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N E U R O S C I E N C E

Top-down modulation of the retinal code via 
histaminergic neurons of the hypothalamus
Rebekah A. Warwick1†, Serena Riccitelli1†, Alina S. Heukamp1‡, Hadar Yaakov1‡,  
Bani Prasad Swain1, Lea Ankri1, Jonathan Mayzel1, Noa Gilead2, Reut Parness-Yossifon2,  
Stefano Di Marco3,4, Michal Rivlin-Etzion1*

The mammalian retina is considered an autonomous circuit, yet work dating back to Ramon y Cajal indicates that 
it receives inputs from the brain. How such inputs affect retinal processing has remained unknown. We confirmed 
brain-to-retina projections of histaminergic neurons from the mouse hypothalamus. Histamine application 
ex vivo altered the activity of various retinal ganglion cells (RGCs), including direction-selective RGCs that gained 
responses to high motion velocities. These results were reproduced in vivo with optic tract recordings where his-
taminergic retinopetal axons were activated chemogenetically. Such changes could improve vision of fast-moving 
objects (e.g., while running), which fits with the known increased activity of histaminergic neurons during arousal. 
An antihistamine drug reduced optomotor responses to high-speed moving stimuli in freely moving mice. In hu-
mans, the same antihistamine nonuniformly modulated visual sensitivity across the visual field, indicating an 
evolutionary conserved function of the histaminergic system. Our findings expose a previously unappreciated 
role for brain-to-retina projections in modulating retinal function.

INTRODUCTION
The retina is typically viewed as an autonomous neuronal tissue, 
which processes external input—the visual image—and projects its 
output to the brain. Yet, more than a century ago, Ramon y Cajal 
showed that the avian retina is innervated by retinopetal axons 
coming from the brain via the optic nerve (1, 2), suggesting that 
visual processing in the retina is subject to top-down modulations. 
Later, the presence of retinopetal axons was confirmed in various 
other vertebrate species, with some reports also in mammals, in-
cluding humans [reviewed in (3)]. These studies described a few 
fibers that emerged from the optic disc and branched extensively to 
cover a large portion of the retina and tended to terminate in the 
inner plexiform layer (IPL) or the inner nuclear layer (4, 5). Still, 
retinopetal axons in the mammalian retina remain elusive and their 
origin is controversial, probably due to the small number of project-
ing neurons.

Immunohistochemical analyses demonstrated the presence of 
retinopetal axons containing histamine in guinea pig, mouse, rat, 
and primate retinas (6–10). Because neurons located in the tuber-
omammillary nucleus (TMN) of the posterior hypothalamus are the 
only source of neuronal histamine in the mammalian nervous sys-
tem (10–13), it was suggested that histaminergic retinopetal axons 
originate from the TMN (14). Moreover, it was explicitly shown that 
the retina does not contain any histamine-producing neurons (14), yet 
retinal histamine levels are comparable with other brain regions 
innervated by histaminergic neurons (15, 16). Histaminergic axons 
generally do not form synaptic contacts, so histamine is thought to 
act in a paracrine fashion (8, 17) via three types of histamine recep-
tors (HRs) that have been identified in the mammalian CNS. H1R 

and H2R are Gq- and Gs-coupled receptors, respectively, and their 
direct action is usually excitatory, whereas H3R is a Gi-coupled re-
ceptor that typically has an inhibitory effect (17). All three HRs were 
found in the retina (15, 16), suggesting that histamine plays a neuro-
modulatory role in this tissue (8, 18–23).

Histaminergic retinopetal axons pose a potential paradigm shift, 
as their existence suggests that higher brain areas can shape the reti-
nal code. However, the functional role of histamine and its contribu-
tion to early visual processing is still poorly understood. Previous 
studies demonstrated that histamine acts on several retinal cell 
types, including cones, bipolar cells (BPs), and amacrine cells (ACs), 
via the activation of different receptors (18, 20, 21, 23). Two studies 
found that histamine alters the output of a large portion of retinal 
ganglion cells (RGCs), but this effect was highly variable (24, 25).

The firing rate of histaminergic neurons is correlated with the 
arousal state of the animal; they are minimally active during sleep 
and their activity peaks during attentive waking (26–29). It has re-
cently been suggested that arousal state directly influences activity 
in early visual structures—the dorsal lateral geniculate nucleus 
(dLGN) and the superior colliculus (SC) (30, 31), but it is unknown 
whether these effects are mediated by histamine or even retinopetal 
axons. To further complicate matters, histaminergic neurons are 
known to project to many brain areas, including those responsible 
for visual processing, raising the possibility that they locally modu-
late RGC axon terminals in these regions (14, 32, 33).

Here, we sought to reveal the effects of histaminergic retinopetal 
projections on retinal output. We first used viral injections in trans-
genic mice and identified histaminergic retinopetal projections that 
originate in the TMN. Using two-photon Ca2+ imaging, multielec-
trode array (MEA) and targeted patch clamp recordings, we showed 
that histamine affects both the baseline and light-evoked activity 
of various RGCs, including the OFF-transient alpha RGC and 
direction-selective ganglion cell (DSGC). Crucially, we demonstrated 
that both ex vivo histamine application and in vivo selective che-
mogenetic activation of the histaminergic retinopetal axons induce 
substantial changes in DSGCs, enhancing their responses to higher 
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motion velocities. Last, we found that an antihistamine reduces 
optomotor responses (OMRs) to fast-moving gratings in mice 
and affects visual sensitivity nonuniformly across the visual field 
in humans.

RESULTS
The retina is innervated by histaminergic fibers arising from 
the TMN of the hypothalamus
To confirm the presence of retinopetal axons and their origin, we 
unilaterally injected an adeno-associated virus (AAV) encoding for 
a fluorescent marker into the TMN of the posterior hypothalamus of 
wild-type mice (fig. S1A). After 4 to 6 weeks, we observed fluores-
cence in cell bodies in the TMN area. Immunostaining showed that 
some of these neurons were also positive for a specific marker for 
histaminergic cells, histidine decarboxylase (HDC), the enzyme 
that catalyzes the final step in the synthesis of histamine (fig. S1B). 
In addition to the labeled cell somas, we detected labeled axons in all 
regions known to be targeted by the TMN, including the retina, 
where few axons emerged from the optic disc and innervated the 
retina (fig. S1C). Using this approach, we also observed labeled cell 
bodies in the ganglion cell layer (GCL) of the retina, which possibly 

originated from retrograde labeling of RGC axons passing close to 
the injection site. Therefore, to ensure we specifically target hista-
minergic neurons, we switched to using HDC-Cre mice (see Materi-
als and Methods).

The HDC-Cre mice experiments entailed injecting a Cre-dependent 
AAV encoding for a fluorescent marker into the TMN (Fig. 1A). 
Fluorescent cells were restricted to the TMN area and immunoreac-
tive to HDC (Fig. 1B, 49.8 ± 3.0% of the HDC+ neurons were trans-
fected, mean efficiency ± SD, n = 4), validating the specificity of 
Cre-mediated recombination in HDC+ cells (86.4 ±  11.6% of the 
transfected cells were HDC+, mean specificity ± SD, n = 4, see 
Materials and Methods). Optic nerve whole mounts confirmed the 
presence of a few centrifugal fibers running through the optic nerve 
(Fig. 1C, red arrowheads). We also observed axons that seem to ter-
minate in the optic nerve (Fig. 1C, red dashed line), but we cannot 
exclude the option that they reach the retina but are not detected by 
our approach. Notably, we found strongly labeled retinopetal axons 
in the retina that ran from the optic disc (Fig. 1D). Typically, these 
axons ran in the nerve fiber layer (NFL) and GCL and descended 
orthogonally into the IPL, where, despite being few in number, they 
branched extensively and covered a large portion of the retina, 
reaching the ora serrata (Fig. 1, D and E). The specificity of the virus 
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Fig. 1. Retinopetal histaminergic projections in HDC-Cre mice. (A) Microinjection of viral tracers in the TMN of transgenic mice expressing Cre in HDC+ cells. Brains and 
retinas were analyzed after 4 to 6 weeks. (B) Left: sagittal brain slice of an HDC-Cre mouse 4 weeks after AAV2/8.CAG.Flex.tdTomato injection showing histaminergic neu-
rons in the TMN area, identified by immunohistochemistry with HDC (green), also positive for tdTomato (red). Gray arrowheads indicate the injection trajectory. Right: 
High magnification of the TMN region indicated by the white box, with separated red and green channels (top) and merged (bottom left). Bottom right: quantification of 
the virus efficiency and specificity (n = 4 mice). Black and gray horizontal lines show the mean and median, respectively. Colored boxes represent the interquartile ranges. 
(C) Tiled fluorescence images showing histaminergic retinopetal axons in whole mount optic nerves. Red arrowheads indicate two positively labeled histaminergic fibers 
emerging from the optic chiasm (right). On the left, a dashed line indicates a fiber that terminates in the optic nerve. (D) Tiled fluorescence image of the retina (maximum 
intensity projection) showing two major fibers in the dorsal retina. The primary axons emerge from the optic disc. (E) High magnification of regions indicated by black 
boxes in (D). Top: Histaminergic axons branching in the IPL. Bottom: Histaminergic axon branches run through the NFL-GCL. Abbreviations: CTX, cortex; HPF, hippocampal 
formation; TH, thalamus; HY, hypothalamus; TMN, tuberomammillary nucleus; CB, cerebellum; MB, midbrain; P, pons; MY, medulla; MOB, main olfactory bulb; STR, striatum; 
IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve fiber layer; OD, optic disc; D, N, T, and V, dorsal, nasal, temporal, and ventral, respectively.
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allowed us to unequivocally identify these retinopetal axons as his-
taminergic. In addition, it prevented the appearance of labeled neu-
rons in the retina and allowed us to localize the histaminergic axons 
in the retinal layers. These results are in agreement with previous 
anatomical studies (8, 14). The existence of histaminergic retinope-
tal projections suggests that retinal neurons can be subject to top-
down neuromodulatory influences that act on the early stages of 
visual processing.

Histamine increases RGCs’ baseline firing rates
Given that histaminergic axons innervate the retina, we sought to 
establish what effect, if any, histamine has on RGC firing rates. We 
used histamine concentrations ranging from 5 to 20 μM based on a 
dose-response curve (fig. S2) and previous studies (18, 20, 21, 23–
25). We used MEA recordings to systematically investigate the effect 
of histamine bath application on the baseline firing rate of spiking 
neurons in the RGC layer. We refer to these neurons as RGCs, al-
though displaced spiking ACs can also be recorded (34). We found 
that 5 μM histamine caused 43.3 ± 16.4% (mean ±  SD) of RGCs 

(seven retinas) to significantly increase their basal firing rate (Fig. 2, 
A to C). This was significantly more than in control experiments 
where histamine was not added. Only 1.2 ± 1.3% of RGCs showed 
reduced spiking activity upon histamine application. RGCs respon-
sive to histamine included a variety of subtypes with ON, OFF, and 
ON-OFF polarity preferences, characterized by their response to a 
full-field stimulus presented before the addition of histamine 
(Fig. 2D).

Next, we conducted two-photon Ca2+ imaging of neurons in the 
RGC layer expressing GCaMP6f (referred to as RGCs hereafter). 
These experiments allow us to track single cells throughout the im-
aging session and identify RGCs based on response characteristics 
and soma size. Consistent with MEA results, the imaging data 
showed that histamine increased the intracellular Ca2+ concentra-
tion in 22.9 ± 9.6% and 23.7 ± 13.5% of RGCs (mean ± SD, four and 
six retinas) for 5 and 20 μM, respectively (Fig. 2, E and G). Blocking 
H2R and H3R did not change the percentage of RGCs that reacted to 
histamine, but any cocktail that included an H1R blocker signifi-
cantly reduced the percentage of responsive RGCs, showing that the 

A B C D

E F G

Fig. 2. Histamine increases the baseline activity of RGCs. (A) Baseline firing rates of example RGCs recorded on the MEA with bath application of histamine. Black cells 
significantly increased their firing rate upon the addition of 5 μM histamine application (horizontal black line above), while gray cells did not. (B) Distribution of the differ-
ence in firing rate compared to the baseline for control (no histamine added, black) and histamine (orange) experiments. Red vertical lines show upper and lower 2.5% 
quantile of control distribution. P << 0.0001, Kolmogorov-Smirnov test. (C) The proportion of RGCs that significantly increased their firing rate is significantly greater with 
histamine (orange, n = 7 retinas) than in the control (black, n = 8 retinas, P = 0.0003, one-tailed two-sample t test for unequal variances). (D) Responses to a full-field 
stimulus (indicated above) of all RGCs that increased their firing rate with histamine, sorted according to their ON-OFF preference, showing that various RGC types are 
responsive to histamine (n = 319 RGCs). (E) Top: Two-photon image of neurons in the ganglion cell layer of a Thy1-GCamp6f mouse. Bottom: Ca2+ traces of three RGCs that 
responded to histamine application (20 μM, black) and two RGCs that did not (gray). (F) Same as in (E) but in the presence of blockers of H1R (cetirizine, 20 μM), H2R (fa-
motidine, 40 μM), and H3R (JNJ 5207852, 20 μM). (G) Percentage of RGCs per retina that reacted to histamine (∆F/F increased by more than 6 SDs relative to the baseline) 
when added alone (5 and 20 μM) or when histamine (20 μM) was added in the presence of various HR blocker combinations: H1R + H2R + H3R blockers, P = 0.0099; 
H1R + H2R blockers, P = 0.0107; H1R + H3R blockers, P = 0.0120, one-way Welch’s ANOVA. (C and G), black and gray horizontal lines show the mean and median, respec-
tively. Colored boxes represent the interquartile ranges. *P < 0.05, **P < 0.01, ***P < 0.001; n.s., not significant.
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effect of histamine on baseline activity of RGCs is mainly mediated 
by the H1R (Fig. 2, F and G). The reaction times of different RGCs 
differ within the same experiment (Fig. 2E). The SD of the reaction 
time in each experiment fell between 5.8 and 9.6 s with an average of 
7.6 s (n = 6 experiments, 20 μM histamine). This may be caused by 
varying expression levels of HRs (see the “Gene expression of H1R is 
selective for DSGC” sections). Of note, by separating the data ob-
tained from bath application of histamine (Fig. 2) based on retinal 
location, we found no differences in the proportion of RGCs that 
significantly increased their baseline activity between dorsal and 
ventral retinas (fig. S3).

Histamine changes the light responses of specific 
RGC subtypes
As histamine affects the baseline activity of RGCs, we investigated 
whether histamine modulates RGC responses to visual stimuli. Us-
ing two-photon Ca2+ imaging of the RGC layer, we characterized 
light responses of RGCs to an ultraviolet (UV) spot centered on the 
field of view (fig. S4). The mouse retina contains cones expressing 
short-wavelength opsin and is therefore responsive to UV light 
(35, 36). RGCs were classified as either ON, OFF, or nonresponsive 
based on their Ca2+ transients (see Materials and Methods). Control 
experiments were undertaken in which histamine was not added. As 
the responses of some RGCs changed with time, only RGCs that 
kept their polarity preference (ON, OFF, or nonresponsive) in the 
pre- and washout conditions were included. The light response of 
most RGCs remained stable upon histamine application (20 μM). 
However, 27.5% of RGCs either lost, gained, or changed their polar-
ity preference to the spot stimulus (76 of 276 RGCs, 22 retinas) com-
pared to only 3% in the control dataset (3 of 98 RGCs, 7 retinas; 
fig. S4, A to E). Moreover, some of the RGCs that did not change 
their polarity preference exhibited an increase or decrease in their 
response amplitude (fig. S4B). Using the same dataset, we were able 
to identify putative ON-sustained alpha, OFF-sustained alpha, and 
OFF-transient alpha RGCs by selecting RGCs whose cell somas 
were greater than 20 μm in diameter. From these data, it appears 
that the ON- and OFF-sustained alpha RGCs retained their light 
responses, whereas OFF-transient alpha RGCs had overall dimin-
ished light responses (fig. S4, F to H).

To investigate this further, we conducted cell-attached record-
ings and targeted specific RGC subtypes, including alpha RGCs (see 
Materials and Methods). ON-sustained alpha RGCs were unaffected 
by the application of histamine (20 μM). These cells’ background 
firing rates and light responses to spot stimuli remained unaltered 
by histamine (Fig. 3, Ai to Ei). The light-evoked responses of OFF-
sustained alpha RGCs also appeared unaffected by histamine; how-
ever, an increase in their background firing rates was observed 
(Fig. 3, Aii to Eii). OFF-transient alpha RGCs increased their back-
ground activity after histamine was added, which made inhibition at 
light onset more apparent (Fig. 3, Aiii to Ciii). In addition, the maxi-
mum firing rate was significantly reduced for OFF-transient alpha 
RGCs when presented with larger spots, as were their response du-
rations for smaller spots (Fig. 3, Diii and Eiii). Last, we targeted ON-
OFF posterior preferring direction-selective ganglion cells (pDSGC) 
using the transgenic Trhr-EGFP mouse line (see Materials and 
Methods). pDSGCs visibly increased their background firing rates 
upon histamine application (Fig. 3, Aiv and Civ). The pDSCGs’ light 
responses to spots were poor compared to those of the alpha RGC 
subtypes and tended to be further diminished by histamine (Fig. 3, 

Biv, Div, and Eiv). However, this reduction was only significant for 
the OFF-response duration (Fig. 3Eiv).

Gene expression of H1R is selective for DSGCs
In light of the varied effects of histamine application on different 
retinal circuits, we aimed to identify the loci of histamine action by 
analyzing the expression levels of HRs in different cell types of the 
mouse retina. Analyses of previously published transcriptomic data-
sets (37–39) showed the presence of Hrh1 and Hrh3, mRNA tran-
scripts for H1R and H3R, in RGCs, while BPs and ACs primarily 
express Hrh3 (fig. S5). Hrh2 (transcripts for H2R) displayed consis-
tently low expression levels in RGCs, BPs, and ACs.

While Hrh3 appeared to be uniformly expressed across all RGC 
clusters, Hrh1 was predominant in a subset of RGCs (fig. S5, A to C), 
corroborating the role of H1R as the primary receptor responsible 
for the baseline activity increase in a portion of RGCs (Fig. 2G). In 
line with our results, we observed that Hrh1 mRNA expression in 
the 12_ooDS_NT cluster, to which pDSGCs likely belong due to its 
unique Trhr positivity (fig. S5C), was among the highest compared 
with all RGC clusters. Specifically, the Hrh1 expression level in this 
cluster was significantly higher compared with clusters 42 and 43, 
which corresponds to OFF- and ON-sustained alpha RGCs, respec-
tively, whereas it was not compared to cluster 45 corresponding to 
OFF-transient alpha RGC (P = 0.0007, P = 0.0004, and P = 0.195 for 
Kruskal-Wallis test with Dunn’s post hoc correction for multiple 
comparisons, respectively). These data are in line with our targeted 
recording experiments and suggest that histamine acts directly on 
pDSGCs and OFF-transient alpha RGCs. Despite the low expression 
levels of Hrh1 in OFF-sustained alpha RGCs, histamine did increase 
their baseline firing rate, probably because their high resting poten-
tial increases their sensitivity (40). We speculate that these cells were 
not significantly affected during stimulus presentation, because 
inhibitory conductance dominates the light responses of OFF-
sustained alpha RGCs (40, 41).

To further investigate this, we focused on DSGCs and their pre-
synaptic cells. We found that the relatively high Hrh1 mRNA expres-
sion was not specific to the 12_ooDS_NT cluster but found across 
other types of ON-OFF DSGCs as well as ON DSGCs, suggesting 
that histamine acts directly on multiple DSGC subtypes (fig. S5, A to 
C). Moreover, upstream BPs and ACs probably contribute no or 
very little to the histamine-induced changes in DSGCs: Hrh1 mRNA 
levels were below detection thresholds in BCs in one dataset en-
riched with BCs (38) (fig. S5, D and E) and at very low levels in 
another (42). Starburst amacrine cells (SACs), the other major pre-
synaptic cell to DSGCs, showed no Hrh1 mRNA transcripts in any 
of the published datasets (39, 42) (fig. S5, F and G). To further vali-
date this hypothesis, we carried out voltage-clamp recordings from 
pDSGCs (clamped at −60 mV) and found that the current required 
to hold the cell on the target potential increased after histamine ap-
plication, while no significant changes were detected in the frequen-
cy and amplitude of mini EPSCs (mEPSCs), supporting the idea that 
histamine acts directly on DSGCs to increase their excitability 
(17) (fig. S6).

Histamine enhances DSGCs’ responses to high 
motion velocities
The finding that DSGCs are among the RGCs with the highest ex-
pression of Hrh1, combined with our results that histamine changes 
pDSGCs’ responses to stationary spot stimuli, led us to investigate 
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whether histamine also alters their responses to moving stimuli. 
Because locomotion velocity is a common measure for arousal 
(43) and given that histaminergic neurons are known to increase 
their firing rate with arousal, we hypothesized that histamine shifts 
the velocity tuning of DSGCs to favor higher velocities resulting 
from increased running speed. To test this, we patch-clamped pDS-
GCs, recorded in cell-attached mode, and presented them with 
moving gratings at various temporal frequencies, ranging from 1 to 
10 Hz (corresponding to 400 and 4000 μm/s or 13.3° and 133°/s, 
respectively). We assessed their responses before and after hista-
mine application (10 μM). In contrast to pDSGCs’ poor light re-
sponses to static spot stimuli, they exhibited robust light responses 
to moving stimuli and maintained their preferred posterior direc-
tion after histamine application (Fig. 4, A to D).

In control conditions, pDSGCs exhibited high discharge rates in 
response to slow-moving gratings (1 to 2 Hz) and diminished or no 
responses to faster-moving gratings (4 to 10 Hz; Fig.  4, A to C). 

Upon histamine application, pDSGCs improved their ability to en-
code faster-moving stimuli as is evident by the significant increase 
in the normalized response in the preferred direction (PD) at 6 and 
8 Hz, while maintaining direction selectivity at these high motion 
velocities (Fig. 4, A to D). This increase in firing rate was not merely 
a by-product of the increased baseline activity, because the respons-
es were time-locked to the grating stimulus (Fig. 4B). Although di-
rection selectivity was maintained, we did notice a trend indicating 
a broader tuning (i.e., lower gDSI) at slower speeds (Fig. 4D). This 
overall broadening of pDSGCs after histamine application was veri-
fied in a different dataset where only slow-moving gratings and bars 
were presented (fig. S7).

Because high Hrh1 mRNA expression is found in multiple DSGC 
subtypes and is not exclusive to the pDSGCs (fig. S5, A to C), we 
expanded our investigation to a larger dataset containing different 
subtypes of DSGCs obtained through MEA recordings. For the 27 
of 385 RGCs classified as DSGCs (see Materials and Methods), we 
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calculated the first harmonic magnitude (extracted at the stimulus 
frequency) computed by fast Fourier transform (FFT) of the mean 
PSTH in response to the PD motion. We observed a significant in-
crease in the FFT magnitude for responses to gratings moving at 4, 
6, and 8 Hz after histamine application (Fig. 4, E and F). Together, 
these findings show that histamine extends the range of motion 
velocities that DSGCs can encode, enabling them to track faster-
moving stimuli in a time-locked manner.

We used HR blockers to investigate which specific receptors are 
responsible for improving DSGCs’ ability to track fast motion stim-
uli. We repeated the patch-clamp recordings (2, 6, and 8 Hz) in the 
presence of the H1R blocker (cetirizine, 50 μM) and found that re-
sponses to 6 and 8 Hz remained unaltered by histamine (fig. S8, A to 
C). However, when H2R (famotidine, 50 μM) and H3R (JNJ 5207852, 
20 μM) were blocked, histamine application (10 μM) significantly 
increased pDSGCs responses in the PD at 6 and 8 Hz, suggest-
ing that it is the H1R that mediates histamine’s enhancement of 
pDSGCs’ responses to high motion velocities, in line with the tran-
scriptomic data (figs. S8, D to F, and S5).

Histaminergic neurons modulate the activity of DSGCs to 
track faster-moving stimuli in vivo
To further demonstrate the role of histaminergic retinopetal ax-
ons in shaping early visual processing, we recorded RGC axons in 

the optic tract in anesthetized mice using a Neuropixels probe 
before and after chemogenetically activating histaminergic reti-
nopetal axons. We injected, 3 to 4 weeks before the experiment, 
an AAV2/8.hSyn.DIO.hM3D(Gq).mCherry, which drives the ex-
pression of the hM3Dq receptor (Gq-coupled human M3 musca-
rinic DREADD) in a Cre-dependent manner, into the TMN of 
HDC-Cre mice [hereafter referred to as hM3Dq (see Materials 
and Methods)]. Recording in the optic tract allows us to record 
RGC activity in vivo before any local modulation can occur on 
RGC axonal terminals and also excludes potential effects of hista-
minergic modulation on higher visual areas (11, 32). A total of six 
experiments were conducted, three control and three hM3Dq 
(Fig.  5, A and B). In all experiments, the mice were presented 
with moving gratings with temporal frequencies of 2, 4, and 8 Hz 
(corresponding to 26.6°, 53.2°, and 106.4°/s) before and after 
clozapine-N-oxide (CNO) injection, which activates the hM3Dq 
receptor (44–47). In total, we identified 25 of 188 (13.3%) and 48 
of 284 (16.7%) optic tract units that were DS in control and 
hM3Dq mice before CNO application, respectively (example cells in 
Fig. 5, C to F and H to K). Similar to the MEA histamine experi-
ments, we examined the first harmonic magnitude (extracted at 
the stimulus frequency) computed by FFT of the mean PSTH in 
response to the PD motion (see Materials and Methods). We ob-
served a significant increase in the FFT magnitude for responses 
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to gratings moving at 4 Hz after CNO injection in hM3Dq mice 
but not in controls (Fig. 5, G and L).

Our data demonstrated that DSGCs show an increased ability to 
respond to faster-moving stimuli upon activation of histaminergic 
neurons. Given the established role of DSGCs in the OMR (48), a 
reflex that compensates for shifts in the visual scene, we quantified 

the effects of histamine on the ability of mice to track globally 
moving gratings of varying speeds (from 6° to 35°/s, corresponding 
to 0.9 to 5.25 Hz) (49, 50). Experiments were done in control condi-
tions (water) and 30 min after administering an H1R antagonist (di-
metindene maleate, Fenistil, 10 mg/kg) (Fig. 5M, see Materials and 
Methods). We found that the OMR index, a measure for the ability 
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of the mouse to track the moving stimulus (see Materials and Meth-
ods), decreased significantly under H1R antagonist, but only for the 
highest tested speed (Fig. 5N). Notably, this reduction was revers-
ible, as the OMR returned to normal (Fig. 5N). Together, these 
in vivo experiments support our ex vivo results (Fig. 4) and demon-
strate that histaminergic neurons can modulate retinal output, 
particularly velocity tuning of DSGCs. Moreover, such modulatory 
effects may extend to the mouse OMR.

H1R antagonist nonuniformly affects human’s sensitivity 
across the visual field
Having established a role for histaminergic retinopetal axons in 
mice, we wondered whether histamine may also affect visual infor-
mation processing in the human retina, given that retinopetal axons 
have been found in human retinas (3, 51) and histaminergic reti-
nopetal axons in nonhuman primates (6). To study the effect of his-
tamine on human visual sensitivity, we administered the same 
first-generation H1R antagonist dimetindene maleate (Fenistil) to 
eight human volunteers. The participants underwent a series of vi-
sual tests twice, once after taking the H1R antagonist and once after 
taking a placebo, in a single-blind experimental design (see Materi-
als and Methods). The H1R antagonist did not affect the participants’ 
levels of concentration, as assessed by total time of the visual tests 
(table S1).

We first performed a visual field test of the central visual field. 
Participants were shown spots of light at different intensities at 68 
different locations within 10° of the fovea. A visual threshold was 
then calculated in decibels (dB) for each location (see Materials 
and Methods). The difference in visual sensitivity between the H1R 

antagonist and placebo revealed a slight decrease in nearly all loca-
tions (Fig. 6A). Averaging over all locations for each eye revealed a 
slight but significant decrease in sensitivity with the H1R antagonist 
(Fig. 6B). Next, we examined the visual sensitivity in the peripheral 
visual field (between 30° and 60°; Fig. 6C). The difference in visual 
sensitivity between the H1R antagonist and placebo revealed an op-
posite trend in different locations in the visual field, with the H1R 
antagonist causing increased visual sensitivity in the superior field 
and decreased sensitivity in the inferior field (Fig. 6, C and E). Thus, 
we calculated the mean visual sensitivity in four locations in the vi-
sual field (superior, inferior, nasal, and temporal) and found that the 
H1R antagonist significantly increased visual sensitivity in the supe-
rior region (Fig. 6D). Our findings suggest that histamine may non-
uniformly affect the human retina, decreasing the sensitivity of the 
ventral retina, which represents the superior visual field, while pos-
sibly increasing that of the central retina, which represents the cen-
tral visual field.

DISCUSSION
Here, we sought to determine how histaminergic retinopetal projec-
tions shape retinal processing. We demonstrated that histaminergic 
projections originating in the TMN of the hypothalamus innervate 
the retina and can shape the response properties of distinct RGC 
subtypes. Histamine increases the baseline activity and qualitatively 
changes the light responses of many RGCs. Specifically, we showed 
that histamine shortens the light responses of OFF-transient alpha 
RGCs and improves DSGCs’ ability to respond to higher velocity 
stimuli, a finding that we further validated with in vivo optic tract 
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recordings. In addition, we demonstrated that the OMR, a visually 
guided behavior that requires functional DSGCs (48, 50, 52), is 
diminished at high speeds upon the administration of an antihista-
mine in freely moving mice. Last, we found that administration 
of the same antihistamine nonuniformly affects humans’ visual 
sensitivity, suggesting that this pathway is evolutionarily conserved 
across species. Our results reveal a top-down functional circuit of 
brain-derived histaminergic projections that shape visual process-
ing in the earliest possible site—the retina.

Modulation of visual processing by arousal state
The brain’s histaminergic system has long been associated with 
wakefulness and attention (26, 27, 53, 54). Histaminergic neurons 
are silent during sleep, and their firing rate increases with the 
arousal state of the animal, peaking during attentive waking (28). As 
our results demonstrate that histamine modulates both the baseline 
firing and the light responses of RGCs, we can hypothesize that 
visual processing can change with the arousal state. Neurons in V1, 
dLGN, and SC were shown to change their baseline and visually 
driven activity with the level of arousal (47, 55–63). The origin of 
these changes, however, is usually attributed to local neuromodula-
tors, top-down circuits, or local connectivity. Notably, two recent 
studies revealed that the retinal output itself changes with the 
mouse’s arousal state both in the dLGN (31) and in the SC (30). Us-
ing in vivo two-photon Ca2+ imaging of RGCs’ axonal boutons, 
these studies demonstrated that visual responses of almost 50% 
of them are modulated with locomotion and pupil size, which 
reflect the arousal state. Typically, these modulations included 
suppression of visual responses and attenuation of direction and ori-
entation selectivity, although this was only shown for low motion 
velocity (30, 31).

The arousal-related suppression of visual responses and direction 
selectivity reported in both the dLGN and SC (30, 31) is in line with 
our findings that histamine shortens the responses of OFF-transient 
alpha RGCs and reduces pDSGC responses to spot stimuli and 
broadens their directional tuning to low velocity motion. Yet, sev-
eral aspects of the arousal modulation differ between the dLGN and 
SC. These differences could originate from different subtypes of 
RGCs that innervate the dLGN and SC (64), but they may also have 
other origins. Other studies have shown that local presynaptic mod-
ulation also influences the effects of arousal on the activity of retinal 
axonal boutons (65–68). Because RGCs project onto numerous brain 
targets to transfer the visual information (69, 70), we hypothesize 
that properties of arousal modulations that serve a specific target 
would take place locally, while modulations that contribute to all the 
targets would take place in the retina. For example, when a mouse is 
aroused and moves through its environment, objects in the visual 
field have higher apparent velocities. To track these high velocities, 
we suggest that histaminergic retinopetal axons fine-tune retinal 
processing during periods of high arousal (e.g., escaping or forag-
ing), shifting the velocity tuning of DSGCs to encode faster motion, 
a piece of information that otherwise would be lost. Such a shift in 
DSGCs’ velocity tuning may improve OMR performance during 
high motion speed.

Mechanism of histamine-induced modulation
There are three types of HRs that have been identified in the mam-
malian retina: H1R, H2R, and H3R and no histamine-forming cells 
have been identified to date. We identified the H1R as the primary 

receptor responsible for the increase in RGCs’ baseline activity 
(Fig.  2), the enhanced responses of posterior preferring DSGCs 
(pDSGCs) (fig.  S8) and OMR to fast-moving stimuli (Fig.  5). 
These data, combined with our voltage clamp recording in pDSGCs 
(fig. S6) and the transcriptomic datasets we analyzed (fig. S5), sug-
gest a direct action of histamine on DSGCs via H1R, bypassing up-
stream BCs and ACs. To our knowledge, there have been no reports 
on the expression of H1R in BCs. However, one study did observe 
colocalization between H1R and calretinin in the mouse IPL, lead-
ing to the suggestion that the receptor expression may occur on the 
processes of SACs (8). Yet, this result is not in line with the tran-
scriptomic data as there is no evidence of H1R expression in SACs 
(fig. S5G), raising the possibility that the immunolabeled H1R may 
be present on DSGC processes, which costratify with SACs (fig. S5C, 
see Calb1 and Calb2 mRNA). We hypothesize that the functional 
changes we observe in DSGCs primarily result from a direct H1R 
activation, which leads to an increase in cell excitability (17).

Increased excitability may increase the firing rate of DSGCs to 
various moving stimuli, and in particular enable the cell to fire in 
response to fast-moving stimuli, which, in control conditions, 
did not cause the threshold for firing to be met (Fig. 4 and fig. S8). 
We speculate that the decreased response to static stimuli occurs 
due to the increased background firing rate, which results in signal-
to-noise ratio reduction (Fig. 3). This is less dominant during PD 
motion as the inhibition and excitation to DSGCs are offset in time 
(71, 72), resulting in directionally tuned time-locked responses. This 
result was also confirmed in vivo upon chemogenetic activation of 
histaminergic retinopetal axons (Fig. 5). It should be noted that 
CNO has some off-target effects that include inhibition of H1R 
binding (73, 74), so it is possible that the changes in RGC activity in 
the chemogenetic experiments were even underestimated.

Despite the broad expression of H3R among RGCs indicated by 
transcriptomic data, only 1.2 ± 1.3% of all units showed a significant 
reduction in spiking activity upon histamine application. This may 
be due to the fact that H3R expression is not limited to RGCs, but is 
also broadly expressed in BCs and ACs (fig. S5). Inhibition of in-
hibitory ACs trough H3R activation could also result in a relief of 
inhibition (i.e., disinhibition) in RGCs and BCs, eventually causing 
RGC excitation. Alternatively, H3R was reported to have complex 
isoforms (from nonfunctional to constitutively activated) (75, 76), 
so its impact on RGCs may be minimal.

Species-specific effects of histamine on retinal cells
Several studies investigated the effects of histamine application on 
retinal neurons’ activity ex vivo. Histamine was found to act on 
cones and BPs in primates (21, 23) and to enhance the activity of 
various ACs in mice (19, 20, 23). Previous reports show that hista-
mine affects >80% of the RGCs, but in a highly variable manner. In 
primates, histamine either increases or decreases the baseline activ-
ity of RGCs, while typically suppressing their light-evoked responses 
(24, 25). In rats, histamine increases the baseline activity of most 
affected RGCs, with variable effects on their light-evoked responses 
(25), similar to our findings in the mouse retina. Another study sug-
gested that histamine may act indirectly on RGCs, dissimilar to our 
observations (25). This discrepancy may originate in the different 
species studied or reflect the fact that RGCs other than DSGCs may 
also have a presynaptic effect that is non–H1R-mediated. In both 
primates and rats, different histamine concentrations (1 to 50 μM) 
caused similar trends, but effects were stronger with the higher 
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concentration tested (25). Our results similarly show a histamine 
dose-dependent effect on RGCs activity.

Histaminergic modulation of visual sensitivity in humans
To investigate how an H1R antagonist may affect human visual 
sensitivity, we administered dimetindene maleate (Fenistil) orally, 
which allowed Fenistil to potentially reach not only the retina but 
also other brain structures innervated by histaminergic axons. This 
makes it challenging to disentangle the H1R antagonist’ effects on 
the retina from those on the brain, including drowsiness (77). How-
ever, several lines of evidence suggest that the effects we observed on 
visual sensitivity are indeed the result of the H1R antagonist acting 
at the level of the retina. First, test time was not increased by the 
H1R antagonist, confirming that concentration was not affected by 
drowsiness. Second, our findings revealed a nonuniform effect in 
different locations of the visual field: decreased sensitivity in the 
center of the visual field and increased sensitivity in the superior 
field. We postulate that if the actions of the H1R antagonist had oc-
curred downstream to the retina, we may have seen a more uniform 
effect across the visual field. One possible explanation for the non-
uniform effect of H1R antagonist on the visual field could be due 
to differential expression of H1Rs in different areas of the retina. 
Notably, the flash sensitivity of baboon RGCs recorded ex vivo 
was shown to decrease with histamine application (24), in line with 
our findings.

While it is not possible to administer histamine to human par-
ticipants, we hypothesize that this would cause opposing effects, 
namely, an increase in visual sensitivity in the central field and a 
decrease in sensitivity in the superior visual field. As the superior 
visual field has the lowest visual sensitivity to begin with (Fig. 6D), 
this suggests that humans rely less on the superior visual field and 
that histamine can tune visual processing to selectively enhance sen-
sitivity in specific areas according to behavioral needs. H1R antago-
nists were previously shown to decrease the critical flicker fusion 
frequency in humans (78–80), suggesting that histamine also affects 
temporal sensitivities in the human retina. Because these studies, as 
well as ours, only tested a selective H1R antagonist, while all three 
HRs are expressed in the primate and human retina (19, 21, 81, 82), 
histamine’s effects on retinal processing may be even more complex.

Neuromodulators in the visual system
Over the years, the search for mammalian retinopetal axons, and par-
ticularly their origin, has led to opposing findings even within species. 
Studies based on axonal tracers reported various origins, including 
the hypothalamus, various visual structures, the oculomotor nucleus, 
and the dorsal raphe nucleus (83–89). Other studies failed to label any 
brain area or interpreted somatic labeling in the brain as the result of 
transneuronal transport (90–93). In most of these investigations, the 
axonal tracers labeled only a few cell bodies, which contributed to the 
difficulty of finding the retinopetal axons and their origin. Here, we 
took advantage of the HDC-Cre mouse lines to indisputably identify 
histaminergic neurons in the TMN as a source for retinopetal axons. 
Future work may make use of other transgenic mouse lines to resolve 
whether other brain regions also contribute to visual processing in the 
retina. In particular, it was suggested that serotonergic neurons in the 
dorsal raphe nucleus send projections to the retina (94–96). If true, 
this suggests that the histaminergic and serotonergic systems, which 
contribute to higher cognitive functions, including wakefulness and 
mood, may interact already at the level of a primary sensory organ.

MATERIALS AND METHODS
Experimental design
This study explores how a subset of histaminergic neurons of the 
TMN projects to the retina and modulates retinal visual processing. 
Initially, we verified their presence through Cre-dependent antero-
grade tracing in HDC-Cre mouse lines. Subsequently, we examined 
the impact of histamine application and its receptor blockers on 
RGCs’ activity ex vivo, both under baseline conditions and during 
visual stimulation. For this, we used several approaches, including 
MEA recordings, two-photon Ca2+ imaging, and targeted patch-
clamp experiments, focusing particularly on direction-selective 
RGCs (DSGCs). We investigated the expression of HRs in different 
retinal cell types to correlate our physiological findings and ob-
served a higher expression level in DSGCs. We then conducted 
in vivo Neuropixels recordings of RGC axons in the optic tract of 
anesthetized mice, coupled with chemogenetic activation of HDC 
neurons, to investigate the brain’s contribution to DSGCs’ output 
while animals were exposed to grating stimuli moving at various 
speeds. After this, behavioral experiments involving freely moving 
mice exposed to stimuli moving at different speeds were conducted 
while blocking HRs, allowing us to assess the effects of inhibiting 
this circuit. Last, we used the same drug to study its effects on hu-
man participants.

Mice models and ethics statement
Two-photon targeted recordings from pDSGCs were performed 
using Trhr-EGFP mice (MMRRC, strain no. 030036-UCD), which 
express GFP in posterior-preferring ON-OFF DSGCs (97). Two-
photon Ca2+ imaging and two-photon targeted recordings from 
alpha-RGCs were conducted from the GCL of the isolated retina 
of mice expressing GCaMP6f in RGCs (the Jackson Laboratory, 
strain no. 025393) (98). Intracranial injections were performed on 
C57BL/6J mice (purchased from Charles River Breeding Laborato-
ries) and on two HDC-Cre mouse lines, which express Cre recombi-
nase under the control of the hdc promoter [the Jackson Laboratory, 
strain no. 021198 (99) and MMRRC, strain no. 037409 (100, 101)]. 
MEA experiments were performed on wild-type mice from the 
same colony. Weaned mice from either sex, 4 to 12 weeks old, were 
housed in groups of no more than five in individual cages at 25°C in 
a 12-hour/12-hour light-dark cycle with water and food provided 
ad libitum. All procedures were approved by the Institutional Ani-
mal Care and Use Committee at the Weizmann Institute of Science 
(nos. 08161123, 04560522, 07000820, 04920522, and 15530719).

Intracranial AAV injections
To label retinopetal axons in C57BL/6J mice, 0.5 to 1 μl of AAV2/8.
hSyn.mCherry (HUJI Vector Core no. 7.19) or AAV2/8.hSyn.
Chronos.tdTomato (Addgene no. 62726) was injected into the TMN 
based on stereotactic coordinates (injection site: anteroposterior = 
−2.6 mm; mediolateral = 0.7 mm; dorsoventral = −5.3 mm from 
bregma). To label histaminergic retinopetal axons in HDC-Cre mice, 
we used Cre-dependent adeno-associated viruses (AAV2/1.CAG.
Flex.tdTomato.WPRE.SV40 or AAV2/8.CAG.Flex.tdTomato.WPRE.
SV40, Harvard Vector Core, lot nos. 704 and 605, respectively). For 
chemogenetic electrophysiological experiments, mice were bilater-
ally injected in the TMN with AAV2/8.hSyn.DIO.hM3D(Gq)-
mCherry (HUJI Vector Core no. 35.18).

For the injection procedure, mice were anesthetized with inhalant 
isoflurane (5% induction and 1.5 to 2% maintenance, SomnoSuite, 
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Kent Scientific) and administered with 0.5 ml of saline via intra-
peritoneal injection, to avoid dehydration. The animal was kept on a 
closed loop heating pad and watched for vitals throughout the sur-
gery and its eyes were kept from drying with a layer of Synthomy-
cine (ABIC Ltd., TEVA Pharmaceutical Industries Ltd., Israel). 
Next, a craniotomy of 1 to 2 mm was made, 2.5 to 2.8 mm posterior 
and 0.7 to 1 mm mediolateral to bregma. A Hamilton syringe (1 μl, 
65458-01) was then lowered into the brain at a rate of 10 μm/s to 
target the TMN. The viral solution was delivered at 0.1 μl/min after 
a 10-min pause to allow the brain to resettle. The scalp incision was 
sealed with a tissue adhesive (Histoacryl, Melsungen AG, Germany) 
and mice were left to recover post-surgery, after subcutaneous injec-
tions of antiseptic analgesia (0.01xNorocarp, Norbrook Laborato-
ries Limited, Newry Co. Down, Northern Ireland, 10 μl/gr).

Tissue processing, immunohistochemistry protocols, 
and microscopy
Immunohistochemical analysis of virus expression (reporter gene, 
mCherry or tdTomato) in combination with the identification of 
histaminergic neurons via HDC immunohistochemistry was per-
formed on mouse brain slices 3 to 4 weeks after the injection 
(primary antibody: rabbit polyclonal anti-HDC, 1:300, PROGEN 
Biotechnik GmbH, cat. no. 16045; secondary antibody: donkey anti-
rabbit 488, 1:200, Invitrogen A21206). Mice were deeply anesthe-
tized with a terminal intraperitoneal injection of pentobarbital 
(pentobarbital sodium, 200 mg/ml, CTS Chemical Industries Ltd., 
Kiryat Malachi, Israel), then intracardially perfused with phosphate-
buffered saline (PBS, Biological Industries Israel, 02-023-1A, 
pH 7.4) and 4% paraformaldehyde (PFA, ChemCruz, Santa Cruz 
Biotechnology Inc., CAS: 30525-89-4) before brain and eye extrac-
tion. Eyecups were fixed for 1 hour (4% PFA) and then hemisected 
to obtain whole mount retinas.

Brains were fixed further for 24 to 48 hours in 4% PFA and 
washed in PBS, then sliced (30 μm) by a vibratome (7000 smz-2 
Vibratome, Campden Instruments Ltd.). Slices were washed three 
times in PBS and subsequently blocked with 0.25% PBST (PBS + Triton 
X-100, Sigma-Aldrich, CAS: 9002-93-1) with 3% bovine serum 
albumin (BSA, MP Biomedicals, cat no. 160069) for 2 hours at room 
temperature, followed by overnight immersion in primary antibody 
solution (1% BSA and 0.1% Triton X-100 in PBS with antibody-
specific dilution) at 4°C on a shaker. The next day, slices were washed 
in PBS and immersed in a secondary antibody solution overnight 
(1% BSA in PBS with antibody-specific dilution). Slices were 
mounted onto Superfrost/Plus Microscope Slides (Thermo Fisher 
Scientific), covered with a coverslip using Vectashield antifade 
mounting medium with DAPI (4′,6-diamidino-2-phenylindole) 
(Vector Laboratories, H1200). All brain sections were digitally 
scanned using Olympus UPlanSApo 10×/0.40 NA (numerical aper-
ture) or 20×/0.75 NA objectives on an Olympus BX61VS slide scan-
ner (Olympus Corporation, Tokyo, Japan).

Retinal whole mounts were blocked with 0.25 to 0.4% PBST with 
3 to 5% BSA for 2 hours at room temperature and then incubated for 
2 days in primary antibody solution (1% BSA and 0.1% Triton X-
100 in PBS; primary antibodies: goat polyclonal anti-RFP antibody, 
1:300, MyBioSource, cat. no. M5448122) at 4°C on a shaker. The 
next day, retinas were washed in PBS and overnight immersed in a 
secondary antibody solution (1% BSA in PBS with antibody specific 
dilution; secondary antibodies: donkey anti-goat 568, 1:1000, Invit-
rogen, cat. no. A11057). The tissues were stained with DAPI to 

identify nuclei and mounted onto Superfrost/Plus Microscope 
Slides, covered with a coverslip, using a Vectashield antifade mount-
ing medium with DAPI. Retinal whole mounts were imaged using 
an inverted laser scanning confocal microscope (Zeiss, Oberkochen, 
Germany) equipped with 488-, 543-, and 633-nm laser lines, using 
ZEN software (Zeiss). Optic nerves were directly mounted and cov-
ered with a coverslip. Tiled images of the whole retina and optic 
nerves were acquired using a 20×/1.0 W Plan Apochromat DIC 
VIS-IR 75-mm objective. Further image processing for brain slices 
and whole mount retinas and optic nerves was performed with Fiji 
and QuPath software (102, 103).
Image analysis
To assess the accuracy of histaminergic neurons (HDC+) genetic 
labeling, virally injected HDC-Cre mice (MMRRC strain no. 03740) 
brains were visualized using QuPath, and the 14 ± 1.4 slices closest 
to the injection site in the TMN were further analyzed. For quan-
tification, HDC+ were first detected and counted using the 
manual counting tool. Reporter gene positive cells (tdTomato+) 
were then annotated in two different classes as tdTomato+/HDC+ 
or tdTomato+/HDC− according to their immunoreactivity for 
HDC. The number of points and their coordinates have been 
saved. The percentage of HDC+ cells that were tdTomato+ (effi-
ciency) and total tdTomato+ (both HDC+ and HDC−) that were 
HDC+ (specificity) were calculated for each slice and averaged for 
each brain.

To compare the Cre recombinase activity of the two HDC-Cre 
mouse lines (the Jackson Laboratory, strain no. 021198 and MMRRC 
strain no. 03740), we crossed them with an Ai9 Cre reporter 
mouse line (the Jackson Laboratory, strain no. 007909) that ex-
presses tdTomato after Cre recombination. Efficiency and speci-
ficity were quantified as above. Our analysis revealed an average 
efficiency of 89.9% and specificity of 52.3% (n = 2 mice) in the 
TMN of HDC-Cre Jackson X Ai9 mice, whereas the HDC-Cre 
MMRRC X Ai9 mice had an average efficiency of 48.7% and a 
specificity of 75.6% (n = 2 mice).

Tissue preparation for physiology
Mice were kept in dark-adapted conditions for at least 30 min and 
then anesthetized with isoflurane (Terrell, Piramal Critical Care 
Inc.) and decapitated. Eyes were immediately enucleated and dis-
sected under dim red and infrared light in a petri dish containing 
Ames solution (Sigma-Aldrich, St. Louis, MO, USA) supplemented 
with 1.9 g/liter of sodium bicarbonate saturated with carboxygen 
(95% O2 and 5% CO2). The orientation of the retina was determined 
based on landmarks on the choroid as described previously (104), 
and retinas were dissected in two halves along the nasal-temporal 
axis. Retinas were kept in the dark at room temperature in Ames 
solution bubbled with carboxygen until used.

For MEA recordings, MEAs were precoated with poly-d-lysine 
solution (PDL, 1.0 mg/ml in H2O, Merck-Millipore, CAT: A-003-E) 
for 1 hour at room temperature. After washing off the PDL, one-half 
of the retina was mounted on the MEA with the RGC layer facing 
the electrodes, as previously described in (105). For targeted patch-
clamp recordings, retinas were cut into half, isolated from the pig-
ment epithelium, and mounted, photoreceptor side down, over a 
hole of 1 to 1.5 mm2 on a filter paper (GSWP01300, Merck Millipore, 
Billerica, MA, USA). For two-photon Ca2+ imaging, retinal pieces 
were mounted onto poly-d-lysine–coated 12-mm coverslips (product 
number 354086, Corning, Glendale, AZ, USA).
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Histamine application and pharmacology
Histamine (Sigma-Aldrich, product number H7250) containing 
Ames solution was prepared fresh from powder for each experiment 
(5 to 20 μM). HR blockers, cetirizine dihydrochloride (H1R; Tocris, 
Bristol, UK, product number 2577), and JNJ 5207852 (H3R; Tocris, 
product number: 4020) were dissolved in water to make stock solu-
tions of 20 mM and then were further diluted in Ames solution to 
a working concentration of 20 μM. HR blocker famotidine (H2R; 
Sigma-Aldrich, St. Louis, MO, USA, product number: F6889) was 
dissolved in dimethyl sulfoxide (DMSO) to make a stock solution of 
80 mM and then was further diluted in Ames solution to a working 
concentration of 40 μM.

Targeted patch-clamp recordings
Retinas were placed under a two-photon microscope (Bruker, 
Billerica, MA, USA) equipped with a Mai-Tai laser (Spectra-physics, 
Santa Clara, CA USA) and perfused with oxygenated Ames solution 
at 32 to 34°C. Identification of and recording from GFP+ RGCs were 
carried out as previously described (97, 104). In short, GFP+ cells 
were identified using the two-photon microscope laser at 920 nm, to 
avoid bleaching of the photoreceptors. pDSGCs were targeted in 
Trhr-EGFP mice retinas. Alpha RGCs were targeted by finding 
RGCs whose cell bodies had a diameter greater than 20 μm (41). The 
inner limiting membrane above the targeted cell was dissected un-
der the microscope with a glass electrode using infrared illumina-
tion. Loose-patch recordings (holding voltage set to “OFF”) were 
performed with a clean glass electrode (3 to 5 megohms) filled with 
Ames solution. Every alpha RGC was recorded in both conditions, 
i.e., control and histamine. For the spot stimuli, some pDSGCs were 
recorded only under one condition, control or histamine applica-
tion. For velocity tuning, all pDSGCs were recorded in both condi-
tions (before and after histamine). We did not present the faster 
stimuli (8 or 10 Hz) for two cells that stopped responding at inter-
mediate temporal frequencies. For all other cells, we presented all 
temporal frequencies regardless of the responses.

Intracellular voltage-clamp recordings from pDGSCs were car-
ried out using glass pipettes (5 to 9 megohms) filled with an intracel-
lular solution containing 110 mM CsMeSO4, 2.8 mM NaCl, 4 mM 
EGTA, 20 mM Hepes, 5 mM TEA-Cl, 4 mM Mg-ATP, 0.3 mM 
Na3GTP, 10 mM Na2-phosphocreatine, and 5 mM N-ethyllidocaine 
chloride (QX314), pH 7.25, osmolarity = 290, ECl = −73 mV. A gig-
ohm seal was obtained before breaking in. Data were acquired at 20 kHz 
and filtered at 2 kHz, with a Multiclamp 700B amplifier (Molecular 
Devices, CA, USA) using pCLAMP 10 recording software and a 
Digidata 1550 digitizer (Molecular Devices). The evoked EPSCs in 
pDSGCs were isolated by holding the cells at −60 mV. Liquid junc-
tion potential was corrected. All cells (n = 9) were recorded before 
(Control) and after histamine application (Histamine).
Visual stimuli used in patch-clamp experiments
Stimuli were generated using MATLAB and the Psychophysics 
Toolbox (106, 107). A white, monochromatic organic light-emitting 
display (OLED-XL, 800 pixel × 600 pixel resolution, 85 Hz refresh 
rate, eMagin, Bellevue, WA, USA) was used. The display image 
was projected through a 20× water-immersion objective (UMPLFL-
N20xW; Olympus, Tokyo, Japan), via the side port of the micro-
scope, centered on the soma of the recorded cell, and focused on the 
photoreceptor layer. The diameter of the entire display on the retina 
was 1 mm across. The light intensity of the gray screen was 6.4 × 104 
R*rod−1 s−1. For the spot stimulus, a gray background was presented 

for 2 s, followed by the appearance of a black (for OFF alpha RGCs) 
or white (for ON alpha RGCs and pDSGCs) spot on the gray back-
ground for 2 s, followed by a return to the same gray background for 
a further 2 s. Spots of different diameters (50 to 800 μm) were pre-
sented in a pseudorandom order. The total number of spikes was 
averaged over five repeats. The grating stimulus consisted of moving 
square-wave gratings with a spatial frequency of 400 μm. For testing 
different motion velocities, we used temporal frequencies ranging 
from 1 to 10 Hz, corresponding to 400 to 4000 μm/s. The grating 
stimuli were presented in eight different pseudorandomly chosen 
directions, in 45° intervals, with each presentation lasting 3 s, fol-
lowed by 2.5 s of a gray screen. The stimulus was masked by a circle 
(diameter 400 μm) so that everything outside the circle remained 
gray. The total number of spikes was averaged over three to four re-
peats. For the moving-bar stimuli, a white bar (400 μm width × 900 μm 
length) on black background moved through the center of the 
screen in eight different pseudorandomly chosen directions, in 45° 
intervals, at a speed of 600 μm/s. Each presentation was separated by 
2 s of mean gray screen. The total number of spikes was averaged 
over 4 repeats.
Data analysis of patch-clamp experiments
Electrophysiological data were analyzed offline. For loose-patch 
clamp recordings, spike times were extracted after filtration using a 
4-pole Butterworth band-pass filter between 80 and 2000 Hz. Peri-
stimulus time histograms (PSTHs) of spiking activity were calcu-
lated from five repeats using a bin width of 50 ms for spot stimuli. 
For moving grating stimuli, mean PSTHs were calculated using a 
25-ms bin width. For spot stimuli, the background activity was de-
termined based on the 2-s period of initial gray screen in each trial. 
This provided the mean background activity and its SD. The bin 
with the highest firing rate during the spot appearance (or disap-
pearance in the case of OFF responses in pDSGCs) was used to cal-
culate the maximum response. Response durations were defined 
based on the number of all the bins during the stimulus whose value 
exceeded the mean background activity by 3 SDs (35). Statistical 
tests to compare response durations were performed on log-transformed 
(log10) values of the duration, which were then distributed normally. 
To analyze responses to moving gratings, we calculated the normal-
ized vector sum (or global DSI) as gDSI = ∣Σ Rθe

iθ∣

ΣRθ

, where Rθ is the 
response in direction θ, defined as the mean number of spikes dur-
ing the grating presentation (averaged over repetitions). To analyze 
temporal tuning, we set the gDSI to 0 for cells that stopped respond-
ing (<2 spikes/s in response to gratings). We determined the PD 
as the direction that most frequently had the maximum response 
across both conditions (pre and histamine) and temporal frequen-
cies (1 to 6 Hz). The normalized response in the PD was calculated 
as the total number of spikes in the PD divided by the maximum 
number of spikes from any temporal frequency or condition (pre 
and histamine). Of 11 targeted pDSGCs GFP+ cells, 10 had a gDSI 
>0.15 in the pre–2-Hz condition and 9 of 11 recorded Trhr GFP+ 
cells had a DSI > 0.3 in the pre–2-Hz condition (see also the “Analy-
sis of MEA light responses” section for the definition of DSGCs). 
Excluding cells with gDSI and DSI below thresholds did not affect 
population analysis. Statistical comparison was performed with a 
two-way analysis of variance (ANOVA) with Bonferroni post hoc 
correction for multiple comparisons.

In voltage-clamp intracellular recordings, spontaneous minia-
ture EPSCs (mEPSC) were detected as fast high-frequency events 
that are more than 3 SD above baseline current. The baseline current 
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was calculated from the filtered current using Savitzky-Golay filtra-
tion (order of 1, 1301 frame length) across 50 s before and after his-
tamine application, respectively. Consequently, the frequency of the 
mEPSCs was calculated as the number of detected events per second 
in each condition (mEPSC/s). mEPSC amplitude was defined as the 
difference between the maximum value of each detected event and 
the baseline current. Cells that had baseline current lower than 100 pA 
when breaking in were removed from the analysis.

Two-photon Ca2+ imaging
Two-photon Ca2+ imaging (Bruker microscope equipped with a 
Spectra-Physics Mai-Tai laser) from the GCL of the isolated retina 
of mice expressing GCaMP6f in RGCs (Thy1-GCaMP6f) was car-
ried out on an area of 140 × 140 μm2 at 6 Hz. For the UV stimuli, a 
modified projector (M109s DELL, Austin, TX, USA) containing a 
UV LED (NC4U134A, peak wavelength 385 nm; Nichia, Anan, 
Japan) was used (108). The image was projected onto the retina via 
the microscope’s condenser and created on the photoreceptor layer 
using two converging lenses (LA4372 and LA4052; Thorlabs). The 
field of view was positioned in the center of the visual stimulus. 
Control experiments, in which histamine was not added, were per-
formed using the same time course as the histamine experiments. 
Histamine was added 10 min before imaging under histamine con-
ditions. Histamine was washed out with Ames solution for 45 min 
before imaging.

For UV spot stimuli, a spot (300 μm in diameter) of increased 
luminance (2.8 × 104 R*rod−1 s−1) centered on the field of view (140 × 
140 μm2) appeared for 2 s. The ∆F/F was averaged over 3 trials.
Data analysis of two-photon Ca2+ imaging experiments
Regions of interest were manually selected using an average projec-
tion of the responses to the stimulus (all repeats) with ImageJ soft-
ware (109). Each field of view contained between 9 and 38 RGCs. To 
determine whether an RGC responded to the histamine application, 
the mean baseline and SD were calculated from the 30 s immedi-
ately before histamine arriving in the bath. RGCs whose responses 
exceeded 6 SDs over the mean baseline in the 40-s period after his-
tamine’s arrival were counted as responsive to histamine. Before any 
visual stimulus, the RGC layer was imaged for 30 s. The latter 15 s of 
this prestimulus were taken as the baseline and used to calculate the 
∆F/F. To determine whether an RGC was responsive to a spot stim-
ulus, a threshold of 3 SDs above the mean baseline was set during 
the ON period (appearance of white spot) and OFF period (2 s after the 
spot disappeared). An additional threshold was set 3 SDs below 
the mean baseline during the ON period. Any RGC whose ∆F/F 
trace crossed any of these thresholds was counted as light respon-
sive. To determine whether an RGC response polarity was ON or 
OFF, we used an ON-OFF index (OOI): OOI = RON −ROFF

RON +ROFF

 , where R is 
the maximum amplitude (∆F/F). RGCs with a negative OOI were 
deemed OFF RGCs, whereas those with a positive OOI were deemed 
ON RGCs. As the responses of some RGCs changed with time, only 
RGCs that had the same response polarity (ON, OFF, or nonrespon-
sive) under the pre- and histamine-washout conditions were included 
[54% (276 of 512) for histamine dataset; 70% (98 of 140) for control 
dataset]. In the statistical analysis using Fisher’s exact test, all chang-
ing RGCs were grouped together and all nonchanging RGCs were 
grouped. RGCs were classified as changing if they lost, gained, or 
changed response polarity. Response amplitudes before and after 
histamine were calculated in units of SDs (based on the 15-s 

baseline recording) and were plotted against each other, and the ab-
solute distance from the unity line was calculated and their distribu-
tion were compared using a Kolmogorov-Smirnov test. In fig. S4 
(C to H), RGCs were further divided into transient and sustained 
groups. For OFF RGCs, this was done by calculating a transient-
sustained index where the mean of the response trace (during the 
OFF period) was divided by the maximum amplitude (during the 
OFF period). Those RGCs with a transient-sustained index >0.4 
were deemed sustained, whereas those <0.4 were considered tran-
sient. For ON RGCs, the transient-sustained index was calculated in 
the same way, except for using the ON period and a further step 
where, if the maximum amplitude occurred during the first half of 
the ON period, the transient-sustained index was further divided by 
2. Those RGCs with a transient-sustained index >0.35 were deemed 
sustained, whereas those <0.35 were considered transient.

MEA recordings
MEA recordings were performed on isolated retina using MEAs of 
252 electrodes (MultiChannel Systems, 252 electrodes, 30 μm diam-
eter, 100 μm minimal electrode distance). The retina was mounted 
on the MEA with the GCL facing down. The MEA was placed in 
the head stage with constant perfusion of oxygenated bicarbonate-
buffered Ames solution at a flow rate of 3.5 ml/min; a heating pad 
placed below the array maintained the temperature at 33.2°C. Data 
acquisition started 1 hour after the retina was placed in the chamber, 
to let the retina adapt. Extracellular voltage signals were amplified 
and digitized at 20 kHz and saved for offline analysis.

Visual stimuli were created in MATLAB (version R2018a), using 
Psychophysics Toolbox (106, 107) and a custom graphical user 
interface, and were projected via a monochromatic white OLED dis-
play (eMagin, EMA-100309-01 SVGA+, 600 × 800 pixels, 60 Hz 
refresh rate) through a telecentric lens (Edmund Optics, 2.0X, no. 
58-431) onto the photoreceptors. The pixel size on the retina was 
7.5 μm. At maximum brightness, the irradiance used in the experi-
ments was 2.6 μW/cm2, resulting in 2.43 × 104 mouse rod isom-
erizations (R*rod−1 s−1), whereas the minimum brightness was 
7.04 × 101 R*rod−1 s−1.
Visual stimuli for MEA recordings
We used a battery of visual stimuli in the MEA recordings. All stim-
uli were presented in full-field, covering the entire electrode array 
(electrode area: 1500 × 1500 μm2, stimulus size was always at least 
2250 μm in diameter). We recorded 30 s of spontaneous baseline 
activity before presenting each stimulus. Stimuli were repeated five 
times unless otherwise specified. The full-field stimulus sequence 
was 3 s black, 2 s white, and 3 s black, and the full screen was illumi-
nated in uniform intensity. To test direction selectivity, we used 
moving square-wave gratings of 100% contrast with a spatial fre-
quency of 397.5 μm (0.075 cycle/°) and various temporal frequen-
cies: 1, 2, 4, 6, 8, and 10 Hz. The gratings moved in eight directions, 
in 45° intervals, in a randomized order (3 s grating, four repeats, 
each trial preceded and followed by 2 s of mean gray background 
intensity).
Histamine concentration calibration
To obtain a dose-response curve for different concentrations of 
histamine, we performed MEA experiments in which we succes-
sively washed in 1, 2, 5, 10, and 20 μM histamine to the bath solution 
while recording the baseline activity of RGCs in darkness (OLED 
switched off). Each concentration was washed for approximately 
2 min before switching to the next concentration. We recorded a 
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transistor-transistor logic (TTL) pulse whenever we switched to the 
next concentration. Control experiments were performed in the 
same way without washing in any histamine. The time points t1 to t5 
in the control experiments, shown in fig. S2, correspond to hista-
mine concentrations 1, 2, 5, 10, and 20 μM, respectively. Given that 
we observed a plateau between 5 and 20 μM both in the magnitude 
of the response and proportion of RGCs that react to histamine, we 
used drug concentrations within this range.
Data analysis of MEA experiments
Spike sorting was performed using Kilosort2.0 (110, 111), with sub-
sequent manual curation in Phy (112, 113). We only included well-
separated units in our analysis, as determined by refractory period 
violations (RPVs) <1% (114). Data were analyzed using custom-
written scripts in MATLAB (version R2018b and R2019b).
Histamine concentration calibration analysis
To analyze the concentration-dependent effect of histamine, spike 
times were binned using time bins of 1 s. We calculated the mean 
firing rate over a window of 30 s just before the switch to the next 
concentration occurred (gray shaded bars in fig. S2A). We then cal-
culated the difference between each mean firing rate to the baseline 
(0 μM histamine or t0 in control experiments; fig. S2, C and D). The 
percentage of responsive RGCs for each concentration (fig. S2E) was 
determined as described later (see the “Histamine wash-in analysis” 
section). In total, 112 RGCs with a minimum firing rate of 1 Hz 
across the duration of the wash-in from three retinas were used in 
the histamine calibration experiments, and 302 RGCs from four 
retinas were used in the control experiments.
Histamine wash-in analysis
To analyze the effects of histamine on the baseline activity of RGCs 
recorded using the MEA, we calculated the firing rate over the dura-
tion of the wash-in (15 to 20 min) using a bin width of 1 s. We fo-
cused on the time window of 4 min duration after histamine reached 
the bath and compared the mean firing rate of RGCs to their base-
line firing rate (calculated from a 60-s time window in Ames solu-
tion just before histamine was added). We only included RGCs with 
a minimum firing rate of 1 Hz across the duration of the wash-in 
(n = 822 of 1010 from eight retinas for control, and 681 of 742 RGCs 
from seven experiments for histamine). The magnitude of change in 
baseline activity was calculated as the difference in firing rate from 
that of the baseline. We defined cells as responsive to histamine 
if they crossed an upper or lower threshold, determined by the upper 
and lower 2.5% quantile of the control distribution (3.6 and −3.8 spikes/s, 
respectively; Fig. 2B, red vertical lines). We used the same thresholds 
to determine the percentage of responsive RGCs in the concentra-
tion calibration experiments (fig.  S2E). The percentage of RGCs 
with increased firing rates upon histamine application was com-
pared to the control dataset using a two-sample t test for unequal 
variances.
Analysis of MEA light responses
To classify RGCs as ON, OFF, or ON-OFF, we defined an OOI, cal-
culated from the response to the full-field stimulus: OOI =

RON −ROFF

RON +ROFF

, 
where RON and ROFF are the spike counts during 2 s of light ON or 
OFF, respectively. This results in values in the range of [−1, 1], where 
ON RGCs will have a positive OOI, OFF RGCs will have a negative 
OOI, and ON-OFF RGCs will have OOIs in between, depending on 
whether their ON or OFF response is more prominent. The PSTH in 
response to the spot stimulus (Fig. 2C) was calculated as the mean 
PSTH over five repetitions using a bin width of 50 ms. To identify 

DSGCs, we analyzed the response to moving gratings. Before analy-
sis, motion directions were aligned to retinal coordinates. We then 
calculated the gDSI as above (see the “Data analysis of patch-clamp 
experiments” section). The PD was defined as the angle of the 
vector sum. The direction-selectivity index (DSI) was calculated 
as DSI = RPD −RND

RPD +RND

, where RPD and RND are the responses in the 
direction closest to the PD and the one opposite to it, respec-
tively. Similarly, we calculated an orientation-selectivity index as 
OSI =

(RPD +RND)−(ROD1 +ROD2)
(RPD +RND)+(ROD1 +ROD2)

, where RPD and RND make up the re-
sponse in the preferred axis, and ROD1 and ROD2 are the responses in 
both orthogonal directions. We only considered RGCs that had a 
mean firing rate >1 Hz during the grating stimulus. Cells with a 
gDSI > 0.15, a DSI > 0.3, and OSI < 0.3 were considered as DSGCs.

To analyze responses of DSGCs to moving gratings of different 
temporal frequencies, we classified RGCs as DSGCs based on their 
response to 2-Hz moving gratings, using the same criteria as before. 
We obtained 27 of 385 DSGCs (three retinas, minimum firing rate of 
1 Hz during the moving gratings stimulus). We defined the PD as 
the direction closest to the angle of the gDSI for gratings moving at 
2 Hz. We then performed an FFT on the PSTHs of each DSGC’s PD 
(mean PSTH over four repetitions, using a 25-ms bin width, with 
mean subtracted) for all temporal frequencies presented and calcu-
lated the amplitude of the first harmonic at each stimulus frequency. 
Statistical comparison was performed with a two-way ANOVA with 
Bonferroni post hoc correction for multiple comparisons.

In vivo Neuropixels recordings
For the in vivo Neuropixels recordings, we used HDC-Cre mice 
from the Jackson Laboratory (strain no. 021198; see the “Image 
analysis” section above). Before electrophysiological recording, 
mice underwent surgery under isoflurane anesthesia [5% induction 
and 1.5 to 2.5% maintenance, SomnoSuite (Kent Scientific)] to im-
plant head bars. A craniotomy was then prepared to access the optic 
tract (opt). Briefly, mice were sedated with an intraperitoneal injec-
tion of chlorprothixene (Sigma-Aldrich), then anesthetized with 
urethane (intraperitoneal, Sigma-Aldrich) and kept on a feedback-
controlled heating pad at 37°C. After securing the mouse on a ste-
reotactic device (Scientifica), the scalp was removed to expose the 
skull. A thin layer of paraffin-based transparent ophthalmic oint-
ment was applied (Duratears, Alcon) to prevent the eyes from dry-
ing. After horizontal alignment of the pitch and roll head axes, a 
craniotomy of 1 to 2 mm in diameter was drilled and the exposed 
brain was covered with a layer of saline throughout the recording.

Electrophysiological recordings were made with Neuropixels 
probes (115) in head-fixed mice. A Neuropixels probe (“Neuropixels 
1.0”) was secured to a three-axis micromanipulator (Luigs & 
Neumann). The probe’s tip was dipped into a 1-μl droplet of CM-DiI 
before insertion to track the probe during the imaging step. The 
probe was slowly inserted into the brain through the craniotomy, 
and after reaching the desired depth, it was allowed to settle before 
starting the recording session. A black curtain was lowered over the 
rig, keeping the mice in complete darkness except for the visual 
stimulus. The same visual stimuli (see the “Visual stimuli used in 
Neuropixels experiments” section) were repeated before and after 
CNO (clozapine-N-oxide dihydrochloride, Tocris, cat. no. 6329) in-
jection (3 μg CNO/g of mouse body weight) in both control (nonin-
jected HDC-Cre mice) and hM3Dq-AAV-injected mice.
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Neuropixels data were acquired at 30 kHz (spike band) using 
the SpikeGLX recording system (SpikeGLX, https://billkarsh.
github.io/SpikeGLX). Kilosort2 was used offline to identify spike 
times and assign spikes to individual units (59, 111), with subse-
quent manual curation in Phy (112, 113). After the recording ses-
sion, probes were retracted from the brain. Mice were deeply 
anesthetized with a terminal intraperitoneal injection of pento-
barbital (pentobarbital sodium, 200 mg/ml, CTS Chemical Indus-
tries Ltd., Kiryat Malachi, Israel), and intracardially perfused as 
described in the “Tissue processing, immunohistochemistry pro-
tocols, and microscopy” section. Brains were sliced (30 μm) by a 
vibratome (7000 smz-2 Vibratome, Campden Instruments Ltd.) 
and mounted onto Superfrost/Plus Microscope Slides (Thermo 
Fisher Scientific), covered with a coverslip using a Vectashield 
antifade mounting medium with DAPI (Vector Laboratories, 
H1200). All brain sections were digitally scanned using Olympus 
UPlanSApo 10×/0.40 NA objectives on an Olympus BX61VS 
slide scanner (Olympus Corporation, Tokyo, Japan). Reconstruc-
tion of the fluorescent probe track was obtained in coronal slices 
using the SHARP-Track tool (https://github.com/cortex-lab/
allenCCF) from (116) and each point along the probe was trans-
lated into the Allen Institute Common Coordinate Framework 
(CCFv3) template brain. Each CCFv3 coordinate corresponds to 
a unique brain region, identified by its structure acronym (e.g., 
CA3, TH, fp, etc.). Only units recorded in the opt (Optic tract) 
were used for further analysis.
Visual stimuli used in Neuropixels experiments
Visual stimuli were generated using MATLAB custom scripts based 
on the Psychophysics Toolbox and displayed using an LG LCD 
gamma-corrected monitor (1280 × 720 pixels, 60 Hz refresh rate), 
which was positioned 25 cm from the mouse and spanned 137.6° × 
77.4° of its visual field (because 1° in the visual field covers 30 μm on 
the mouse retina, the calculated pixel-to-degree ratio is approximately 
9.3). Experiments began with a receptive field mapping stimulus 
consisting of a checkerboard white noise stimulus of black-and-
white squares 4.3° in size, which changed at 15 Hz for 15 min. Next, 
mice were shown moving gratings (2, 4, and 8 Hz) that moved in 
eight different pseudorandomly chosen directions, in 45° intervals, 
at a speed of 26.6°, 53.2°, and 106.4°/s (corresponding to 800, 
1600, and 3200 μm/s on the retina). Each stimulus was repeated 
five times.
Analysis of Neuropixels recordings
To identify DSGCs, we analyzed the response to moving gratings. 
gDSI and DSI were calculated as previously described. gDSI across 
orientations (gOSI) was calculated asgOSI = ∣Σ Rθe

2iθ∣

ΣRθ

 . Units with 
gDSI ≥ 0.15, DSI ≥ 0.3, and gDSI > gOSI and that spiked at least 
twice in at least three trials of the same direction, in at least one of 
the stimuli presented before CNO injection, were considered DS. PD 
was defined as the direction with the maximal response in the re-
cording in which the response was DS. We then performed an FFT 
on the PSTHs of each DSGC’s PD (mean PSTH over five repetitions, 
using 25-ms bin width) for all temporal frequencies presented and 
calculated the amplitude of the first harmonic at each stimulus 
frequency. Statistical comparison was performed with a two-way 
repeated-measures ANOVA with Bonferroni post hoc correction 
for multiple comparisons.

Only well-separated units, as determined by refractory period 
violations <1%, were included in our analysis. Waveforms of 100 

random spikes overlaid to the mean spike shape obtained by averag-
ing all spikes across the recording were presented for the example 
units. To determine RFs, the spike-triggered average (STA) from the 
white noise data was calculated by averaging the images that were 
presented in the 500 ms preceding each spike. The presented spatial 
RF is the result of up-sampling the STA by a factor of 4 and filtering 
the image with a two-dimensional (2D) Gaussian smoothing kernel.

Single-cell RNA sequencing data analysis
For the transcriptomic analysis, we assessed previously published 
single-cell RNA sequencing datasets from mouse retina (37–39). 
Raw data are available from Single Cell Portal (SCP) (117) or Gene 
Expression Omnibus accession GSE137398 (37), GSE81905 (38), 
GSE149715 (39). Cell labels and positions in the 2D t-SNE are as in 
the original papers. Dot plot visualizations, where color and size in-
dicate the relative expression level across all defined clusters and the 
percentage of cells that expressed the gene, respectively, were gener-
ated using MATLAB custom scripts. Another mouse (42), a primate 
(82), and a human retina (81) dataset were accessed on the SCP and 
Human Cell Atlas (HCA) Data Explorer (118), respectively. Cell-
type nomenclature and function were compared to other published 
datasets (119–121).

Quantitative OMR
The OMR was determined using the quantitative OMR system 
(Phenosys) as described previously (49, 50, 122). The system con-
sists of a box whose internal walls are equipped with four screens 
equally spaced from an elevated central platform on which the ani-
mal is placed and is free to move. Mirrors on the floor and ceiling of 
the box give the optical illusion of infinite depth. An infrared cam-
era (acquisition frame rate, 30 frames/s) is placed on the upper lid to 
video track on real time head movements while presenting sinusoi-
dal vertical gratings (spatial frequency, 0.15 cycle/°) at different con-
stant speeds (6, 12, and 35°/s) in photopic light conditions, contrast 
1, rotating alternately in both directions. Each speed was randomly 
presented for 1 min, four to six times. The total correct and incorrect 
head movements with respect to the stimulus speed and direction 
were automatically counted by the Phenosys software based on a 
window of +2 to −10°/s around the stimulus speed. The OMR index 
was computed as the ratio of movements in the correct and incor-
rect direction (49, 123). Sixteen C57BL/6J mice, both sexes included 
(11 females and 5 males), were tested in three different days in 
control condition (pre, treated with water), 30 min after H1R 
antagonist treatment consumption (H1R antagonist, Fenistil 1 mg/
ml, GlaxoSmithKline, administered undiluted as oral drops, 10 mg/
kg), and after letting them recover for at least 24 hours after the drug 
administration (post, treated with water). Mice were tested between 
8:00 a.m. and 2:00 p.m. Statistical comparison was performed with a 
two-way repeated-measures ANOVA with Tukey’s post hoc cor-
rection for multiple comparisons.

Human experiments
The study protocol was reviewed and approved by the Institutional 
Helsinki Committee of Kaplan Medical Center, Rehovot, Israel 
(no. 0160-19-KMC). Nine healthy men and women between 
the ages of 18 and 50 were recruited. All recruited participants pro-
vided signed informed consent. Exclusion criteria included chronic 
disease, taking regular medications, taking medication in the 
2 weeks before the study visit, eye diseases that affect the functions 
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of the optic nerve or the retina, farsightedness or family history 
of narrow-angle glaucoma, difficulty urinating or known enlarge-
ment of the prostate, pregnancy, and breastfeeding. One patient 
was excluded from the study due to an inability to complete the 
study tests in light of known attention deficit hyperactivity disorder.

In this clinical, crossover, single-blind trial, each volunteer 
participated in two visits, at least 2 weeks apart. During one visit, 
2 mg of dimetindene maleate (Fenistil, 1 mg/ml, GlaxoSmithKline) 
oral drops diluted in 200 ml of sweetened water was given, and 
during the other visit, a placebo was given. Dimetindene maleate 
was chosen based on safety (commonly used as an anti-allergy 
medication) and because it has been reported to cross the blood-
brain barrier and hence would likely reach the retina (77, 124). 
The order of the visits was random. The placebo or drug was taken 
between 8:00 a.m. and 12:30 p.m.; tests to assess visual function 
were performed 2 hours after dimetindene maleate/placebo 
consumption. Refraction and best-corrected visual acuity were 
measured in both eyes separately at the beginning of each visit, 
using a Snellen chart, based on autorefractometer results and an 
optometrist exam.

During each visit, a Heidelberg Spectralis device was used to per-
form macular optical coherence tomography (OCT), OCT of retinal 
nerve fiber layer (RNFL), and OCT angiography (OCTA) to ensure 
that Fenistil does not cause any morphological changes in the retina 
or the blood vessel density in it. We used the macular OCT and 
OCT RNFL images to compare the central macular thickness and 
mean RNFL thickness, respectively. To quantify retinal vascular 
density, the enface images of different vascular retinal layers ob-
tained with OCTA were processed by ImageJ 1.52v software. Images 
were binarized according to Niblack’s method and a grayscale mean 
was calculated and transformed to coverage in percentage, after sub-
tracting the foveal avascular zone (125). No differences were ob-
served between the placebo and H1R antagonist (table S2).

Visual field tests were carried out using the Humphrey visual 
field analyzer (HFA). The central visual field was evaluated using 
the HFA 10-2 program of automated perimetry with the Swedish 
Interactive Threshold Algorithm (SITA) standard strategy, and the 
peripheral visual field was assessed using the HFA 60-4 program 
of automated perimetry with the SITA standard strategy. Perim-
etry, which refers to the systematic measurement of the visual field, 
measures sensitivity to stimuli at multiple locations in the visual 
field while monitoring fixation. Each eye is tested separately. We 
used a white-on-white size III (0.4 mm) target with a background 
luminance of 31.5 apostilbs (asb) in all the tests. The Humphrey 
perimeter tests light intensities over five orders of magnitudes, from 
10,000 asb to 0.1 asb. Every log order change in light intensity cor-
responds to 10 dB, such that the machine can measure sensitivities 
over a 50-dB range. The SITA developed for the Humphrey perim-
eter estimates threshold values for each point of the visual field 
based on responses to stimuli presented at that location, as well as 
information gathered from nearby locations. In the 10-2 perimetry, 
68 points in the central 10° of the visual field were measured, in-
cluding the foveal sensitivity. In the 60-4 perimetry, 60 points were 
measured between 30° and 60° of the visual field. Fixation is as-
sured by mapping the blind spot and then retesting the blind spot 
throughout the visual field test. Positive responses during retesting of 
the blind spot are assumed to reflect loss of fixation; the ratio be-
tween fixation losses and the number of times the blind spot was 
tested was less than 20% in all tests.

Statistical analysis
Statistical parameters, including the exact value of n, mean ± SD, 
and statistical significance, are reported in the text and figure leg-
ends. All data in the figures are presented as mean ± SEM unless 
otherwise indicated. The cutoff for significance was P  <  0.05, 
and the significance level is marked by *P  <  0.05, **P  <  0.01, 
***P < 0.001, and ****P < 0.0001. Statistical analysis was per-
formed with MATLAB (The MathWorks Inc., Natick, MA, USA) or 
GraphPad software (Prism, San Diego, CA, USA). Welch’s one-way 
ANOVA (126) was performed with MATLAB.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Tables S1 and S2
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