SF) tuning curves for UV and visible upward drifting gratings are shown for two example neurons, 
generated by averaging ∆F/F over the five second window following each stimulus onset. (f) Average 
SF tuning curves over 247 and 226 neurons (N =  4 animals) that responded to UV and visible stimuli, 
respectively. (g) Distributions of preferred SF to UV and visible stimuli. (h) Distributions of high cutoff SF 
to UV and visible stimuli.
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stimulation consisting of a pair of white (“ON” stimulation) and black (“OFF” stimulation) square pixels 
randomly distributed on a grid of gray background (Fig.  5a, upper panel). Neuronal responses were 
inferred from calcium transients using a fast nonnegative deconvolution method43 (Fig. 5a, lower panel). 
Jackknife analysis was used to resample the neuronal responses 10 times. Each time, spike-triggered 
averages for ON and OFF stimuli were calculated separately44 at a series of stimulus-response delays, 
and the ON or OFF receptive subfield yielding the highest peak response was chosen. The final receptive 
subfield, the average of the 10 ON or OFF subfields, was z-scored and included into further analysis if 
peak z-score for either ON or OFF subfield was above 5.

Of all the neurons whose RFs were obtained (n =  258, 11 animals), 26% responded only to visible 
sparse noise, 24% responded only to UV sparse noise, and 50% responded to both (Fig. 5c). Figure 5b 
shows the RFs for three example neurons, represented as the subtraction of their OFF subfields from 
their ON subfields, with one neuron responding to both wavelengths, one responding solely to visible, 
and one solely to UV, respectively. The preference indices for neurons responding to both wavelengths 
were calculated using the peak amplitudes in their UV and visible RFs, with most neurons having sim-
ilar maximal responses to visible and UV stimuli with the peak of their distribution centered on zero 
(Fig. 5d). These neurons also have highly spatially overlapping and structurally correlated UV and vis-
ible RFs. Pearson correlation coefficients between the UV and visible RFs were calculated to quantify 
the extent of their spatial overlap. Across the population (Fig.  5e), the average Pearson’s correlation 
coefficients are 0.59 ±  0.03 for ON subfields and 0.56 ±  0.03 for OFF subfields (n =  129, mean ±  SEM), 
respectively.

Fitting all the ON and OFF subfields each with a 2D Gaussian to quantify subfield size (i.e., the full 
widths for the major and minor axes) and shape (i.e., the aspect ratio defined as the ratio between the 
major and minor axis widths), we found that their distributions for UV and visible stimuli are statistically 
indistinguishable (Fig.  5f,g: P =  0.7, 0.9 for ON and OFF subfields, respectively, Kolmogorov-Smirnov 
test; Fig. 5h: P =  0.4, 0.9 for the aspect ratios of ON and OFF subfields, respectively, Kolmogorov-Smirnov 
test): for visible RFs, the population-averaged full widths of major and minor axes were 14.5° ±  7.1° 
and 9.3° ±  4.8° (n =  98, mean ±  SEM) for ON subfields, 15.6° ±  7.1° and 10.5° ±  5.5° (n =  146) for OFF 
subfields, similar to RF sizes obtained in previous studies36,45,46. For UV RFs, the averaged full widths 
of major and minor axes were 14.9° ±  7.1° and 9.0° ±  5.0° (n =  94) for ON subfields, 16.6° ±  9.3° and 
10.9° ±  6.0° (n =  145) for OFF subfields.

L2/3 neurons were classified into ON-dominant and OFF-dominant, by comparing the relative strengths 
of its responses to ON and OFF stimuli in their receptive fields. One-way ANOVAs were used to compare 
the maximal responses during the ON and OFF response time courses, and neurons were considered as 
significantly more sensitive to bright or dark stimuli when the P value was less than 0.05. For both UV 
and visible stimuli, there were consistently more OFF-dominant neurons than ON-dominant neurons 
(Fig.  5i), similar to previous observations in the primate visual cortex47. Interestingly, a small number 
of neurons were found to possess chromatically opponent responses48, which may underlie the dichro-
matic color vision observed in mouse24. Figure  5j shows the visible and UV RFs for a color-opponent 
neuron. Its radial receptive fields were calculated by averaging over concentric annuli49 and displayed 
as a function of the distance from receptive field center. As shown in Fig. 5k, this color-opponent neu-
ron had antagonistic radial receptive field profile, behaving as OFF-dominant under UV illumination 
and ON-dominant under visible illumination. Of the 258 visually-responsive neurons whose RFs were 
measured, two neurons (~1%) were found to be significantly chromatic opponent, with their correlation 
coefficients between the visible and UV radial RFs being significantly negative (P <  0.05).

UV-evoked visual response in young mice post eye opening. We also studied how L2/3 neu-
rons in the primary visual cortex of young mice (P14-P18) responded to UV stimuli. L2/3 neurons 
were labeled with GCaMP6s via in utero viral injection, and their calcium activity evoked by full-field 
drifting gratings were recorded with two-photon fluorescence microscopy soon after eye opening at day 
P14-P18. Similar to the results obtained in adult mice, we found neurons that respond to either or both 
UV and visible stimuli (Fig. 6a,b). However, in young mice, a much smaller fraction of neurons exhibited 
orientation-tuned responses to UV gratings (Fig. 6c). We plotted the maximal response to UV versus that 
to visible gratings for all orientation-tuned neurons (Fig.  6d). Similar to that in the adult mice, across 
the population, neurons tuned to a single wavelength range were mainly dispersed on one side of the 
diagonal line, whereas neurons tuned in both wavelength ranges fall along the diagonal line. We also 
examined orientation selectivity index and tuning width (Fig.  6e). Exclusively UV-tuned neurons had 
significantly lower mean orientation selectivity index (Mann-Whitney test, P =  1 ×  10−3, 3 ×  10−3) than 
the other two groups. No significant difference was found in tuning width between exclusively UV- and 
visible-tuned neurons (Mann-Whitney test, P =  0.06).

We further investigated whether the UV-evoked cortical responses follow the same developmen-
tal trajectory in terms of their direction and orientation selectivity as their visible counterparts. In 
agreement with previous results50,51, with stimuli in the visible range, a much lower percentage of the 
visually-evoked neurons in young mice were found to possess significant orientation selectivity (one-way 
ANOVA test, P <  0.05) (29%, or 98 out of a total of 336 neurons, N =  12 young animals vs. 67% or 179 
out of 266 neurons, N =  7 adult animals) (Fig. 6f). A similar trend was observed for UV stimuli, with 
the fraction of orientation-selective neurons increasing from 19% (32 out of 168 neurons) to 69% (174 
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Figure 5. Neurons have overlapping and similarly-sized receptive fields to UV and visible stimulation. 
(a) Top, example sparse noise visual stimuli each lasting 400 ms. For one example neuron, raw calcium signal 
under visible (green) and UV (purple) stimulation (first and third traces) were plotted together with the 
deconvolved responses (second and forth traces). Vertical scale bar: 100% ∆F/F. Horizontal scale bar: 5 s.  
(b) Receptive fields (RF) for three example neurons, represented as the subtraction of their OFF subfields from 
their ON subfields, with one neuron responding to both wavelengths, one responding solely to visible, and 
one solely to UV, respectively. The gray scale was normalized to between − 1 and 1 with 0 corresponding to 
balanced ON-/OFF-response. Top row: visible RFs; Bottom row: UV RFs. Yellow and red ellipses defined by 
the 2D Gaussian fitting parameters outline the RF. (c) Pie chart showing the percentage of neurons classified 
as responsive to only visible, only UV, or both wavelength ranges (258 neurons in 11 animals). (d) Histogram 
of the preference index (PI) for neurons responsive to both UV and visible stimuli. (e) Distributions of the 
correlation coefficients between visible and UV RFs for ON subfields (open box) and OFF subfields (shaded 
gray). (f) Width distributions of the major axis of ON subfields mapped using visible (green solid bar) and 
UV (purple open bar) stimuli. (g) Width distributions of the major axis of OFF subfields mapped using visible 
and UV stimuli. (h) Averages of the RF aspect ratios for ON and OFF subfields mapped using visible and UV 
stimuli. (i) Numbers of ON- and OFF-dominant neurons to visible (green) and UV (purple) stimuli, as well 
as chromatic opponent cells (black). (j) Receptive field of a VisibleON-UVOFF color-opponent neuron. Gray 
scale represents normalized response magnitude. The red and yellow line is 2D Gaussian fits of ON and OFF 
responses, respectively. (k) Radial spatial receptive field calculated as a function of distance from receptive 
field center for the neuron in j, with the overlaid visible and UV RFs exhibiting antagonistic spatial profiles.
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out of 253 neurons) between young and adult mice (Fig. 6g). The increase of orientation selectivity dur-
ing development is also reflected by the OSI cumulative distributions in young versus adult mice, with 
the young mice having, on average, significantly lower OSI than the adults under both UV and visible 
stimuli (Fig.  6h)51. The orientation selectivity in UV is also significantly lower than that in the visible 
(Fig. 6h). Many of the orientation-selective (OS) neurons in young mice are actually direction-selective 
(DS), a trend also observed with visible stimuli and explained previously by the differential development 
of orientation selectivity and direction selectivity in mice: at eye opening, most of the OS neurons are 
DS; strictly OS (but not DS) neurons appear during development with the proportion of DS neurons 

Figure 6. UV-evoked visual response in young mice post eye opening. (a) Left, two-photon image of 
neurons labeled with GCaMP6s. Scale bar: 20 μ m. Right, responses to visible and UV drifting gratings. Dots, 
neurons with significant responses but no orientation selectivity. Bars, neurons with significant orientation 
selectivity. Purple, UV-only responsive; green, visible-only responsive; black, responsive to both wavelengths. 
(b) Orientation tuning curves for four example neurons. Left, neurons orientation-tuned to both visible and 
UV drifting gratings. Right, neurons exhibiting orientation selectivity exclusively to visible or UV drifting 
gratings, respectively. (c) Left, pie chart showing the percentage of neurons in young animals classified as 
orientation selective to only UV stimulation (purple), only visible stimulation (green), or both (black) (125 
neurons in 12 young mice). (d) Scatter plot of the maximal response to UV versus that to visible gratings 
for neurons orientation-selective to only visible (green dot), only UV (purple dot), and both visible-and-UV 
(open black circle) gratings. (e) Scatter plots of orientation selectivity index and tuning width. Dashed 
lines indicate mean values. (f) Proportions of orientation-selective (OS, green solid bar) and of direction-
selective (DS, green open bar) neurons among all responsive neurons recorded in young and adult animals 
under visible stimulation (Mann-Whitney test, ***P =  1 ×  10−6). (g) Proportions of OS (purple solid bar) 
and of DS (purple open bar) neurons among all responsive neurons recorded in young and adult animals 
under UV stimulation (Mann-Whitney test, ***P =  1 ×  10−6). (h) Cumulative distributions of orientation 
selectivity indices for UV (purple) and visible (green) in young (solid lines) and adult (dashed lines) mice 
(Kolmogorov-Smirnov test, *P =  0.04, ***P =  4 ×  10−8, 4 ×  10−8). Error bars in f–g indicate SEM across 
imaging sessions.
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remaining unchanged51 (Fig. 6f,g,h). Our results suggest that UV-evoked visual processing follows sim-
ilar developmental trajectory.

Discussion
In mouse retina, UV response can be mediated by S-opsin through its peak absorption band as well 
as M-opsin and rhodopsin through their substantial β -band absorption in the UV range (Fig.  1b)9. 
The UV luminance level (173 R*/rod/s) used in our study does not saturate rod-mediated ganglion cell 
responses29. Therefore, it is possible that some of the cortical responses driven by UV stimuli may go 
through rod-mediated pathways. However, UV-evoked responses in cortex can be sustained by cones 
alone at our luminance level, as confirmed by two-photon calcium imaging experiment (Supplementary 
Fig. S1) in the primary visual cortex of Gnat− /−  mice that lack functional rods52. With only cones func-
tional, neurons in Gnat− /−  mice show strong responses to UV stimuli under the same luminance condi-
tion and have similar orientation tuning properties to those observed in wild-type animals.

The β -band absorption of M-opsin and rhodopsin may underlie our inability to observe a 
UV-response gradient across V1 (Fig. 3). Under our illumination condition, in the dorsal retina, where 
M-opsin-dominated cones lie within a sea of rods, the visible stimuli act through the main absorption 
peak of M-cones whereas UV stimuli work through the β  bands of both M-cones and rods; in the ventral 
retina, UV stimuli can evoke response through both S-opsin-dominated cones and rods, and there are 
still significant M-opsin present to mediate visible-evoked responses29,31. Therefore, under our illumina-
tion condition, both visible and UV stimuli can effectively stimulate the dorsal and ventral retina, as well 
as their retinotopic cortical areas.

Widespread coexpression of S and M-opsins was generally thought to be detrimental to color 
vision. Nevertheless, mice can make dichromatic color discrimination between UV and visible light24. 
Chromatic-opponent retinal ganglion cells have been discovered both in vivo32,33 and ex vivo53, and it 
has been proposed that the opsin distribution anisotropy in the form of opposing dorsoventral gradi-
ent in mouse retina is sufficient to generate chromatic opponency in RGCs without cone-type selective 
spatiotemporal processing53,54. It remains unclear whether and how these color discriminating RGCs 
contributes to observed dichromatic color vision in mice53, which requires studying chromatic processing 
in downstream neurons48. Using diffuse stimulation and single-unit recording, Ekesten and coworker 
found 1% of the neurons in mouse primary visual cortex to be chromatic-opponent55. Of all the visually 
responsive L2/3 neurons in our study, a similar percentage of them were found to have chromatic oppo-
nency as determined from their UV and visible receptive fields measured with sparse-noise stimuli. Each 
pixel in our sparse-noise stimulation extends a 7.5° visual angle, corresponding to a 0.25-mm stimulus 
diameter on retina itself, a size, according to recent work by Chang and coworkers, too small to evoke 
strong chromatic opponency in alpha-like RGCs53, which may explain the small percentage of chromatic 
opponent neurons found in our study. In addition to color opponency on single-neuron level, color 
perception may also be enabled through population coding via distributed activity across the cortical 
population of non-opponent neurons56,57. In our study, L2/3 neurons in V1 were found to possess a 
broad range of responses to visible and UV stimuli with substantial fractions classified as visible-only or 
UV-only neurons. Theoretically, their activity patterns may represent hues that can be decoded for color 
perception. A comprehensive investigation of color discrimination in mouse visual system is beyond 
the scope of this work. However, given the amenability of the mouse to many experimental techniques, 
we hope our results would motivate further study with mouse as a model system for dichromatic color 
signal processing.

In young mice immediately post eye-opening, a smaller percentage of orientation-selective neurons 
responded to our UV than visible stimuli. One possible explanation is that, in these mice, the postnatal 
development of cortical responses to UV is delayed compared to the response to visible, even though 
S-opsin immunoreactive cones are detected earlier than M-cones58. Interestingly, in human infants where 
S-opsin expression also precedes M/L-opsin59, the S-opsin mediated vision matures later compared to 
M/L-opsin vision60. However, several factors complicate this picture. At eye opening, the mouse lens still 
has areas of opacity and only becomes completely transparent one week later61. Not knowing the UV 
transmittance of these opaque lenses, we cannot be certain about the UV luminance level at retina. The 
stronger scattering for the shorter-wavelength UV light may also degrade the contrast of UV gratings on 
the retina more than visible gratings. Since luminance and contrast sensitivity of retinal ganglion cells 
in mouse retina after eye opening is lower than its adult counterpart62,63, the reduced cortical response 
to UV may be simply caused by less effective UV excitation. To elucidate the developmental timeline of 
UV vs. visible responses, one needs to characterize the ocular optical properties of young mice as well 
as compare light-evoked responses to UV and visible stimuli in ex vivo retina.

Our observations that neurons in mouse primary visual cortex respond to achromatic UV stimuli and 
have comparable spatiotemporal response properties as those to visible stimuli suggest that UV stimuli 
contribute to achromatic vision in similar ways to its visible counterparts. We found no significant dif-
ference in temporal frequency tuning of these L2/3 neurons under visible and UV stimuli. In both cases, 
the population-averaged TF tuning curves showed low-pass property, with the majority of the neurons 
exhibiting maximal responses at 0.5 Hz (the lowest TF presented), similar to previous observations in 
anaesthetized mice39,64. Because anesthesia suppresses responses at high temporal (and spatial) frequen-
cies41,65, our results should only be interpreted in the context of UV and visible response comparison.
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It is noteworthy that neurons in mouse primary visual cortex have similar SF responses and receptive 
field properties to UV and visible visual stimuli. It has been long proposed that S-cone vision is likely 
to have lower spatial resolution than vision mediated by longer wavelength cones, because the stronger 
scattering and aberration experienced by shorter wavelength light would degrade high-spatial-frequency 
information2,66. For example, there is a long-standing observation in human that blue vision mediated by 
S-cones is markedly inferior in acuity to that of the green and red vision, which renders humans essen-
tially blue-blind for very small objects67–69. Neurons in the tree shrew primary visual cortex also have 
lower spatial frequency preferences in the blue S-cone responses than the response to longer wavelength 
stimuli70. The same trend has been speculated for mouse, whose S-opsin absorbs at even shorter wave-
lengths in ultraviolet71. However, the statistically identical spatial frequency tuning and receptive field 
properties for UV and visible stimuli suggest that UV-based vision in mouse has similar acuity to that 
based on visible light. This apparent contradiction becomes less surprising when we look at the S-opsin 
distribution in the photoreceptor mosaic: in human, S-cones are absent in the foveal center, which sus-
tains the highest acuity vision and is protected from interference of short-wavelength irradiance by the 
blue- and UV-absorbing macular pigment, and are sparsely represented away from the fovea72; in tree 
shrew, the spacing between the S-cones is also much larger than the M cones70,73. For mouse, however, 
densities of the S-opsin-dominated cones and the M-opsin-dominated cones are comparable27, consist-
ent with our results. With the already low visual acuity of mouse (~50–100 times worse than that of 
human)74,75, image quality degradation by mouse eye in the UV band may have negligible effects on its 
spatial acuity. However, because we only studied primary visual cortex, although our results suggest that 
S-cone mediated UV vision may sustain vision at an acuity as high as those based on longer wavelength 
cones, behavior experiments using UV stimuli would be needed to provide a definitive answer74.

Taken together, our results suggest that UV sensitivity provides an important component for mouse 
achromatic vision with similar feature selectivities to those for visible stimuli in primary visual cortex. 
Given their short life span and crepuscular/nocturnal lifestyle, retinal damage from UV irradiance would 
not be a serious concern, while UV vision capacity allows the expansion of the spectral window through 
which mouse can acquire visual information, especially during dusk and dawn when the relative intensity 
of UV light is highest76 and mice are most active77. The same principles may hold for other mammalian 
species with UV vision.

Methods
Animal Preparation. All procedures were in accordance with protocols approved by the Janelia Farm 
Research Campus Institutional Animal Care and Use Committee. Wild-type mice (C57BL/6Crl, Charles 
River) of either sex were used in all experiments. Adult animals were older than P60, and juvenile mice 
were between P14 and P18. During surgery, mice were anaesthetized with isoflurane-oxygen mixture 
(2% by volume in O2). A craniotomy was made over the left primary visual cortex (adult animal: center 
~2.7 mm lateral, 0.5 mm anterior to lambda; young animal: center ~2.2 mm lateral, 0.4 mm anterior to 
lambda). The dura was left intact. For adult mice, 30 nL virus (AAV1-syn-GCaMP6s-WPRE-SV40 or 
AAV1-syn-GCaMP6f-WPRE-SV4) was slowly injected into the border between monocular and binocu-
lar regions at a depth of 200–250 μ m below the pial surface to label L2/3 neurons for calcium imaging78. 
The injection system was comprised of a pulled glass pipette back-filled with mineral oil and connected 
to a one-axis oil hydraulic micromanipulator (Narishige). After injection, the cortex was covered with 
a double-layered glass coverslip, sealed in place with dental acrylic. The double-layered glass was com-
prised of a No. 2 glass coverslip (2 mm diameter) attached to a larger No. 1 glass coverslip (3.5 mm diam-
eter) using UV-cured optical adhesives (Norland Optical Adhesives). A titanium head-post was attached 
to the skull with cyanoacrylate glue and dental acrylic to permit head fixation and two-photon imaging 
over the cranial window. Experiments were conducted 2–8 weeks after virus injections.

In Utero Virus Injection. For juvenile mice, GCaMP6s was introduced into their cortex 
through in utero virus injection. E15-E16 timed-pregnant mice were deeply anesthetized with an 
isoflurane-oxygen mixture (2% volume in O2). The uterine horns were exposed. 345–690 nL virus 
(AAV1-syn-GCaMP6s-WPRE-SV40) with Fast Green (13–26 nl, 2.5 mg/ml) were injected through a 
pulled-glass capillary tube into the left embryonic cerebral ventricle in five consecutive pulses to label 
layer II/III neurons79.

Visual Stimulation. Because equipment typically used for visual stimulation (e.g., computer mon-
itors) do not emit in the UV range, visual stimuli were presented by back projection using a DLP® 
projector on a screen made of UV-transmitting Teflon®  film. The DLP® projector was modified to run 
at 360 Hz by removing the color wheel. The lamp housing was replaced by a holder for a liquid light 
guide, and firmware modifications were made to ensure the equilength of all frames in the projected 
image (designed by Anthony Leonardo, Janelia Farm/HHMI, and Lightspeed Design Inc, model WXGA-
360). Projected image luminance intensity varies linearly with the minimum being 2570 ×  smaller than 
the maximum. UV (320–380 nm, peak at 365 nm) and visible (450–495 nm, peak at 472 nm) light was 
generated by a UV lamp (Richard Wolf) and a LED light source (SugarCUBE), respectively, combined 
by a dichroic beamsplitter (FF409-Di03-25 ×  36, Semrock), and delivered to the projector through the 
liquid light guide.
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The screen was positioned 17 cm from the right eye, at ~40° to the long axis of the animal so that 
the receptive fields of the imaged neurons were at the center of the screen. The screen covered 75° ×  75° 
degrees of visual space. For each protocol, UV and visible illuminations were used separately to generate 
stimulation patterns; therefore, all visual stimuli were single-colored in either UV or visible band. (In 
principle, heterochromatic UV-visible stimuli such as those used for cone-isolating stimulation70 can be 
generated by using two carefully-aligned projectors that project monochromatic UV and visible gratings 
onto the same screen. However, such stimulation is beyond the scope of this paper.) The power of the 
drifting grating stimuli measured using a UV-sensitive photodiode (S120VC, Tholabs, Ø9.5 mm) at the 
location of animal eyes was 437 nW/mm2 and 16.9 nW/mm2 for visible and UV light source, respectively. 
From the power, we then calculated the photoisomerization rates for rod, M-opsin-dominated cone, and 
S-opsin-dominated cone at the peak wavelengths of our UV and visible stimuli19:

( / / ) = ( ) ( ) ( )∆
( ), −λ τ λ λ⁎I R F

A

A
a Tcone s

1cornea
pupil

retina
media c end on

where Fcornea(λ) is the flash strength of stimuli at wavelength λ specified in units of photons per mm2 at 
the cornea, Apupil is 0.1 mm2 in mouse photopic vision80, Aretina is the retinal area occupied by the 75° tar-
get calculated as 4.9 mm2 19, τmedia(λ) is the transmission through ocular media, ac,end-on(λ) is the effective 
cross-sectional area of mouse cone for axially propagating light19,22, Δ T is 1 s in duration. Assuming that 
the transmission loss is dominated by the lens, τmedia(λ) is 0.66 for UV (at 365 nm) and 0.89 for visible 
stimuli (at 472 nm)81. ac,end-on(λ)reflects the spectral sensitivity of the opsins and was calculated by19,22,82:
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where f is a dimensionless factor that account for any light funneling by the inner segment, set at 1.24 for 
rods and 7 for cones; d is the outer segment diameter, set at 1.8 μ m for rod and 1.5 μ m for cones; L is the 
outer segment length, set at 25 μ m for rods and 13 μ m for cones; γ  is quantum efficiency of photoisomeriza-
tion, assumed to be the same for rods and cones and set at 0.66; Δ D(λ) is the axial optical density of opsins 
in the outer segment [o.d./μ m] at wavelength λ . At λmax, Δ D(λmax) =  0.015 for rods and cones. Following 
the visual pigment templates proposed by Govardovskii et al.9, we have for rods, Δ D(365 nm) =  0.004 
o.d./μ m, Δ D(472 nm) =  0.013 o.d./μ m; for M-opsin-dominated cones, Δ D(365 nm) =  0.004 
o.d./μ m, Δ D(472 nm) =  0.011 o.d./μ m; for S-opsin-dominated cones, Δ D(365 nm) =  0.015 o.d./μ m, 
Δ D(472 nm) =  0 o.d./μ m. For rods, ac,end-on(365 nm) =  0.40 μm2 and ac,end-on(472 nm) =  1.08 μm2; 
for M-opsin-dominated cones, ac,end-on(365 nm) =  0.87 μm2and ac,end-on(472 nm) =  2.31 μm2; for 
S-opsin-dominated cones, ac,end-on(365 nm) =  2.91 μm2and ac,end-on(472 nm) =  0 μm2. Therefore, our UV 
and visible stimuli gave rise to I(R*/rod/s) of 173 at 365 nm and 2.0 ×  104 at 472 nm, I(R*/coneM/s) of 361 
at 365 nm and 4.4 ×  104 at 472 nm, and I(R*/coneS/s) of 1.2 ×  103 at 365 nm and 0 at 472 nm, respectively. 
For measuring orientation tuning, full-field drifting sinusoidal gratings (100% contrast, 1 Hz, 0.04 cyc/
deg) were presented in 8 directions38 in a pseudorandom sequence. Each stimulus was 5 s in duration 
with a 5 s gray-screen interstimulus interval. In the temporal frequency (TF) protocol, the stimulus set 
consisted of upward drifting gratings of five TFs (0.5, 1, 2, 4, 8 Hz) and at the SF of 0.04 cyc/deg. In 
the spatial frequency (SF) protocol, the stimulus set consisted of upward drifting gratings of five SFs 
(0.01, 0.02, 0.04, 0.08, 0.16 cyc/deg) and at the TF of 1 Hz41. A total of 10 blocks were presented in each 
measurement.

Two-Photon Calcium Imaging. Mice were placed on a heating pad and kept anesthetized with 0.5% 
isoflurane-oxygen mixture and sedated with chlorprothixene (0.3 mg/ml, intramuscular injection, 40 μ l 
and 20 μ l for adult and young mice, respectively). UV-transparent silicone oil (polydimethylsiloxane) 
was applied to the surface of their eyes to prevent them from clouding. Imaging was performed with a 
custom-built two-photon microscope controlled by LabVIEW, as described previously83. A Ti:sapphire 
laser (Coherent) tuned to 900 nm was used for fluorescence excitation through a NA 0.8, 16×  water 
dipping objective (Nikon). Imaging frames were acquired at ~7 Hz for receptive field mapping experi-
ment84 and ~2 Hz for all the other experiments. The onset of each visual stimulus was marked by a small 
patch of bright pixels and detected by a photodetector, which then sent a voltage signal to trigger image 
acquisition.

Tuning Curve Analysis. Image sequences were analyzed with custom programs written in MATLAB 
and LabVIEW. Image sequences obtained during 10 blocks of stimulation presentation were aligned to 
correct for motion-induced displacement in the XY plane. Somata of neurons were outlined by hand 
as regions of interest (ROIs). Neuropil contamination was corrected as Fcell_true(t) =  Fcell_measured(t)− r ×  
Fneuropil(t), where Fcell_measured(t) and Fcell_true(t) are the neuronal signal before and after correction. The 
neuropil signal Fneuropil(t) was measured by averaging the signal of all the pixels within a 20-μ m region 
from the cell center but outside the somata outlines85. Scaling factor r was set at 0.778. After averaging 
the Fcell_measured(t) from the ten trials, the response Ri of each neuron was expressed as relative fluores-
cence changes (∆F/F) between the averages of the 2.5-second pre-stimulus baseline and the 5-second 
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stimulation window from all pixels within specified ROIs. A neuron was considered as responsive if its 
activity during at least one visual stimulus was significantly higher than their activity during the inter-
stimulus period by ANOVA test (P <  0.05)86. Under this criterion, 89% of L2/3 neurons in adult mice 
(total N =  299) respond to visible while 85% respond to UV stimuli. For young mice (N =  403), 84% 
respond to visible while 42% respond to UV stimuli.

Neurons were defined as orientation selective if there was significant response discrepancy across 
eight directions by ANOVA test (P <  0.05)70. For each neuron, statistical screening and parameter fitting 
were performed for UV and visible stimuli separately. For each neuron, its response Ri, the averaged 
∆F/F across five second stimulation window, was used to generate the tuning curve. To identify the pre-
ferred orientation of each neuron, the responses to drifting gratings were fitted with a 2-peak Gaussian 
function86,87:
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where ROFFSET is a constant offset and θPREF is the preferred direction. RPREF and ROPP are the response 
amplitudes to the preferred and its opposite directions, respectively. σPREF and σOPP are the tuning widths 
for the preferred and its opposite directions, respectively. ang(x) =  min(x, x − 360, x +  360) wraps angular 
difference values onto the interval 0° to 180°. Orientation selectivity index (OSI) was calculated88 as 
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the direction opposite to θPREF. A neuron is classified as direction-selective if its DSI is larger than 0.551.
Many neurons respond to both visible and UV stimuli. To quantify their relative responsiveness 

towards UV versus visible stimuli, we define a preference index as −
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RVis,max are the peak responses evoked by UV and visible stimuli, respectively. A preference index of 
1(− 1) indicates complete UV(Visible) dominance. Neurons giving identical responses to UV and visible 
stimuli have a preference index of 0.

In the SF and TF experiments, only responsive neurons were included for analysis, defined as those 
whose activity during one stimulation condition was significantly higher than that during the interstim-
ulus period by ANOVA test (P <  0.05). To identify the preferred TF of each cell, responses were fitted 
by a log-gaussian function41,
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where TFPREF is the preferred TF. The high cutoff TF is defined as the frequency where the fitted response 
declined to 3 dB of the peak response.

To identify the preferred SF of each cell, responses were also fitted by a log-gaussian function,
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where SFPREF is the preferred SF. The high cutoff SF is defined as the frequency where the fitted response 
declined to 3 dB of the peak response. For both the TF and SF experiments, only neurons with R-squared 
values superior to 0.8 were included.

Receptive Field Mapping. RFs were obtained separately for UV and visible stimulations using  
in vivo two-photon calcium imaging46. GCaMP6f was used instead of GCaMP6s to utilize its faster 
response time78. Sparse-noise stimulation sequences were presented during two-photon calcium imaging. 
Each stimulus frame lasted for 400 ms and consisted of a pair of dark and bright square pixels randomly 
distributed within a gray 10 ×  10 grid (in one case, 7 ×  7 grid), extending ~75° of visual field. These 
frames were refreshed at 2.5 Hz and the total stimulation time was around 30 min for one wavelength 
range. Neuronal responses were inferred from calcium signals using the fast non-negative deconvolution 
method43. Jackknife analysis was then used to resample the neuronal responses 10 times and each time 
omitting a different 10% of the response45,89. For each resampled response set, spike-triggered averages 
for ON and OFF stimuli were calculated separately44 at various time delays from − 2 to 5 frames prior 
to neuronal responses. The ON and OFF receptive subfields obtained at the time delays that yielded the 
highest peak response amplitudes were chosen. The final receptive subfields were the averages of these 10 
pairs of receptive subfields. Only subfields that pass thresholding at 5 z-scores were included for further 
analysis. The final receptive field was calculated by subtracting the OFF subfield from the ON subfield.

In order to compare the similarity of RF structures between visible and UV stimulation, Pearson 
correlation coefficient (r) was calculated between visible and UV RF’s for their ON and OFF subfields, 
respectively90:
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where RVis(UV),i,ON(OFF) is the visible(UV) response at each grid location i of the ON(OFF) receptive 
subfield90.

For easier visualization, RFs were smoothed with cubic spline interpolation while all quantitative 
analyses were performed on uninterpolated RFs46. The ON and OFF subfields were each independently 
fitted with a 2D Gaussian function90 only if their peak z-scores were above five:
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where x′  and y′  are the 2D rotational transformations of space coordinates x and y at angle θ, along 
which the Gaussian function is oriented. Consequently, RF and their subfields were depicted by the area 
enclosed by the ellipse with a and b as its semimajor and semiminor axes. The aspect ratio of the recep-
tive subfield was defined as the ratio between a and b.

The jackknife analysis above allowed us to compare the response magnitudes to ON and OFF stimuli, 
in order to determine whether a responsive neuron is ON-dominant, OFF-dominant, or equally respon-
sive to ON and OFF stimuli. One-way ANOVA test was performed for the maximal responses at the 
optimal stimulus-response delay during the ON and OFF time courses. The difference between ON and 
OFF responses was considered significant if the statistical test gave a P-value less than 0.05.

For neurons that have RFs measured in both UV and visible, a radial spatial receptive field was 
calculated by averaging across concentric annuli, as a function of the distance from the center of its 
receptive field. The correlation coefficient between the visible and UV radial receptive fields was used 
to determine whether spatially antagonistic color-opponent characteristics exist between visible and UV 
receptive fields. A neuron was considered color-opponent if it had a significantly (P <  0.05) negative 
correlation coefficient.
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