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SUMMARY
The wiring of visual circuits requires that retinal neurons functionally connect to specific brain targets, a pro-
cess that involves activity-dependent signaling between retinal axons and their postsynaptic targets. Vision
loss in various ophthalmological and neurological diseases is caused by damage to the connections from the
eye to the brain. How postsynaptic brain targets influence retinal ganglion cell (RGC) axon regeneration and
functional reconnection with the brain targets remains poorly understood. Here, we established a paradigm
in which the enhancement of neural activity in the distal optic pathway, where the postsynaptic visual target
neurons reside, promotes RGC axon regeneration and target reinnervation and leads to the rescue of opto-
motor function. Furthermore, selective activation of retinorecipient neuron subsets is sufficient to promote
RGC axon regeneration. Our findings reveal a key role for postsynaptic neuronal activity in the repair of neural
circuits and highlight the potential to restore damaged sensory inputs via proper brain stimulation.
INTRODUCTION

Vision is the primary sense humans use to navigate theworld and

survive. Retinal ganglion cells (RGCs) are the output neurons of

the eye and the sole conduit for visual information to reach the

brain, where it undergoes perceptual, sensory-motor, and auto-

nomic processing. RGCs and their axons thus represent a key

bottleneck to restoring lost vision following injuries and degener-

ative diseases that deplete neurons, such as glaucoma. To

restore vision after injury or disease, RGC axons must re-grow

back into the brain and connect with specific synaptic targets,

as they did in development. However, RGC axons, like all axons

of the central nervous system (CNS), do not spontaneously

regenerate following injury.

During development, RGC axons rely on a wide range of sig-

nals from within the retina and their central targets in the brain

to wire up correctly.1 Factors inherent to RGC axons and

target-derived signals, such as axon guidance cues, trophic fac-

tors, and neural activity, direct the processes of topographic

mapping, eye-specific axonal segregation, synaptic choice, syn-

apse formation, and refinement.2–5 Many studies have demon-

strated that modifying trophic factor signaling in major central

targets or ablating targets affected RGC death during develop-

ment.6–12 Target cells thus play a critical role in developing and

maintaining visual circuits. Recent studies have identified strate-

gies to increase the growth potential of RGC axons in a diseased

or injured environment by recapitulating developmental mecha-
This is an open access article under the CC BY-N
nisms.13,14 Most of these studies focus onmolecular and cellular

events in the retina and/or optic nerve. Although target neurons

play an important role in the development of visual circuits, far

less is known about the role of retinorecipient target cells in the

regeneration process.

We used a chemogenetic approach to stimulate neural activity

in specific visual target neurons following injury and evaluated

how this affects RGC axon regeneration. Our findings reveal

that increased neural activity in target neurons promotes RGC

axon regeneration and rescues the deficits in optomotor re-

sponses typically observed following injury to the distal optic

pathway. The potential to leverage postsynaptic partners of

injured retinal axons to promote their regeneration and thereby

restore visual system function represents an underappreciated

and potentially effective strategy for repairing neural circuits.

RESULTS

Increasing neural activity in the distal optic pathway
promotes RGC axon regeneration
Enhancing RGC neural activity in the retina can promote regen-

eration of RGC axons in an optic nerve crushmodel.15,16 Herewe

tested the hypothesis that increasing neural activity in cells distal

to the lesion site (within the brain) would promote regeneration of

injured RGC axons. We used a distal-injury model in which RGC

axons were unilaterally severed at a location rostral to the pre-

tectum, resulting in a partial injury to the optic tract (Figure 1A).
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Figure 1. Injury to the distal optic tract of adult mice

(A) Schematic of distal injury (red dotted line) to the optic tract showing cholera toxin subunit b (Ctb)-labeled RGC axon projections to central visual targets: dorsal

lateral geniculate nucleus (dLGN), pretectum, superior colliculus (SC). The gray dotted rectangle shows the magnified regions shown in (C) and (D).

(B) Experimental timeline to assess the distal injury and its effect on RGC death.

(C and D) Schematic of sagittal (C) and dorsal (D) views of the optic tract and RGC projections into central visual targets.

(E) Sagittal sections demarcating the lesion area immunostained for astrocytes (GFAP, green) and microglia (IBA1, magenta).

(F–I) Sagittal (F) and dorsal (G) views of normal uninjured RGC axon projections into the pretectum and SC. Sagittal (H) and dorsal (I) views of RGC axon pro-

jections 2 weeks after distal injury. The red dotted line indicates the lesion site.

(J–M) Whole-mount retinas from sham-uninjured (J) and injured-saline-control (K), injured-CNO-activity (L) mice labeled with an RGC marker (RBPMS). Quan-

tification of RGCs 2 weeks after distal injury from the contralateral eyes (M).

Ordinary one-way ANOVA, p = 0.5857; Tukey’s multiple comparisons test, p = 0.9102, p = 0.7882, p = 0.5675. N = 5 animals/group for sham and activity; N = 4

animals for control. Error bars indicate SEM. Scale bars, 1,000 mm (G), 100 mm.
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There are two advantages to using this distal-injury model for

probing the role of target cells in axon regeneration: (1) a shorter

distance for regenerating axons to reach their targets; (2) RGC

axon collaterals innervating visual targets rostral to the lesion

site would retain connectivity and trophic support and thereby

minimize RGC death in the retina, a major confounding issue of

optic nerve crush models.17–19

We first set out to determine if the distal-injury model indeed

minimizes RGC death. RGC axons were visualized by labeling

them with cholera toxin subunit b (Ctb) (Figures 1A and 1B).

Two days later, the distal lesion was performed to partially sever

the contralateral optic tract (Figures 1C–1I). To assess RGC
2 Cell Reports 42, 112476, May 30, 2023
death induced by the lesion, we processed the retinas for immu-

nohistochemistry using the RGC-specific marker RNA Binding

Protein with Multiple Splicing (RBPMS)20,21 (Figures 1J–1M).

We observed no significant reduction in the number of RGCs

compared with sham (uninjured) retinas (p = 0.5857 from one-

way ANOVA with post hoc Tukey’s multiple comparisons, n = 5

animals/group) (Figure 1M), indicating that the distal-injury

model minimizes RGC death.

To test the hypothesis that stimulating postsynaptic neurons

could promote RGC axon regeneration, we used a previously es-

tablished chemogenetic approach to increase neural activity in

pretectal neurons caudal to the lesion (Figures 2A–2F).15,20 We



Figure 2. Non-specific stimulation of the distal optic tract promotes RGC axon regeneration

(A) Schematic of chemogenetic stimulation of neurons in the pretectum relative to the lesion site (gray dotted line).

(B–E) Ctb-labeled RGC axon projections (green) in the pretectum and SC; mCherry-labeled neurons in the pretectum expressing hM3Dq-mCherry (blue). White

dotted rectangles in (B) and (D) show magnified regions in (C) and (E), respectively.

(F) Schematic of chemogenetic stimulation: clozapine-N-oxide (CNO) binds modified hM3Dq to increase neural activity within cells.

(G) Experimental timeline for stimulating neurons in the pretectum following distal injury.

(H and I) Representative images showing Ctb labeled RGC axon projections in the pretectum and SC. Sagittal sections of the brain with pre-injury Ctb label

(green), post-injury Ctb label (magenta) from control (H), and neural activity groups (I). The white dotted line indicates the lesion site.

(J and K) White rectangles in (H) and (I) show magnified regions in (J) and (K), respectively.

(L and M) Images in (J) and (K) were processed to identify regenerating axons only labeled with post-injury Ctb.

(N) Quantification of the pixel density of regenerating axons (analyzed as shown in P). Individual data points in each graph represent the sum of pixel density from

one animal. Mann-Whitney test: ****p < 0.0001. N = 10 animals (control), 14 animals (activity).

(legend continued on next page)
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overexpressed an engineered G-protein-coupled receptor

hM3Dq (modified human M3 muscarinic designer receptor

exclusively activated by designer drug [DREADD]) into the pre-

tectum of 8-week-old mice using adeno-associated virus (AAV;

AAV2-hSyn-hM3Dq-mCherry22,23) (Figure 2G). Two weeks later,

the distal optic tract was lesioned, and mice were given intraper-

itoneal injections of either saline (control group) or the synthetic

ligand clozapine-N-oxide (CNO) to activate hM3Dq (neural activ-

ity group), thereby increasing their neuronal activity15 (Figures

2A–2F). We first confirmed hM3D activation by immunostaining

for cFos, an immediate-early gene induced by neural activity.24

Double-labeled mCherry+ cFos+ cells were observed 24 h

following CNO injection (Figures S1D–S1F) and following a

2-week period (Figures S1J–S1L) but not after injecting saline

(Figures S1A–S1C and S1G–S1I). No mCherry+ cFos+ cells

were observed in the dorsal lateral geniculate nucleus (dLGN)

or superior colliculus (SC) of CNO-injected mice (Figures S1M

and S1N). Recordings from mCherry+ cells showed a significant

increase in the firing rate (p = 0.019 after adding CNO, p = 0.0019

after washout, from paired t test, n = 5 cells from three mice) and

resting potential (p = 0.0097 from unpaired t test, n = 5 cells from

three mice) following CNO administration (Figures S1O–S1S). A

subsequent CNO washout significantly decreased the firing

rate (p = 0.0019 from paired t test) (Figure S1Q). CNO administra-

tion was not found to exert any independent effects on regener-

ation and was not statistically significant compared with saline-

injected controls (p = 0.5565 from unpaired t test, n = 2

animals/group) (Figure S1T). To unambiguously identify regener-

ating axons, mice received intravitreal injections of Ctb conju-

gated to Alexa Fluor (Ctb-647 and Ctb-488) 2 days before the

injury and 12 days after injury, respectively (Figures 2G, 2P,

and S2A–S2F). Quantification of RGCs that were double labeled

in the retina showed that the number of RGCs labeled with the

first (91%), second (93%), or both (88%) tracers were not statis-

tically significant, indicating adequate labeling by both tracers

(p = 0.61 for uninjured and p = 0.9077 with a two-way ANOVA fol-

lowed by post hoc Tukey’s multiple comparisons, n = 4 animals

for control and five animals for activity) (Figures S2G–S2M).

Increasing neural activity in pretectal neurons post injury for

2 weeks led to significantly greater RGC axon regeneration

than was observed in control mice (p < 0.0001 with Mann-

Whitney test, n = 12–15 sections/mice from 10 mice in the

control group, and 14 mice in the activity group) (Figures

2H–2N). We sought to determine if a relationship exists be-

tween the proportion of RGC axons spared from injury and

the degree of regeneration observed (Figure 2P). A compari-

son of spared axons between groups revealed no significant
(O) Quantification of the pixel density of spared axons labeled with both pre-in

p = 0.8408. N = 10 animals (control), 14 animals (activity).

(P) Pre-injury Ctb label (green) and post-injury Ctb label (magenta) injected into

axons.

(Q) Quantification of regeneration as a function of distance. The average pixel de

shows the lesion site, the blue bar indicates the hM3Dq-injection site.

Paired t test to compare the group as a whole: ****p < 0.0001. Multiple Mann-Whit

0.259, 0.095, 0.0038, 0.00038, 0.0059, 0.0058, 0.0047, 0.0024, 0.0059, 0.0058, an

Scale bars, 100 mm.

See also Figures S1–S4.
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differences (p = 0.8408 with Mann-Whitney test) (Figure 2O).

We found no significant difference in cell death between the

control and activity groups (Figure 1M). These results suggest

that the increase in regeneration is due to the enhancement of

neural activity in the chemogenetically manipulated pretectal

neurons.

We sought to determine the extent to which increasing activity

in the pretectum could promote regeneration. HM3D-mCherry+

neurons were observed throughout the pretectum but not in the

dLGN or SC (Figure S3A). We measured the observed regenera-

tion in the distal optic pathway as a function of distance.We found

that, while control animals exhibited the highest degree of regen-

eration at only 200 mm from the lesion site, increasing neural activ-

ity promoted regeneration at all distances up to 2,000 mm from the

lesion site, with the highest degree of regeneration observed at

1,400 mm from the lesion site (p < 0.0001 from t test with post

hoc multiple non-parametric t tests; 12–15 sections/mice from

10mice in the control group and 14mice in the activity group) (Fig-

ure 2Q). Although the total pixel density of regenerating axons var-

ied between animals, regeneration was observed in all 10 mice of

the neural activity group (Figures S3B–S3S).

Regenerating axons reach target nuclei
To assess whether regenerating axons also re-innervated vi-

sual targets, we quantified the density of regenerating axons

within each subcortical visual target. We focused on the pretec-

tal targets near the hM3Dq-injection site, such as the olivary

pretectal nucleus (OPN; responsible for pupillary light reflex),

the nucleus of the optic tract (NOT; horizontal image stabiliza-

tion), the medial division of the posterior pretectal nucleus

(mdPPN; function unknown), and the SC (head and eye move-

ments).25 Because the lesion site was medial to the dLGN, RGC

collaterals innervating the dLGN are proximal to the lesion and

thus not injured; nevertheless, we expected injured axons to

degenerate a few hundred micrometers from the injury site

before regenerating.14,26 Therefore, we also evaluated regener-

ation within the dLGN.We observed significantly more regener-

ating axons within all target nuclei in the neural activity group

(p < 0.001) (Figures S4A–S4Y). We examined whether regener-

ating axons navigated more favorably toward one or more tar-

gets within the neural activity group. Since each visual target

varies by size, we normalized the degree of regeneration within

each target by the target area. We found no significant differ-

ence in regeneration between the targets (Figure S4Z)

(p = 0.185 from ordinary one-way ANOVAwith post hoc Tukey’s

multiple comparisons). These findings suggest that injured

axons died back as far as the dLGN (�500 mm) and that
jury and post-injury Ctb (analyzed as shown in P). Mann-Whitney test: n.s.,

the eyes of mice can be processed to distinguish regenerating versus spared

nsity of all animals at each point on the x axis is plotted. The gray dotted line

ney tests to compare control and activity at each individual distance: p = 0.022,

d 0.0069. N = 10 animals (control), 14 animals (activity). Error bars indicate SEM.
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regenerating axons navigated toward regions that are highly

electrically active.

A genetic driver to manipulate retinorecipient cells in
the NOT
To dissect the role of neural activity more specifically in postsyn-

aptic cells that receive RGC inputs (retinorecipient cells) in

regeneration, we focused on the NOT, a subcortical visual target

nucleus. RGC inputs to the NOT, a component of the accessory

optic system (AOS) critical for image stabilization, are required to

control horizontal eye movements.27–29 We sought mouse lines

to target and manipulate the cells within the NOT selectively.

We screened a library of BAC-transgenic Cre recombinase driver

lines (GENSAT) and identified the Synaptotagmin 17 Cre line

(Syt17::Cre) as a possible candidate. To characterize the Cre-

labeled cells in the Syt17::Cre line, we crossed the mice with a

reporter expressing tdTomato and examined the brains of their

offspring: Syt17::Cre; Ai9::tdTomato (Figures S5A–S5E and

S5I). We used Ctb-488 to visualize the axons of all RGCs and ret-

inorecipient innervation and quantitated which regions con-

tained tdTomato+ cells.

We observed tdTomato+ cells within the NOT (p = 0.0012

from t test, n = a total of 32 sections from four animals)

(Figures S5C–S5E), but none within the dLGN, mdPPN, or SC

(Figures S6A–S6C and S6G–S6L). We occasionally observed

a few tdTomato+ cells within the OPN (Figures S5E and S6D–

S6F); however, tdTomato+ OPN cells were not present in all

mice. We also crossed the Syt17::Cre;Ai9 mouse line with the

Hoxd10::GFP mouse line, which labels RGCs projecting to ret-

inorecipient targets of the AOS, which includes the NOT, DTN,

and MTN.29 As expected from previous reports, we confirmed

the presence of Ai9-tdTomato+ cells in the vicinity of GFP+ RGC

axons within the NOT (Figures S5F–S5H). Additionally, previous

reports have confirmed that RGCs are not labeled in the

Syt17::Cre line.30 These findings confirm that the Syt17::Cre

mouse line is useful for labeling and manipulating NOT neurons

restrictively.

Anatomically, the NOT is a target containing RGC afferents,

excitatory, and inhibitory neurons that project to and receive

input from other brainstem nuclei.28,31 To confirm whether

the Cre+ cells in the NOT receive RGC inputs, we used pseu-

dotyped-rabies viral tracing to label pre-synaptic inputs to

Cre+ cells in the NOT (Figures S5J–S5V). In this approach,

the rabies virus can jump one synapse, and pre-synaptic in-

puts can be identified with mCherry32,33 (Figure S5T). We

analyzed sections of the brain and the retina and found

mCherry+ axons in the optic tract and mCherry+ cells in the

retina (Figures S5N–S5V). Cross sections of the retina immu-

nostained with choline acetyltransferase (ChAT) showed that

the majority of mCherry+ RGCs were bistratified in the inner

plexiform layer, where the dendritic arbors co-label with the

ChAT layer, suggesting these RGCs may be on-off direction-

selective ganglion cells or other bistratified RGC subtypes

(Figures S5K–S5M).25 Since RGCs are the only cells that

extend projections out of the retina, these data confirm that

Cre+ cells in the Syt17::Cre mouse line receive monosynaptic

inputs from RGCs and validate Cre+ cells in the NOT as

bona fide retinorecipient cells.
Retinorecipient target-cell activity promotes RGC axon
regeneration
Non-specific activation of neurons in the pretectum included

cells that receive visual information and other diverse types of

neurons that do not receive visual input. Thus, we next asked if

any cells distal to the lesion could be manipulated to promote

regeneration or if only target activity from synaptic partners

was required to promote regeneration of injured axons. We over-

expressed Cre-dependent hM3Dq in the NOT of Syt17::Cremice

to allow for selective increase in neural activity in retinorecipient

cells of the NOT (Figures 3A–3F). Cre� mice that received cre-

dependent hM3Dq injections and CNO were used as controls

(Figure 3B).We identified regenerating axons unambiguously us-

ing Ctb-647 and Ctb-488, injected before and after injury,

respectively (Figures 3G and 3H). Quantitation of regenerating

axon pixel density in the distal optic pathway showed that

increasing neural activity selectively in Cre+ cells in the NOT

significantly increased RGC axon regeneration as compared

with controls (p = 0.033 fromMann-Whitney test, n = 12–15 sec-

tions/mice from seven animals in the activity group and three an-

imals in the control group) (Figure 3I). Measurement of the pixel

density of spared axons showed no significant difference be-

tween the groups (p > 0.99 from Mann-Whitney test) (Figure 3J).

Binning the pixel density of regenerating axons as a function of

distance from the lesion site revealed that maximum regenera-

tion caudal to the lesion was observed closest to the injection

site (p = 0.0079 from paired t test with multiple post hoc t tests)

(Figure 3K), indicating that regenerating axons navigate prefer-

entially toward activity-induced signals. To determine if injured

RGC axons were regrowing or if spared axons were sprouting

collaterals in response to increased activity, we retrogradely

labeled RGCs in the retina. We found 4-fold more GFP+ RGCs

in the activity group compared with controls (average 80 cells

in the activity group and 20 cells in the control group, p = 0.02 us-

ing an unpaired t test, n = 4 animals for control and n = 3 for

activity group) (Figures 3L–3N). These results suggest that reti-

norecipient target-cell activity is sufficient to promote RGC

axon regeneration following a distal injury.

We also find that selectively stimulating retinorecipient neu-

rons within the NOT is sufficient to promote regeneration within

that target and to neighboring visual targets, albeit to a lesser de-

gree thanwith non-specific pretectal activation. Quantification of

regenerating axons within each target revealed significantly

greater regeneration in all targets in the activity group compared

with controls (Figures S7A–S7E). The average pixel density was

highest within the NOT compared with other pretectal targets in

the activity group (Figure S7F). However, a comparison of the

pixel density of regenerating axons (normalized to the area of

the corresponding targets) showed no statistically significant dif-

ference among the targets (p = 0.0551 from two-way ANOVA

with post hoc Tukey’smultiple comparisons) (Figure S7G). These

results indicate that stimulating neurons within the NOT directed

regenerating axons to the NOT and other visual targets.

Increasing neural activity rescues deficits in optomotor
response induced by injury
To understand if the degree of regeneration observed was suffi-

cient to restore function following injury, we compared the
Cell Reports 42, 112476, May 30, 2023 5



Figure 3. Selective stimulation of retinorecipient cells promotes regeneration

(A) Cre-dependent Flex-hM3Dq injected into the NOT of Syt17::Cre mice increases neural activity in Cre+ cells postsynaptic to RGCs.

(B) Experimental timeline to stimulate NOT cells post distal injury.

(C and F) Coronal sections showing Cre+ cells in the NOT that receive Ctb-labeled RGC input expressing hM3Dq (blue, F).

(D, E, G, and H) Representative images of coronal sections of the brain labeled with pre-injury Ctb (green) and post-injury Ctb (magenta) from control (D andG) and

neural activity groups (E and H). Images in (D) and (E) are shown processed to identify regenerating axons (G and H, respectively).

(I) Quantification of the pixel density of regenerating axons. Individual data points represent the sum of pixel density from one animal. Mann-Whitney test: *p =

0.033. N = 3 animals (control) and N = 7 animals (activity).

(J) Quantification of the pixel density of spared axons. Individual data points represent the sum of pixel density from one animal. Mann-Whitney test: n.s.

p > 0.9999. N = 3 animals (control) and N = 7 animals (activity).

(K) Quantification of the pixel density of regenerating axons as a function of distance. The average pixel density of all animals at each point on the x axis is plotted.

The blue bar in K represents the hM3Dq-injection site. The gray dotted line indicates the lesion site. Paired t test to compare the group as a whole: **p = 0.0079.

Multiple unpaired t tests to compare control and activity at each individual distance: p = 0.14, 0.34, 0.040, 0.025, 0.031, 0.048, 0.095, and 0.318. N = 3 animals

(control) and N = 7 animals (activity). Error bars indicate SEM.

(L–N) Retinal whole mounts from control (L) and activity (M) groups show GFP+ RGCs labeled via retrograde tracing from the NOT. (M0) The white box in M is

magnified in M0. (N) Quantification of GFP+ RGCs from both groups. Unpaired t test: *p = 0.02. N = 4 animals (control) and N = 3 animals (activity). Scale bars,

100 mm (C–E) and 200 mm (M).

See also Figures S5–S7.
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optomotor reflex of animals. This assay has previously been es-

tablished as a reliable way to gauge the functional recovery of

RGC projections to subcortical targets in rodent models.15,34,35

All animals generate reflexive head and eye movements in

response tomoving stimuli. Compensatory headmovements sta-

bilize visual images and are called optomotor responses; their

generation requires multiple subcortical nuclei.28,29,36 The visual

performance or acuity of mice is determined by the spatial fre-

quency threshold that mice can track (Figures 4A and 4B). To

test for functional recovery, we increased neural activity non-spe-
6 Cell Reports 42, 112476, May 30, 2023
cifically in the pretectum of wild-type mice. We assayed their op-

tomotor response 2 days before and 2weeks after the distal injury

(Figure 4C). Although control mice showed a significant deficit in

tracking after injury (p = 0.0081 from two-way ANOVA with post

hoc Sidak’s multiple comparisons tests, n = 5 mice), mice that

had increased activity to stimulate RGC regeneration showed

no significant deficit in the threshold of spatial frequency de-

tected before and after injury (p = 0.5696, n = 6 mice; p =

0.1543 for control vs. activity post-injury response) (Figure 4D).

A similar trend was observed for the length of time an animal



Figure 4. Increasing neural activity rescues

deficit in optomotor response caused by

distal injury

(A) Schematic of the OptoDrum used to measure

optomotor response. The red, yellow, and green

dots (right) denote head, body, and tail positions

respectively.

(B) Image captured from a video shows a mouse

observing low spatial frequency (0.056 cyc/deg)

drifting gratings.

(C) Experimental timeline showing two recordings

of optomotor response before and after injury.

(D and E) The threshold of spatial frequency

tracked by each animal in control and activity

groups (pre-injury, light gray; post injury, dark gray)

(D). two-way ANOVA: **p = 0.0081; n.s., p =

0.5696, 0.1543. Post-injury responses normalized

to pre-injury response plotted in (E). Two-way

ANOVA: *p = 0.0107. N = 5 animals/group. Error

bars indicate SEM. Individual data points represent

one animal.

(F and G) The length of time each animal tracked

the moving stimuli is shown as the tracking dura-

tion for both control and activity groups (F).

Two-way ANOVA: **p = 0.0036; n.s., p = 0.5429,

0.8157. Post-injury responses normalized to pre-

injury response plotted in (G). Two-way ANOVA:

*p = 0.0415. N = 5 animals/group. Error bars indi-

cate SEM. Individual data points represent one

animal.
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tracked the drifting gratings at the lowest spatial frequency (0.056

cycles/degree; p = 0.036 for control pre- vs. post injury, p =

0.5429 for activity pre- vs. post injury, p = 0.81 control vs. activity

post-injury response from two-way ANOVA) (Figure 4F). As each

animal had a slightly different threshold for tracking before injury,

we normalized each animal’s post-injury response as a per-

centage of its corresponding pre-injury response. Normalization

of post-injury responses showed a significant difference between

animals from the control versus activity groups in terms of

threshold (p = 0.0107 from two-way ANOVA) and tracking

duration (p = 0.0415 from two-way ANOVA) (Figures 4E and

4G). Taken together, these results suggest that, while a distal
injury to the optic tract leads to a sign-

ificant functional deficit in the optomotor

response, increasing neural activity in

the pretectum rescues the function of

the visual circuits for reflexive image

stabilization.

DISCUSSION

During development, both the retina and

the postsynaptic RGC targets in the brain

play crucial roles in specifying visual cir-

cuit connectivity. Previous studies have

shown that ablating cellular targets in

the brain or target-derived signal leads

to RGC death, indicating the importance

of postsynaptic RGC targets during
development.6,11 Neural activity also plays a key role in regu-

lating transcriptional and morphological changes and trophic

factor responsiveness not just during development but

throughout the lifespan.24,37–40 Here we demonstrate that activ-

ity-induced target-derived signals are essential to regenerate

RGC axons in the mature brain following injury. Our findings

identify two key strategies to achieve CNS circuit regeneration:

(1) stimulating large collections of neurons caudal to a lesion

site as a therapeutic strategy to broadly encourage regeneration

of CNS axons, and (2) stimulating specific postsynaptic target

neurons to promote axon regeneration in defined circuit

pathways.
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Attempts to repair most optic neuropathies often suffer from

two major barriers: promoting regeneration of sufficient

numbers of RGC axons and ensuring those extend sufficiently

long distances to re-interface with their brain targets. The

distal-injury model we described here—by producing a lesion

to the optic tract without damaging retinorecipient target

nuclei—provides a model in which the role of RGC axon-

target reinnervation can be examined. RGC axons extend up

to 2 mm past the injury site, a considerable distance for

mature CNS axons to grow within 2 weeks, and re-connect

to subcortical visual targets. In optic nerve crush models,

there is profound cell death (�80%) between 1 and 3 weeks

post injury.18 It is notable that RGC death does not appear

to be affected following distal-injury. This could presumably

be due to the increased distance between the retina and the

lesion site compared with optic nerve crush injuries. However,

we cannot exclude the possibility that cell death may be

stalled or occurring at a slower rate in our model.

The distal-injury model also mimics certain aspects of clini-

cally relevant CNS diseases that manifest as axonopathy,

whereby some axons are spared and others are lesioned and/

or degenerate, such as in glaucoma, multiple sclerosis, amyotro-

phic lateral sclerosis.41–43 Our observation that postsynaptic ac-

tivity promotes RGC axon regeneration is unlikely to be the mere

consequence of spared axons since there was no significant dif-

ference in the degree of sparing between groups. Further, our

retrograde tracing suggest that injured RGC axons are truly re-

generating (Figure 3N).We do not, however, rule out the potential

role of spared axons sprouting new collaterals, or providing a

structural scaffold for the regeneration of activity-stimulated

axons. Pioneering axons have long been known to provide

cues to guide follower axons during development.44–49 Thus,

the partial-injury model provides a tractable solution to examine

multiple aspects of axon regeneration and pathfinding following

injury not made possible by injury models where entire pathways

are severed.

Chronic stimulation of neurons in the SC with optogenetic ap-

proaches has proven moderately neuroprotective to RGCs in a

mouse glaucoma model.50 Work in humans has identified

various approaches to modulate neural activity via invasive

and non-invasive approaches to treat depression, Parkinson’s

disease, and epilepsy.51–56 More recently, stimulating RGCs in

humans using optogenetic approaches resulted in partial func-

tional recovery in neurodegenerative diseases such as retinitis

pigmentosa.57 With these discoveries, reapplying develop-

mental mechanisms to restore human visual pathways and func-

tion have become fathomable.

Limitations of the study
Further studies are needed to understand the functional contri-

bution of regenerating axons fully. Since a partial injury allows

some spared axons to remain connected, tonic depolarization

due to increased activity may allow spared axons to drive func-

tional rescue. Further, retrograde tracing from the NOT to label

truly regenerating RGCs only labeled a relatively small number

of neurons. This is likely due to the small number of RGCs pro-

jecting to the NOT compared with major targets such as the

dLGN or SC. Although this indicates that injured RGCs are re-
8 Cell Reports 42, 112476, May 30, 2023
generating in this approach, further studies are needed to iden-

tify the total number of regenerating RGCs. Although a partial

injury mimics many clinically relevant injuries and is useful

from a therapeutic standpoint to identify approaches that pro-

mote repair, a complete injury would provide further informa-

tion regarding the potential of postsynaptic neuronal activity

to promote regeneration and functional recovery in the absence

of spared axons.
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Antibodies

Guinea pig Rbpms Phosphosolutions Cat#: 1832_RBPMS; RRID: AB_2492226

Rabbit DsRed Clontech Cat# 632496

Goat GFP Abcam Cat# ab6661; RRID: AB_305643

Goat ChAT Millipore Cat# AB144P; RRID: AB_2079751

Chicken GFAP Aves Cat# GFAP; RRID: AB_2313547

Goat IBA1 Abcam Cat# ab5076; RRID: AB_2224402

Rabbit cFos Millipore Cat# ABE457; RRID: AB_2631318

Rabbit GFP Thermo Fisher Scientific Cat# A-6455; RRID: AB_221570

Bacterial and virus strains

AAV2-hSyn-hM3Dq-mCherry Krashes MJ et al.23 Addgene; Cat#50474

AAV2-hSyn-DIO-hM3Dq-mCherry Krashes MJ et al.23 Addgene; Cat# 44361

AAV8-hSyn-flex-TVA-P2A-EGFP-2A-oG Salk Vector Core Cat# 85225

ENVA-DG-Rabies-mCherry Salk Vector Core Cat# 32636

G-del-Rabies-GFP Salk Vector Core Cat# 32635

Chemicals, peptides, and recombinant proteins

Alexa Fluor 647-conjugated Cholera Toxin Subunit B Thermo Fisher Cat# C34778

Alexa Fluor 488-conjugated Cholera Toxin Subunit B Thermo Fisher Cat# C34775

Clozapine N-oxide (CNO) Tocris Cat# 4936

Experimental models: Organisms/strains

Mouse: C57BL/6J Jackson Laboratory RRID: IMSR_JAX:000664

Mouse: Ai9 Jackson Laboratory RRID: IMSR_JAX:007909

Mouse: Syt17::cre Gensat RRID: MMRRC_034355-UCD

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij

CorelDraw X6 CorelDraw https://www.coreldraw.com/en/

Prism 9 GraphPad Software https://www.graphpad.com/
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Andrew

Huberman (adh1@stanford.edu).

Materials availability
This study did not generate any unique reagents.

Data and code availability
Data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Mice of either sex were used and ranged from 7 to 8 weeks old. C57Bl/6J wildtype mice and Ai9-tdTomato lines were obtained from

Jackson Laboratories (stock no. #000664, stock no.#007909), and Syt17::Cre line from (GENSAT # RRID:MMRRC_034355-UCD.
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Animals were housed on a 12-h light/dark cycle with unrestricted access to food and water. All animal care and experimental pro-

cedures were conducted in accordance with NIH guidelines and as approved by the Institutional Animal Care and Use Committee at

Stanford University School of Medicine and University of California, San Francisco.

METHOD DETAILS

Intravitreal injections of tracers
The following anterograde tracers were injected into the vitreal chamber of the left eye of anesthetized mice using a glass micropi-

pette (Drummond #5-000-1001-X10):1–2 mL cholera toxin subunit-b (Ctb) conjugated to Alexa Fluor 488 (Ctb-488; Invitrogen

#C22841) and Alexa Fluor 647 (Ctb-647; Invitrogen #C34778) to label RGC axons. Ctb-injected mice were given 2 days to allow

the tracer to travel into the brain to label RGC axons.

Intraperitoneal injection of clozapine-N-oxide
Clozapine-N-oxide (CNO) (Tocris Bioscience #4936) was dissolved at 1 mg/ml in DMSO (0.5% saline) and administered at 1.5 mg/kg

via intraperitoneal injections twice a day, 8hrs apart, for two weeks.

Stereotaxic brain injections
Micewere anesthetizedwith 1.5–3% isoflurane. Amidline scalp incisionwasmade to expose the skull and performa craniotomy above

the injection site. Stereotaxic injections of the virus (�0.4 mL) AAV2-hSyn-hM3Dq-mCherry (Addgene #5047423) were injected into the

pretectum (bregma:�2.7mm,midline: 0.8mm, dorsal surface: 2.25mm) of 7–8week oldwildtypemice using aNanoject II (Drummond)

injector. Control mice were also injected with the same AAV-hM3Dq virus but administered saline instead of CNO. One cohort of mice

was used to evaluate the independent effects of CNO, where one group of mice received AAV-hM3Dq injections followed by i.p. in-

jections of saline (control). In contrast, another group of mice received AAV-GFP injections followed by i.p. injections of CNO (CNO)

twice a day for two weeks. Syt17::Cre mice were injected with a Cre-dependent virus (�0.4 mL) of AAV2-hSyn-DIO-hM3Dq-

mCherry (Addgene #4436123) into the NOT (bregma: �2.8 mm, midline: 1.0mm, dorsal surface: 2.25mm). Cre-negative mice injected

with the same Cre-dependent AAV-hM3Dq virus and receiving CNO injections were used as controls for the cre experiments in Fig-

ures 3 andS7. To prevent backflow, the needles were left in place for 10min following injections before slowly retracting to the surface.

To determine inputs to Cre-labeled cells in the NOT of Syt17::Cremice, stereotaxic injections of the helper virus AAV8-hSyn-FLEX-

TVA-P2A-GFP-2A-oG (0.4 mL Salk Institute #85225) was injected into the NOT of 9-week old mice. Injected mice were given three

weeks for adequate expression of Cre-dependent TVA andG protein in starter cells and then injected with EnVA-DG-rabies-mCherry

(0.35 mL Salk Institute #32636). EnVA can only bind TVA-expressing starter cells, ensuring expression only in Cre-labeled cells; the

rabies virus acquires the G-glycoprotein expressed in starter cells to spread trans-synaptically, thus also preventing the spread of

rabies virus beyond one synapse.58 For retrograde tracing to identify regenerating versus spared axons, DG-rabies-GFP (0.35 mL

Salk Institute #32635) was injected into the NOT nine days after injury. Rabies-injected mice were housed in the bio-safety cabinet

for 6 days to allow adequate transsynaptic spread before analysis.

Distal injury
9-10 week old mice were anesthetized with 1.5–3% isoflurane. The midline incision made during virus injections was reopened, and

scar tissue was cleared. Craniotomy was performed by drilling 3–4 burr holes using a 500 mmdrill-bit (Fine Science Tools, #19007-05)

and joining the individual drill sites to make a contiguous hole (bregma: �2.0 mm, midline: 0.5–2.5 mm, dorsal surface: 2.7 mm). A

horizontal line was drawn using a surgical pen on a sterile surgical blade (11, Feather #2976#11) to mark themaximum depth of inser-

tion, and then attached to a scalpel and inserted severing the optic tract from lateral to medial. Bleeding was controlled using sterile

surgical spears (Sugi #30601), and the craniotomy was covered with Bone wax (Ethicon #W31G). Mice were administered with slow-

release buprenorphine and/or carprofen post-surgery as needed.

Immunohistochemistry
Micewere transcardially perfusedwith PBS followed by 4%paraformaldehyde (PFA), and brains were harvested and postfixed in 4%

PFA (24 h at 4�C). Postfixed brains were sectioned using a microtome in the sagittal or coronal plane to yield 45mm thick sections

following cryoprotection with 30% sucrose in PBS. Eyes were removed, postfixed in 4% PFA (2 h at 4�C), and dissected to remove

the retina was dissected, and relieving cuts were made to allow the retina to lay flat. Samples were incubated in blocking buffer (5%

normal donkey serum, 0.5% Triton X-100 in PBS) for 1–2 h at room temperature. Sections were incubated overnight at 4�C in primary

antibodies, while whole-mount retinaswere incubated for 2 days at 4�C. The samples werewashedwith PBS 3x and incubated for 2 h

at room temperature with secondary antibodies. Samples weremounted with Prolong Gold AntifadeMedium or Vectashield. Primary

antibodies were guinea pig anti-RBPMS (Phosphosolutions #1832; 1:500), rabbit anti-DsRed to enhance tdTomato (Clontech

#632496, 1:2000), goat anti-GFP (Abcam #ab6673, 1:2000), goat anti-ChAT (Millipore #AB144P, 1:100), chicken anti-GFAP (Aves

#ab_2313547, 1:1000), goat anti-IBA1 (Abcam #ab5076, 1:500), rabbit anti-cFos (Millipore #abe457, 1:1000), rabbit anti-GFP (Invi-

trogen #A-6455, 1:1000). Species-specific secondary antibodies conjugated to Alexa Fluor 594 or 647 (1:1000, Invitrogen and Jack-

son Laboratories) were used.
12 Cell Reports 42, 112476, May 30, 2023
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c-Fos analysis
AAV-hSyn-DIO-hM3Dq-mCherry was injected into the NOT of Syt17::Cre+ mice. Two weeks later, one cohort of mice (24-h time

point) received i.p. injections of CNO (1.5 mg/ml, activity group) or saline (control) twice a day, while a second cohort of mice (2-

week time point) received i.p. injections of CNO or saline twice a day for two weeks. At the end of the respective timepoints, mice

were housed in the dark overnight, injected with CNO, kept in the dark, and transcardially perfused 60 min after receiving CNO.

Electrophysiology
For confirming hM3Dq activation by CNO, pretectal neurons labeled with mCherry were targeted for whole-cell recording.5 Briefly,

mice were anesthetized with ketamine and xylazine (100 mg kg�1, 12.5 mg kg�1) and transcardially perfused with ice-cold cutting

solution (78.3 mM NaCl, 2.3 mM KCl, 33.8 mM Choline-Cl, 0.45 mM CaCl2, 6.4 mM MgCl2, 1.1 mM NaH2PO4, 23 mM NaHCO3,

20mMD-glucose, 0.5mML-glutamine, pH 7.4). The brains were dissected, and coronal sections of 250 mm thickness were prepared

using a vibratome (VT1200S, Leica). Sections containing labeling in the pretectum were transferred to a chamber filled with cutting

solution and incubated for 30 min at 32.5�C. After incubation, slices were transferred to artificial cerebrospinal fluid (ACSF) (125 mM

NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 1 mM MgCl2.6H2O, 2 mM CaCl2, 20 mM D-glucose, pH 7.4) and contin-

uously bubbled with 5% CO2/95%O2. The current clamp mode was used to record the action potentials and resting membrane po-

tentials of mCherry+ neurons in the pretectum. Spontaneous firing and resting membrane potential were recorded for 2 min before

adding CNO. After bath perfusion with CNO (10mM) in ACSF for 3 min, the CNO was washed out, and the recording continued for

another several minutes to observe the washout effects.

Optomotor response
The OptoDrum (Striatech Inc, Germany) was used to assay the visual behavioral response. The OptoDrum comprises a closed box

with four digital displays to simulate drifting gratings. A camera attached to the top of the box records the animals’ movements. At the

same time, the fully-automated software was used to present the gratings, determine the spatial-frequency threshold and score the

tracking performance.59 Mice were first acclimated to the room in their cages for 30 min. Following the acclimation period, freely

behaving mice were placed on a platform and allowed to acclimate to the chamber for 5 min. The fully-automated software overlays

the red, yellow, and green dots (right) to denote head, body, and tail positions. Briefly, drifting gratings (12 �/s) in the clockwise di-

rection, to gauge left-eye movements contralateral to the injury site, were presented from low spatial frequencies (0.056 cyc/deg),

and the mouse was allowed to track the stimulus. To determine the threshold an animal could track, the software alternated between

stimuli with high spatial frequencies (0.3–0.5 cyc/deg) and low spatial frequencies (0.06–0.1 cyc/deg) until the animal could no longer

track beyond a particular frequency. Two ‘‘tracked’’ scores for a particular frequency and three ‘‘not-tracked’’ scores for the next

higher frequency were determined as the threshold the animal could track. Stimuli were only presented for 3–5 s at a time and

only if the animals’ position was in the center of the stage/circle to avoid adaptation. Each animal was tested for 5–10 min. The stim-

ulus was paused if an animal engaged in grooming behavior and resumed when the animal stopped grooming. False positives were

identified manually and marked as invalid immediately, allowing the software to retest the same frequency or the next appropriate

frequency. For defect percentage normalizing post-injury response to pre-injury responses, pre-injury responses were scored as

100, and post-injury responses were calculated as a percentage of the pre-injury response for each animal in each group. The assay

was performed double-blind.

Imaging
All images were obtained with a Zeiss LSM 880 Airyscan confocal microscope or a Zeiss AxioScan microscope. Tissue collected

separately for imaging purposes was cleared using the F-DISCO protocol,60 and imaged using the LaVision Light Sheet Microscope

from the Stanford Neuroscience Microscopy Service.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cell number quantification
For RBPMS counts, four images were acquired from each quadrant of flat-mount retinas, and cells were counted manually for Figure

S2. An automated plugin for FIJI (Simple RGC counter and Batch61 was used to count RBPMS+ cells for images analyzed in Figure 1.

For tdTomato+ cells, all sections containing the NOT and OPN were imaged for each animal (n = 5 mice), and tdTomato+ cells lying

within the NOT/OPN were manually counted. The NOT/OPN was identified using landmark structures and confirmed by densely

populated Ctb-labeled RGC axons.20

Quantification of double-labeled RGCs
To measure the number of RGCs labeled with both Ctb tracers whole-mount retinas from uninjured and injured mice injected with

Ctb-488 and Ctb-647 two weeks apart were collected and immunostained for RBPMS. The RBPMS+ cells were counted as having

one, or both tracers.
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Quantification of regenerating and spared axons
Ctb conjugated to Alexa Fluor 647 was injected intravitreally into the left eye two days prior to the distal injury to label the intact visual

pathway, i.e., all RGC axons. Ctb conjugated to Alexa Fluor 488 was injected intravitreally into the same eye twelve days after distal

injury to label RGC axons that are connected to the retina: axons spared from injury would take up both Ctb tracers and be visible at

both wavelengths, whereas injured axons that are regenerating would only be labeled with the post-injury Ctb-488 label. All images

have been pseudocolored with appropriate colors for clarity.

To quantify regenerating and spared axons, confocal images of brain sections were processed through an ImageJ Macro written

for this purpose (Distal cut macro), available upon request. The macro was used to split the channels in the image, perform thresh-

olding, despeckling, and then multiply the resulting red and green channels to generate a ‘yellow’ image that only displays pixels in

both the red and green channels, indicating these are spared axons. The ‘yellow’ image was then subtracted from the red channel to

generate a ‘red-only’ image that displays uniquely-red pixels, i.e., ‘‘regenerating axons.’’ The raw integrated pixel density was

measured in ImageJ from each newly generated image for each section, summed together for each animal, and then averaged.

To measure regeneration within targets, a polygon outline was first drawn around each target on the merged image as regions of

interest (ROI), processed through the same macro, and the raw integrated density for each ROI was measured.

Quantification of optic tract regeneration over distance
To quantify regeneration as a function of distance from the lesion (‘0 mm’), the same images were binned by 200 mm blocks,

measuring up to 400 mm proximal to the lesion and up to 2000 mm distal the lesion site. Images from the non-specific activation ex-

periments are in the sagittal plane. In contrast, images from the Cre-specific activation are in the coronal plane and were accordingly

measured to reflect distance from the lesion. The images were processed through an ImageJ plugin written for this purpose (Distal

Cut Processor), and raw integrated density was measured within each bin. All analyses were performed blind.

Statistical analysis
To determine statistical significance, we used theMann-Whitney t test to compare two groups of mice. Due to the variation in sample

sizes, a non-parametric test was used. two-way ANOVA and One-Way ANOVA were used for distance and normalized area quan-

tification, respectively, followed by Student’s t-test on individual pairs. Two-way repeated-measures ANOVA was used with posthoc

multiple comparisons for the optomotor response analysis. All statistical analysis was performedwith Prism v9 (GraphPad). All data in

the graphs represent mean ± SEM. Significance levels are indicated: *p < 0.05, **p < 0.005, ***p < 0.0005.
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