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Resilience of neural circuits has been observed in the persistence of function despite neuronal loss. 

In vision, acuity and sensitivity can be retained after 50% loss of cones. While neurons in the 

cortex can remodel after input loss, the contributions of cell-type-specific circuits to resilience are 

unknown. Here, we study the effects of partial cone loss in mature mouse retina where cell types 

and connections are known. At first-order synapses, bipolar cell dendrites remodel and synaptic 

proteins diminish at sites of input loss. Sites of remaining inputs preserve synaptic proteins. 

Second-order synapses between bipolar and ganglion cells remain stable. Functionally, ganglion 

cell spatio-temporal receptive fields retain center-surround structure following partial cone loss. 

We find evidence for slower temporal filters and expanded receptive field surrounds, derived 

mainly from inhibitory inputs. Surround expansion is absent in partially stimulated control retina. 

Results demonstrate functional resilience to input loss beyond pre-existing mechanisms in control 

retina.

Graphical Abstract

In Brief

Care et al. find that photoreceptor ablation causes structural rearrangement of bipolar cell input 

synapses while output synapses endure. Functionally, recipient ganglion cells show altered 

receptive field sizes, an effect not seen after partial stimulation of control retina, demonstrating de 
novo changes that occur in inhibitory circuitry after photoreceptor loss.

Care et al. Page 2

Cell Rep. Author manuscript; available in PMC 2019 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

Loss of neuronal input can occur in injury, degenerative disease, and aging. The 

consequences of such loss are often not functionally perceived. For example, it has been 

estimated that Parkinson’s patients can lose 70% of dopaminergic neurons before showing 

clinical signs (Naoi and Maruyama, 1999). Similarly, live imaging of cone photoreceptors in 

human retina coupled with psychophysical examination suggests that visual acuity and 

sensitivity are minimally compromised even following loss of 50% of the cone population 

(Ratnam et al., 2013). It is unclear what contributes to behavioral resilience to input loss. 

Either or both of the following possibilities could contribute: the sensory circuit has pre-

existing mechanisms, e.g., highly overlapping circuits or adaptation, built in to withstand 

partial input loss and/or has de novo mechanisms that react to input loss (Keck et al., 2008, 

2011, 2013). Distinguishing between these possibilities requires a system with access to 

well-defined sensory circuits and precise control over input loss.

Such a well-defined circuit can be found in the CNS’s retina, where specific types of 

photoreceptors, bipolar cells, and ganglion cells connect in sequence. In the retina, previous 

models of photoreceptor disease consist of genetic insults that disrupt function during 

development or physical ablation that destroys spatially contiguous populations of 

photoreceptors (Strettoi et al., 2002, 2003; Haverkamp et al., 2006; Sher et al., 2013; Vessey 

et al., 2014). However, in diseases such as age-related macular degeneration, photoreceptor 

cell loss often starts during adulthood and is initially sparse (Zayit-Soudry et al., 2013).

Here, we use transgenic mouse lines that selectively express the diphtheria toxin (DT) 

receptor (DTR) in cones, allowing for temporal control of ablation mediated by DT. We 

ablated subsets of cones, allowing us to assess the retina’s potential for modifying existing 

synapses and/or making new synapses with the remaining cones. We then examined the 

effects of this limited cone loss on the morphology of well-characterized connections from 

the cones to the type 6 ON cone bipolar cells to their major postsynaptic partners, the alpha 

ON-sustained ganglion cells (AON-S). At the level of bipolar cells, we examined input (first-

order) and output (second-order) synapses to identify sites of resilience to cone loss. At the 

level of ganglion cells, we examined morphological and functional resilience. We find that 

type 6 bipolar cell dendrites remodel following cone death in mature retina; however, the 

number of output synapses in the bipolar cell is invariant to input loss. Despite this structural 

stability, we uncovered functional changes in ganglion cell spatio-temporal receptive fields. 

With diminished cone inputs, AON-S exhibit slower temporal filters and wider receptive field 

surrounds. Changes to the spatial receptive field are distinct from partial stimulation of 

control retina, suggesting de novo changes within the retinal circuit following cone loss. 

This study provides the evidence for resilience within mature retina that could explain the 

lack of functional deficit associated with partial cone loss.

RESULTS

Selective Ablation of Majority of Cones in Adult Mouse Retina within 3 Days

To ablate the presynaptic cone population after development of the retina, we injected DT 

intramuscularly at post-natal day 30 (P30) in DT receptor (DTR)-positive and DTR-negative 

Care et al. Page 3

Cell Rep. Author manuscript; available in PMC 2019 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



control animals (Figure 1A). We observed retinas at 3 to 60 days following DT injection 

(Figure 1B). Cone death was complete within 3 days and no further cone loss was observed 

up to 60 days after DT injection (Figure S1F). This rapid reduction in cone density is 

consistent with the mechanism of DT, which initiates apoptosis within 3 days (Buch et al., 

2005). We used two mouse lines throughout our study: the OPN1SW-Cre line expresses Cre-

recombinase under the S-opsin promoter and the OPN1MW-Cre line expresses Cre-

recombinase under the M-opsin promoter (Akimoto et al., 2004; Le et al., 2004). Because 

most mouse cones co-express both S- and M-opsin (Applebury et al., 2000), both Cre lines 

target a large population of cones that express both S- and M-opsin (Figures S1A–S1E). 

Variability in efficacy of injection and expression of DTR caused a range of cone loss 

(Figures 1C and 1D). Throughout the study, we found no significant differences between 

results from the OPN1SW-Cre × DTR and OPN1MW-Cre × DTR lines, and so we have 

combined the results and refer to them as DTR. Despite the dorsal-ventral gradient of S- and 

M-opsin expression in the mouse retina, we found no significant difference in surviving cone 

density between dorsal and ventral regions after DT injection (dorsal: 5,320 ± 3,080, n = 14; 

ventral: 5,199 ± 2,592 cones/mm2, n = 42; median ± interquartile range [IQR], p = 0.36, 

rank sum). The cone densities in control animals are comparable to previous reports of 

mouse cone density (Jeon et al., 1998).

To determine whether other retinal cell types were affected by DT injection, we quantified 

populations of retinal cells. We found no reduction in the rod population after partial cone 

loss (Figures S1I and S1Q–S1T). We also found no reduction in the amacrine and bipolar 

cell populations in the inner nuclear layer (Figure S1T), nor in populations of horizontal 

cells, ganglion cells, microglia, and Müller glia (Figure S2; Table S1). Partial cone loss did 

not activate microglia or Müller glia as determined by absence of the protein cluster of 

differentiation 68 (CD68) and glial fibrillary acidic protein (GFAP) (data not shown). 

Together, these results demonstrate that our DT system eliminates a majority of cones 

regardless of their opsin expression within 3 days after toxin injection, while sparing other 

retinal cell types. We leveraged this system to examine structural and functional changes in a 

well-defined microcircuit following acute cone loss.

First-Order Synapse: Type 6 Cone Bipolar Cell Dendrites Do Not Require a Cone for 
Stability

Previous work provides evidence that developing postsynaptic dendrites sprout in the 

absence of the dominant presynaptic partner (Haverkamp et al., 2006; Michalakis et al., 

2013). To examine the impact of presynaptic partner loss on postsynaptic dendritic 

morphology in the mature retina, we measured the number of primary dendrites and cone 

contacts in bipolar cells. We took advantage of the type 6 bipolar cell’s stereotyped 

morphology and simple connectivity pattern of receiving input from the four nearest cones, 

regardless of opsin expression (Dunn and Wong, 2012). Isolated type 6 bipolar cells were 

visualized in the Grm6-TdTomato line (Kerschensteiner et al., 2009). After determining that 

bipolar cells were unaffected by DT injection (Figure S1), we were able to identify type 6 

bipolar cells in control and DTR retina by their axon terminals, which co-localize with the 

innermost band of synaptotagmin-2 (Syt2) labeling (Figure 2A; Wässle et al., 2009).
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We imaged type 6 bipolar cell dendrites (Figure 2B) and the cones within their dendritic 

fields (Figures 2C and 2D). No differences were observed between the shortest and longest 

time points, so the data were pooled (number of primary dendrites in DTR retina for 5 days 

versus 60 days: 3.0 ± 2.0 versus 3.0 ± 1.5 dendrites, median ± IQR, p = 0.46, rank sum; 

length of primary dendrites in DTR retina for 5 days versus 60 days: 10.03 ± 5.13 versus 

10.34 ± 5.35 μm, median ± IQR, p = 0.89, rank sum). We identified synaptic contact 

between bipolar cell dendrites and cones by volume overlap (Figures 2D and 2E). While 

type 6 bipolar cells in control retina had 4 ± 1 cone contacts (n = 44 bipolar cells), after cone 

loss, type 6 bipolar cell dendrites in DTR retina had 2 ± 1 cone contacts (n = 76 bipolar 

cells) (median ± IQR, p = 2.78e-10, rank sum). This reduction in cone contacts by half is in 

accordance with the cone death we induced, and suggests that most type 6 bipolar cells do 

not make new cone contacts to replace those lost.

To understand how dendrites respond to loss of cone contacts, we counted the number of 

dendrites per type 6 (Figure 2F). Dendrites at least 1 μm long off the soma were considered 

primary dendrites. After cone loss, the number of primary dendrites was maintained 

(control, 3 ± 1, n = 44; DTR, 3 ± 2 primary dendrites, n = 76; median ± IQR, p = 0.99, rank 

sum), despite the decrease in cone contacts. Representative images of dendrites remaining 

without cone contacts are shown in Figures 2B–2D, and dendrites without cone contacts 

were present even 60 days after cone loss (not shown). These data indicate that cone input is 

not required for a dendrite to persist.

First-Order Synapse: Remaining Type 6 Cone Bipolar Dendrites Extend and Lose Terminal 
Morphology

While dendrites in the developing retina exhibit remodeling after input loss, no reports have 

been made of remodeling in mature cone bipolar cells. To determine how dendrite 

morphology was influenced by cone loss in adulthood, we quantified the presence of 

specialized dendritic terminals, the length of primary dendrites, and dendritic complexity.

Most type 6 bipolar cell dendrites in control retina contact cones via specialized terminals, 

i.e., claws. The number of claws per bipolar cell was significantly less in DTR retina 

compared to control retina (Figure 2G; control, 3 ± 1; DTR, 2 ± 1 claws; median ± IQR, p = 

2.73e-9, rank sum). These results suggest that claw loss follows cone loss and is evidence of 

remodeling. The diameters of remaining claws were not different from control, which 

indicates that remaining claws do not expand their synaptic contact area (control, 3.3 ± 4.2; 

DTR, 2.7 ± 4.9 μm; median ± IQR, p = 0.56, rank sum). The next indicator of remodeling 

was primary dendritic length. In DTR retina, dendrite lengths extended significantly beyond 

those from control retina (Figure 2H; control, 8.7 ± 8.0, n = 166 dendrites; DTR, 11.4 

± 5.2μm, n = 232 dendrites; median ± IQR, p = 9.5e-8, rank sum). The longest branch 

lengths were associated with branches terminating in cone contacts. Such results suggest that 

either new contacts were made with cones outside of the bipolar cell’s original dendritic 

field or that dendrites with existing cone contacts extended to follow cones that may have 

translocated in the sparser cone mosaic.

From each primary dendrite, we quantified the branches of secondary order or greater, 

excluding those within a claw. We found no significant difference in branching patterns 
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(Figure 2I; control, 0 ± 1; DTR, 1 ± 2 branches; median ± IQR, p = 0.94, rank sum). 

Similarly, we found no change in the dendritic territories (Figure 2J; control, 113.9 ± 69; 

DTR, 137.5 ± 97 μm2; median ± IQR, p = 0.95, rank sum). Such results suggest that the 

complexity and area of bipolar cell dendritic branches is maintained in the face of cone loss.

Across our morphological measurements, we find that type 6 bipolar cells remodel dendrites 

to dismantle terminal specializations that have lost cone partners while extending primary 

dendrites, potentially in search of new synaptic cone partners. Taken together, these results 

show that type 6 cone bipolar cells in the mature retina are capable of remodeling, but that 

within 60 days, this remodeling does not compensate for the number of lost cone inputs.

First-Order Synapse: Postsynaptic Glutamate Receptors Are Localized to Cone Contacts 
after Partial Cone Loss

To understand whether these remodeled bipolar cell dendrites contain the appropriate 

synaptic machinery for functional connectivity, we next investigated how the glutamate 

receptor localization changes in these type 6 bipolar cells following cone ablation. We 

immunostained for the postsynaptic metabotropic glutamate receptor 6 (mGluR6) and 

measured fluorescence intensity along line segments that followed primary dendrites from 

the dendritic base (next to soma) to tip (Figures 3A, lines, and 3B). We normalized this 

distance and plotted the location of the peak mGluR6 fluorescence to compare across cells 

(Figure 3C). For both control and DTR conditions with cone contacts, peak mGluR6 

fluorescence was found in the distal quarter of the dendrite, toward the synapse (Figures 3B 

and 3C, top, middle; control with cone, 0.82 ± 0.19, n = 100 dendrites; DTR with cone, 0.89 

± 0.29, n = 73 dendrites; median ± IQR, p = 0.49, rank sum). In the DTR condition without 

a cone contact, mGluR6 localization was variable and significantly different from DTR 

branches with a cone contact (Figures 3B and 3C, bottom; DTR without cone, 0.51 ± 0.57 

μm, n = 82 dendrites; median ± IQR, p = 6.18e-7, rank sum) and from control branches with 

a cone contact (p = 5.63e-9, rank sum). This demonstrates that the presence of the cone 

stabilizes the mGluR6 protein to the bipolar cell dendritic terminals; in the absence of a 

cone, the mGluR6 becomes mislocalized. Within a single bipolar cell, dendritic branches 

exhibited cone-dependent mGluR6 distributions, indicating that mGluR6 localization is 

regulated in a branch-specific manner. This mislocalization is consistent with our previous 

findings (Dunn, 2015) and indicates that these mGluR6 rearrangements are stable for 60 

days after cone loss. In addition to mGluR6, the transduction channel Trpm1 also 

colocalized with mGluR6, such that both proteins are either present with a cone or absent 

without a cone (Figure S3).

Second-Order Synapse: Bipolar Cell Output Synapses and Major Ganglion Cell Partners 
Remain Morphologically Stable

Previous work demonstrates that the dendritic inputs and axonal outputs of bipolar cells are 

coordinated in their growth during development (Soto et al., 2012; Johnson et al., 2017). 

Given the rearrangements we observed in the bipolar cell inputs, we next aimed to 

understand whether there were corresponding changes in their output. For a subset of the 

type 6 bipolar cells whose dendrites we had analyzed, we measured the area of their axon 

territory and found no significant differences between type 6 bipolar cells in control and 
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DTR retina (control, 181 ± 48.1, n = 19 bipolar cells; DTR, 232 ± 106.5 μm2, n = 23 bipolar 

cells; median ± IQR; p = 0.06, rank sum; data not shown). These findings indicate that type 

6 bipolar cell axonal territory does not reflect the extension observed at the dendrites.

Next, we counted the number of presynaptic ribbon release sites within individual type 6 

bipolar cell axon terminals. To do this, we immunostained for the ribbon synapse-associated 

protein C-terminal binding protein-2 (CtBP2) (Figure 4A). The number of ribbons in type 6 

bipolar cells did not differ between DTR and control retina (Figure 4B; control, 89 ± 22, n = 

19 bipolar cells; DTR, 92 ± 26, n = 23 bipolar cells; median ± IQR; p = 0.53, rank sum). 

This indicates that the number of release sites in type 6 bipolar cells was not affected by the 

reduced number of cone inputs nor by the reduced mGluR6 expression at the dendrites of 

these same cells.

To measure the functional impact of partial cone loss on bipolar cell responses, we recorded 

the in vivo electroretinogram (ERG) (Figure S4). While the ERG was unchanged at rod light 

levels (“Dark-adapted,” left), both the a-wave, driven by photoreceptors, and the b-wave, 

driven by ON bipolar cells, were significantly reduced at cone light levels (“Light-adapted,” 

right). This indicates that the population voltage responses of ON cone bipolar cells reflect 

the loss of cone input. The morphological loss of cone inputs to the type 6 cone bipolar cell 

dendrites and the stability of its output synapses are consistent with the reduction in the 

collective ON cone bipolar cell functional output after cone loss. However, the extent to 

which the perturbations of the type 6 cone bipolar cell dendrites is reflected in the 

population ERG is unknown.

While synapses with type 6 bipolar cells are stable, AON-S ganglion cells could potentially 

change synapses with other bipolar cell partners (Schwartz et al., 2012; Okawa et al., 2014; 

Tien et al., 2017). To visualize synapses in these ganglion cells, we biolistically transfected 

control and DTR retinas with a plasmid encoding fluorescently tagged postsynaptic density 

(PSD95), a key postsynaptic component of the synapse (Figure 4C). We quantified the 

density of PSD95 within the dendrites of AON-S ganglion cells and found no significant 

difference between control and DTR retinas (Figure 4D). We also found no change in AON-S 

ganglion cell dendritic arbor complexity as measured by Sholl analysis (data not shown). 

Despite the loss of synaptic contacts onto the dendrites of type 6 bipolar cells, synapses in 

the AON-S ganglion cells remained morphologically stable. Such morphological stability 

provides evidence against de novo changes arising at the synapses between cone bipolar and 

ganglion cells after cone loss.

Spatio-Temporal Receptive Fields of AON-S Ganglion Cells Widen Spatially and Slow 
Temporally after Cone Loss

Next, we examined functional properties at the level of the retinal output. We recorded the 

light responses of dorsal-nasal AON-S ganglion cells in whole-cell current clamp. We 

measured the spatio-temporal receptive fields by presenting a white noise flickering bar 

stimulus in an intensity range that stimulated cones and recorded membrane voltage (Figures 

5A and 5B). Linear-nonlinear modeling was used to calculate temporal filters for the cell’s 

response at the location of each bar in space, thereby generating a spatio-temporal receptive 

field map (Figures 5C–5E). The spatial receptive field was extracted by projecting each 
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point in space onto the first temporal principal component (Figure 5F). Under control 

conditions, AON-S ganglion cells have a narrow depolarizing center and wider 

hyperpolarizing surround. This basic receptive field structure persists in AON-S ganglion 

cells in DTR retina. To compare the center and surround components, individual spatial 

receptive fields were fit by a difference of Gaussians (Figure 5F, insets). The receptive fields 

of ganglion cells in DTR retina had significantly narrower centers (Figure 5H; control, 

0.0973 ± 0.046, n = 24 ganglion cells; DTR, 0.0846 ± 0.025 mm, n = 30 ganglion cells; 

median ± IQR; p = 0.0061, rank sum), wider surrounds (Figure 5I; control, 0.247 ± 0.17; 

DTR, 0.377 ± 0.043 mm; median ± IQR; p = 0.0044, rank sum), and unchanged center-to-

surround weight ratios (Figure 5J; control, 3.41 ± 2.95; DTR, 3.72 ± 2.89; median ± IQR; p 

= 0.15, rank sum). Additionally, the temporal filters of cells from DTR retina were 

significantly slower than those of cells from control retina, as measured by an increase in the 

time to peak of the first temporal principal component (Figures 5G and 5K; control, 0.09 

± 0.02; DTR, 0.10 ± 0.03 s; median ± IQR; p = 0.0049, rank sum). These data provide 

evidence for functional changes in the receptive fields of ganglion cells after input loss.

While the majority of control cells had receptive fields that were described by principal 

components that accounted for more than 80% of the variance of the cell’s response, this 

was not true for DTR cells (Figure S5A). Responses with increased variance may result 

from decreased input due to cone ablation, but they still reflected center-surround 

organization and could be fit with a difference of Gaussians (Figure S5B). However, 35% of 

DTR cells had receptive fields without spatial center-surround organization and that could 

not be fit with a difference of Gaussians (Figure S5C). All of these cells had more than 50% 

cone loss within their dendritic fields. In contrast, all cells we recorded with less than 50% 

cone loss in their dendritic fields had receptive fields that could be fit with a difference of 

Gaussians. These results demonstrate that, up to 50% loss of cones, the general center-

surround structure of ganglion cell receptive fields remains intact, while changes do occur in 

spatial and temporal filtering.

Spatial Receptive Field Adjustments in DTR Retina Are Distinct from Partial Stimulation of 
Control Retina

Having found changes in the receptive field center and surround widths, we next examined 

whether such receptive field adjustments could be recapitulated with partial stimulation of 

the cone mosaic in control retina. If partial stimulation of the cone mosaic in control retina 

produces similar adjustments in the receptive field as cone loss, then we would conclude that 

the circuit within DTR retina is like that of control, e.g., these adjustments occur by pre-

existing mechanisms of adaptation acting on the receptive field (Enroth-Cugell and Freeman, 

1987). In this case, control and DTR retina would be capable of expressing the same 

receptive field adjustments with either cone loss or partial cone stimulation because the rest 

of the retinal circuit, aside from the cones, is identical. However, if partial stimulation of the 

cone mosaic in control retina cannot recapitulate the adjustments observed following cone 

loss, then we would conclude that the DTR retinal circuit has changed in ways distinct from 

control retina, i.e., by de novo mechanisms not activated by partial stimulation in control 

retina. To test these two hypotheses, we presented the bar noise stimuli described above and 

then blanked every other bar to simulate unresponsive cones within the receptive field of 
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AON-S ganglion cells. Blanked bars constantly displayed the intensity of the stimulus mean 

to hold cones at a uniform level of adaptation.

Comparison between the receptive field profile obtained with full and partial stimulation 

revealed characteristics distinct from DTR retina (Figures 6A and 6B). Partial stimulation 

resulted in constant widths for the center (Figure 6C; full, 0.08 ± 0.02; partial, 0.08 ± 0.01 

mm; n = 19 ganglion cells; median ± IQR; p = 0.06; sign rank) and surround (Figure 6D; 

full, 0.24 ± 0.10; partial, 0.20 ± 0.12 mm; median ± IQR; p = 1; sign rank), and no change in 

the center-to-surround weights of the receptive fields (Figure 6E; full, 5.5 ± 4.38; partial, 

4.31 ± 6.29; median ± IQR; p = 1; sign rank). The lack of change in receptive field 

parameters observed with partial stimulation in control retina is distinct from the narrowing 

of the center and widening of the surround that was observed in DTR retina (Figures 5H–

5J). These results suggest that the DTR retinal circuit exhibits de novo changes distinct from 

the control retinal circuit. Partial stimulation also resulted in a slower temporal filter as 

compared to full stimulation (Figure 6F; full, 0.09 ± 0.01; partial, 0.1 ± 0.01 s; median ± 

IQR; n = 19; p = 0.011; sign rank). This change is congruent with the slower temporal filter 

observed in DTR versus control retina (Figure 5K). This suggests that the temporal changes 

to ganglion cell receptive fields are the product of a mechanism pre-existing within the 

mature retinal circuit. Taken together, these results indicate that the mature retinal circuit 

exhibits both de novo changes after input loss that affect spatial processing and pre-existing 

mechanisms that affect temporal processing.

To understand where in the retinal circuit these de novo changes in receptive field arise, we 

recorded the excitatory and inhibitory input currents onto AON-S ganglion cells from control 

and DTR retina in response to the full receptive field stimulus (Figure 7). We found that the 

two characteristic changes we observed in the voltage receptive fields each derived from a 

different source: the decrease in center width was present in only the excitatory current 

receptive fields (Figure 7E), and the increase in surround width was present only in the 

inhibitory current receptive fields (Figures 7F and 7J). This indicates that the narrower 

center is inherited through excitation onto the ganglion cell, i.e., bipolar cell input, while the 

wider surround is inherited through direct inhibition onto the ganglion cell, i.e., through 

amacrine cell input. We also found that the center-to-surround weight ratio for excitation is 

significantly higher in DTR retina than in control retina, unlike in either the voltage or the 

inhibitory receptive fields (Figures 7G and 7K). This change in ratio is driven by weaker 

surround weights, suggesting that horizontal cell contribution to the surround is weaker after 

cone loss. However, the voltage receptive fields do not exhibit this change in ratio, 

suggesting that the center-to-surround balance is restored by the retinal output. Both 

excitation and inhibition displayed the slower time to peak seen in voltages from DTR retina 

and partially stimulated control retina (Figures 7H and 7L). These results identify the 

excitatory and inhibitory pathways converging onto the ganglion cell as both contributing to 

the receptive field changes following partial cone loss.

DISCUSSION

Understanding the mature retinal circuit’s response to loss of cones requires temporal 

control over cone death. In our previous work with laser ablation of cones, we found that 
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mGluR6 disappears selectively from the dendritic terminals where cones have been lost 

within the first 24 h (Dunn, 2015). In the present work, with the DTR model, we extend our 

window of observation by ablating cones in vivo and waiting 3 to 60 days before examining 

the retina (Figure 1). In this longer time window, we observe that, within 3 days of cone 

ablation, type 6 cone bipolar cell dendrites remodel. Some type 6 bipolar dendrites that lose 

cone contact simplify, while others extend and possibly form new synapses (Figure 2). We 

also observe that the mGluR6 distribution is still dendrite-specific and cone-dependent 

(Figure 3). These changes are consistent with a mechanism that independently regulates 

each dendrite and depends on the presence or absence of a cone contact on that dendrite. 

Despite this rearrangement of the first-order synapse in the cone pathway, we observed 

structural stability in the morphology and the number of presynaptic release sites in the type 

6 bipolar cell axons (Figure 4). This suggests that changes in the number and spatial 

arrangement of inputs to type 6 bipolar cells are not reflected in the number and spatial 

arrangement of their outputs. Furthermore, we found postsynaptic densities were maintained 

within the AON-S ganglion cells that receive the majority of their input from type 6 cone 

bipolar cells (Figure 4). Despite this stability of the second-order synapse of the cone 

pathway, we found AON-S ganglion cells exhibited adjustments in their cone-mediated 

voltage responses (Figure 5). AON-S ganglion cells had significant changes to their spatial 

receptive fields. These spatial changes in DTR retina were distinct from those observed in 

control retina with partial stimulation (Figure 6), suggesting that the mechanism(s) are de 
novo rather than pre-existing within the retinal circuit. Indeed, when we examined the input 

currents to AON-S ganglion cells, we found that a dominant underlying mechanism for the 

expansion of the receptive field surround involves inhibitory circuits (Figure 7).

Developmental Versus Mature Reactions to Input Loss

Here, we report that the loss of cones is capable of triggering postsynaptic dendritic 

remodeling, including growth, in type 6 bipolar cells. The mechanism that induces growth in 

these dendrites remains unknown. Neurotransmission has been demonstrated throughout the 

nervous system to be capable of inducing calcium-mediated cytoskeletal changes and 

subsequent dendritic remodeling (Sorensen and Rubel, 2006; reviewed in Wong and Ghosh, 

2002). Membrane-bound factors such as cell adhesion and chemotactic molecules are also 

able to modulate dendritic morphology (Sweeney et al., 2011).

In a recent study using photocoagulation in mature rabbit retina, Beier et al. (2017) reported 

a capacity for rod bipolar cells to form synapses with photoreceptors outside the lesion; 

however, the cone bipolar cells they examined did not exhibit the same remodeling capacity. 

With our different method of ablation and visualization of cone bipolar cells, we did observe 

remodeling. If we had observed only retraction of dendrites, that would have been evidence 

for gradual degradation of bipolar cells and their circuits. Instead, we see retraction of some 

dendrites alongside the persistence and growth of other dendrites, indicating that bipolar cell 

dendrites may be seeking viable synaptic partners. Indeed, we found abnormally long 

dendrites in DTR retina contacting cones with mGluR6 localized to the contact site, 

suggesting that dendrites may have formed new synapses with more distant cones, although 

we cannot rule out the possibility that these synapses were pre-existing and have simply 

translocated away from the bipolar cell; however, translocation of photoreceptors has not 
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been observed (Han et al., 2012; Sher et al., 2013). A previous study eliminating cone 

transduction demonstrated that cone bipolar cells will make ectopic synapses with existing 

rods (Haverkamp et al., 2006). However, the study did not distinguish whether these 

synapses were formed during development or in the fully mature retina. Because we ablated 

cones in mature retina, we conclude that dendritic growth can be induced in bipolar cells 

after initial synapse development, as type 6 ON cone bipolar cells find their appropriate 

synaptic partners by P13 in the mouse (Dunn and Wong, 2012). This supports the assertion 

that the mature retina has some capacity for remodeling to replace lost synaptic partners.

Another contrasting result is the coordination of input and output synapses observed with 

developmental perturbations. It has been shown that the number of presynaptic release sites 

in type 6 bipolar cell axon terminals can increase or decrease based on the level of 

spontaneous activity incident on bipolar cells in germline mutations (Kerschensteiner et al., 

2009; Soto et al., 2012). Despite decreased numbers of input to type 6 bipolar cells in our 

manipulation, we do not see an increase or decrease in the number of presynaptic release 

sites. This indicates either that the decrease in inputs does not alter spontaneous activity 

enough to activate this mechanism, or that this mechanism is not present in mature type 6 

bipolar cells.

Relationship to Retinal Disease

Mice have been widely used to understand human outer retinal diseases. The challenge 

remains in the interpretation of effects on the retina across organisms with vast differences in 

life span and onset of retinal degeneration. Cone loss has been identified as the instigator for 

broader retinal damage (Marc and Jones, 2003). Here, our methods allowed us to test 

whether partial cone loss would cause rearrangement of the retina. We limited our 

observation to 2 months after DT injection. In this period, we did not see obvious 

rearrangement of the inner retina, as evidenced by intact axons stratifying in the appropriate 

layers and gross anatomy of retinal layers (Figure S1). However, the acute and limited cell 

loss induced by DT injection may not mimic the slow and severe death observed in certain 

types of retinal degeneration. Nevertheless, our data suggest several salient findings that may 

inform the development and optimization of therapies for retinal degeneration: (1) type 6 

cone bipolar cells preferentially contact cones following cone death, increasing the 

likelihood of successful synaptic integration of newly transplanted photoreceptors in cellular 

therapies; (2) structural and synaptic features of the bipolar cell to retinal ganglion cell 

synapse are intact even after an extended period of cone loss, enabling therapeutic strategies 

that either aim to replace lost cones or interface directly, through optogenetics or prosthetic 

devices, with bipolar cells to restore phototransduction to the retinal circuit; (3) AON-S 

ganglion cells maintain center-surround receptive field structure at least through 50% cone 

loss, opening the possibility of developing strategies that specifically target these cells; (4) 

overall, the degree of retinal remodeling is relatively limited in comparison to previous 

reports made over longer time windows, suggesting that vision restoration therapies may 

have increased efficacy earlier in the disease course. Furthermore, at these early stages, the 

functional resilience observed in our study may help explain why patients with 

photoreceptor degeneration do not report visual deficits until the majority of photoreceptors 
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are gone, and suggest that resilience within the visual system may arise first within the 

retina.

Potential Compensatory Circuit Changes

In DTR retina, we observed what might be considered a compensatory gain of function in 

the cone-mediated ganglion cell receptive field. By removing 50%–75% of cones, our 

manipulation effectively decreases the cone-mediated signal-to-noise ratio at ganglion cells. 

The efficient coding hypothesis laid out by Atick and Redlich (1990) predicts that the 

optimal receptive field for ganglion cells has a wider, weaker surround as the signal-to-noise 

ratio decreases. The increased size of the surround that we observe in the receptive fields of 

ganglion cells from DTR retina is consistent with these predictions.

Atick and Redlich’s efficient coding hypothesis further predicts that the optimal receptive 

field for ganglion cells at an even lower signal-to-noise ratio should be a single wide 

Gaussian without a spatially opponent surround. Indeed, we observed that one-third of 

ganglion cells in DTR retina could not be captured by a difference of Gaussians and 

exhibited a wide receptive field best captured by a single Gaussian (Figure S5C). These 

ganglion cells in the no-fit category often had far fewer remaining cones within the dendritic 

field than those in the categories where a difference of Gaussians could be fit. Thus, those 

ganglion cells in the no-fit category could be considered the condition with the lowest 

signal-to-noise ratio. The widening of the surround and the eventual loss of a spatially 

opponent receptive field we observe are consistent with theory and indicate that the receptive 

field changes we see may maintain better signal encoding in the cone-depleted retina.

Atick and Redlich’s efficient coding hypothesis also predicts an increase in the size of the 

center, which our data did not show. An increase in center size consistent with theory may 

require formation of new excitatory synapses, evidence of which we did not see at these time 

points at the first- nor second-order synapses within retina. The adjustments in receptive 

field sizes in DTR retina could be explained by a loss in excitatory synapses, originating at 

the cone-to-cone bipolar cell synapses, which contribute to the center, and a gain in 

inhibitory synapses, which contribute to the surround. In our examination of excitatory and 

inhibitory input currents that contribute to the voltage receptive field, we identified the 

potential sources of receptive field changes following partial cone loss in mature retina. 

First, the narrower receptive field center of excitatory inputs, via bipolar cell input, suggests 

that the rare observation of bipolar cell dendritic extension is not reflected in the receptive 

field profiles across the population of ganglion cells (Figures 2H and 7E). Second, the 

decrease in center-to-surround ratio and the constant surround width in the receptive field of 

excitatory inputs suggests that the spatial contribution of horizontal cells to the surround has 

not changed while the weight of its influence has diminished following cone loss (Figures 

7F and 7G). Consistent with this interpretation, horizontal cell populations were 

morphologically unaffected in DTR retina (Figure S2A; Table S1). This decrease in 

surround weight could potentially compensate for the loss of bipolar cell input observed in 

the ERGs. Finally, the wider receptive field surround of inhibitory inputs, via amacrine cells, 

suggests that direct amacrine cell influence on ganglion cells has expanded following partial 

cone loss (Figure 7J). Such an expansion could arise from de novo inhibitory synapses with 

Care et al. Page 12

Cell Rep. Author manuscript; available in PMC 2019 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pre-existing or new amacrine cell partners with the AON-S ganglion cells. Such changes in 

the receptive field structure are consistent with the greater dynamics of inhibitory circuits 

compared to excitatory circuits in visual cortex following monocular deprivation (Villa et al., 

2016). Villa et al. proposed that the modulation of activity following changes in sensory 

input may be more parsimoniously achieved by adjusting lateral inhibitory synapses 

compared to feedforward excitatory synapses, and our findings are consistent with their 

proposal. These results will direct our future studies of the compensatory mechanisms active 

in the retina after cone loss to the amacrine cell inputs onto these ganglion cells.

Stability and Plasticity across CNS Circuits

As Wandell and Smirnakis (2009) aptly wrote, “There can be no serious debate as to 

whether the brain is plastic or not: it is both. It is more worthwhile to investigate distinct 

systems and understand conditions under which each system is plastic or stable.” Previous 

work on sensory deprivation has reported cortical rewiring of both excitatory and inhibitory 

circuits (Keck et al., 2008, 2011, 2013; Hickmott and Merzenich, 2002; reviewed in 

Harding-Forrester and Feldman, 2018). Lack of evidence for rewiring in the mature retina 

and lateral geniculate nucleus in vision (Eysel, 1982) and in thalamus in somatosensation 

(Wallace and Fox, 1999; Wallace et al., 2001) reduced the interest in searching for pre-

cortical mechanisms of plasticity. Here, we have revived the search for plasticity within 

retina, and indeed we find supporting evidence with dendritic remodeling in bipolar cells 

and with de novo changes to the ganglion cell receptive field structure following input loss. 

While we also find evidence in support of pre-existing mechanisms to withstand partial cone 

loss, e.g., stability of synaptic structures at the second-order synapse, our results highlight 

that circuits of the retina and lateral geniculate nucleus may not be distinct from those in 

cortex with respect to the capacity for plasticity. Rather, these circuits are subject to similar 

constraints. A comprehensive body of work demonstrating cortical rewiring following 

sensory deprivation showed that remodeling is possible only after partial retinal lesions, 

rather than complete retinal ablation (Keck et al., 2008, 2011,2013; but see Horton and 

Hocking, 1998; Smirnakis et al., 2005). In other words, persistence of existing activity is 

necessary to induce and regulate plasticity, as has been demonstrated in developing visual 

cortex (Reiter et al., 1986; Hata et al., 1999) and the adult somatosensory cortex (Wallace 

and Fox, 1999). Complete loss of sensory input also failed to induce remodeling in mature 

visual cortex (Keck et al., 2008, 2011, 2013). Our system of ablation spared a random 

population of cones, which could be distinct from previous methods of focal laser lesion 

(Beier et al., 2017). Indeed, our targeted cone ablation may have been appropriately sparse 

to induce plasticity/compensation and/or uncover preexisting mechanisms, e.g., redundancy 

or adaptation, that underlie resilience in specific retinal circuits.

With the unique accessibility to a specific circuit, we have demonstrated both plasticity and 

stability, likening the retina to the rest of the brain in this respect. The cell-type-specific 

accessibility of the retina allowed us to garner insights about the contributions of individual 

synapses to functional resilience of a circuit following input loss.
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STAR★METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Felice Dunn (Felice.Dunn@ucsf.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All procedures were done in accordance with the University of California, San 

Francisco and the University of Washington Institutional Animal Care and Use protocols. 

The following transgenic mouse lines were crossed: OPN1SW-Cre (Akimoto et al., 2004) 

for Cre-recombinase expression in cones containing S opsin or OPN1MW-Cre (Le et al., 

2004) for Cre-recombinase expression in cones containing M opsin, Rosa26-loxP-stop-loxP-
DTR (Buch et al., 2005) for Cre-dependent expression of the diphtheria toxin receptor, 

hLMcone-GFP for visualization of cones containing M opsin (Fei and Hughes, 2001) or Ai6 
as a reporter for the Cre expression (Madisen et al., 2010), and Grm6-TdTomato for 

visualization of a sparse population of ON bipolar cells (Kerschensteiner et al., 2009). The 

Grm6-TdTomato line labels a variable number of type 5, 6, 7, 8 ON cone bipolar cells and 

rod bipolar cells. When crossed to a fluorescent reporter line Ai6, the OPN1SW-Cre 
revealed labeled cone photoreceptors and a small population of rod photoreceptors, amacrine 

cells, and ganglion cells (Figures S1G–S1K). When crossed to a fluorescent reporter line 

Ai6, the OPN1MW-Cre revealed labeled cone photoreceptors and a dozen neurons in the 

ganglion cell layer across the entire retina (Figures S1L–S1P). All transgenic mice were 

backcrossed into the C57BL/6J background. Mice lacking either the Cre-recombinase or 

DTR or both, with either diphtheria toxin or saline injection, were used as littermate 

controls. Mice that had all 4 genotypes OPN1SW-Cre or OPN1MW-Cre × Rosa26-loxP-
stop-loxP-DTR × hLMcone-GFP or Ai6 × Grm6-TdTomato were used for cone ablations. 

Male and female mice were used for experiments. Between P30-35 mice were anesthetized 

with 1%–4% isoflurane, weighed, and injected with diphtheria toxin at dosages of 100ng/g. 

Injections were made intramuscularly into the quadriceps. Double injections were given 1-4 

days apart into the quadriceps of different legs. The animals were monitored daily following 

diphtheria toxin injection. Mice survived for intervals between 3 days and 2 months 

following the second toxin injection.

METHOD DETAILS

Tissue preparation for immunostaining—Mice were euthanized by isoflurane 

overdose or carbon dioxide followed by cervical dislocation. The mice were enucleated and 

the retinas were dissected and mounted on nitrocellulose filter paper (Millipore) in 

bicarbonate-based Ames solution equilibrated with 95% O2/5% CO2. The orientation and 

sidedness of retinas were noted so that dorsal-ventral and temporal-nasal axes could be 

distinguished in the whole mount retina. The retinas were fixed in 4% paraformaldehyde for 

15 min or 2% paraformaldehyde for 20 min at room temperature, rinsed in PBS, pH 7.42, 

then immersed in blocking solution (5% normal donkey serum, 0.5% Triton X-100 in PBS) 

overnight, incubated in primary antibodies for 5 days at 4°C, then rinsed in PBS and 

incubated in secondary antibodies for 1 day at 4°C, and rinsed with PBS and mounted with 

Vectashield underneath a coverslip. For quantification of cell types in sections, the whole 
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eye was fixed in 4% paraformaldehyde for 90 min, 20 μm frozen sections were rinsed in 

PBS, incubated in primary antibodies for day at 4°C, rinsed with PBS, incubated in 

secondary antibody for 1 hr at room temperature, rinsed with PBS, and mounted with 

Vectashield underneath a coverslip. Reagents are listed in the Key Resources Table.

Biolistic transfection—Mice were anesthetized by carbon dioxide overdose, euthanized 

by cervical dislocation, and enucleated. Retinas were dissected in oxygenated mouse ACSF 

and mounted whole on filter paper. DNA coated gold particles were prepared by coating 

12.5 mg of 1.6 mm gold particles (Bio-Rad) with 20 μg of CMV:CFP and 7 μg of 

CMV:PSD95-YFP plasmids. A suspension of DNA-coated gold particles in ethanol was 

precipitated onto the inner surface of Teflon tubing (Bio-Rad) and subsequently cut into 12-

mm segments. A Helios gene gun (Bio-Rad) was used to biolistically deliver plasmid-coated 

gold particles to whole-mounted retinas. Gold particles were propelled onto the tissue using 

helium gas at 40 psi. Retinas were then transferred to an oxygenated and humidified 

chamber and maintained for 27 h at 30°C to allow fluorescent protein to be sufficiently 

expressed for subsequent imaging (Santina and Ou, 2018). Once sufficient expression was 

observed, retina were fixed in 4% paraformaldehyde for 15 min and immunostained 

according to the procedure described above.

Confocal imaging—To image type 6 bipolar cells, genetically-encoded fluorescence in 

the retinas was first viewed through the eyepieces using epifluorescence. Isolated type 6 

bipolar cells were identified by their distinct axonal morphology (Dunn and Wong, 2012). 

Bipolar cells were chosen by high signal-to-noise ratio of the bipolar fluorescence without 

regard to the cone density in the immediate vicinity. Isolated bipolar cells in the retina were 

imaged on a Zeiss LSM700 confocal microscope or a Leica SP8 with the oil immersion 63x 

(NA 1.4) objective. High-resolution image stacks were taken of the bipolar cell dendrites 

with voxel sizes of 0.05-0.08 μm/pixel (x axis, y axis) and 0.2 μm/pixel (z axis). Lower 

resolution image stacks were taken of the entire bipolar cell to verify cell type 0.10 μm/pixel 

(x axis, y axis) and 0.4 mm/pixel (z axis). Each plane was acquired 2-4 times to obtain the 

average.

To image the biolistically-transfected ganglion cells, we identified cells with bright 

fluorescent expression first through the eyepieces using epifluorescence and mapped their 

location in the retina. To identify AON-S ganglion cells, we chose ganglion cells with large 

polygonal somas colocalized with SMI-32 and whose dendrites stratified within the type 6 

ON cone bipolar cell axon layer of synaptotagmin-2 (Syt2) staining. We used the 40x (NA 

1.3) objective on a Leica SP8 to acquire image stacks at 0.098 × 0.098 × 0.3 μm/pixel.

Electrophysiology tissue preparation—Mice were dark-adapted overnight. 

Dissections were performed in the dark with infrared illumination and image converters. 

Mice were euthanized by cervical dislocation and enucleated. Retinas were dissected in 

warmed bicarbonate-based Ames solution, equilibrated with 95% O2/5% CO2, and cut into 

halves or quadrants to keep track of sidedness and topography. To control for topographical 

variation in ganglion cell size, recordings were made in dorsal-nasal retina where the largest 

alpha ON-sustained ganglion cells (abbr. ANO-S) ganglion cells reside (Bleckert et al., 2014). 

For patch-clamp recordings, retina quadrants were stored in a light-tight chamber with the 
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retinal pigment epithelium attached in equilibrated bicarbonate-based Ames heated to 32°C 

for 30 minutes before recording. The retinal pigment epithelium was then removed, retina 

quadrants were mounted ganglion cell side up on glass coverslips and continuously perfused 

at 8-10 mL/min with equilibrated bicarbonate-based Ames heated to 35°C. After recordings, 

retina were mounted on filter paper and processed for immunostaining and imaging as 

described above.

Patch-clamp recordings—Patch electrodes were pulled from borosilicate glass (Sutter 

Instruments) on a DMZeitz or Narishige puller to 3 MOhm resistance. Cells in the ganglion 

cell layer were targeted based on their large polygonal somas visualized under infrared light 

(950nm). An empty patch pipette was used to dissect away the inner limiting membrane to 

expose cells for recording. Targeted cells were first recorded in cell-attached configuration 

with an electrode filled with HEPES buffered Ames. This configuration allowed for 

recording of extracellular spikes from the targeted cells. Following cell-attached recordings, 

the same targeted cells were recorded in current clamp with a patch pipette filled with 

internal solution containing (in mM): 104.7 cesium methane sulfonate, 10 TEA Cl, 20 

HEPES, 10 EGTA 2, QX-314, 5 ATP, 0.5 GTP, adjusted to pH 7.3 with CsOH and the 

0.04% Lucifer Yellow dye. Signals were amplified with an Axopatch MultiClamp 700B 

amplifier (Molecular Devices, Palo Alto, CA), digitized with an Instrutech ITC-18, and 

acquired with Symphony.

Cell identification—AON-S ganglion cells were identified during recording by their 

characteristic sustained spiking response to a 500ms light step. Putative AON-S ganglion 

cells were confirmed after recording with immunolabeling for SMI-32, a neurofilament 

marker that labels alpha-type cells and for Syt2, a calcium sensor found in the axon 

terminals of type 6 ON cone bipolar cells, which co-stratify with the dendrites of AON-S 

ganglion cells.

Light stimuli—Light stimuli were generated by a DLP Lightcrafter projector (Texas 

Instruments DLPLCR4500EVM). The projector stimulus had red, green, and blue LED 

(420-700nm) output more effective for driving M opsin than S opsin (Wang et al., 2011). 

Spatial stimuli were created in Stage and consisted of binary flickering bars (width of 40μm) 

whose intensity was drawn from a Gaussian distribution with mean intensity of 8,400 

Rh*/rod/sec and standard deviation 0.3. Stimuli were generated from random seeds and were 

shown for 50 s.

Electroretinogram recordings—Mice were dark adapted overnight. On the day of 

experiment, mice were anesthetized with i.p. injection of Ketamine/Xylazine (80mg/kg, 

10mg/kg, respectively) and positioned on the recording apparatus (Celeris, Diagnosys LLC, 

Gaithersburg, MD). Pupils were dilated using drops of 1% tropicamide and corneas 

protected by application of a thin layer of methylcellulose. Body temperature was constantly 

maintained at 37°C with a heating pad.

Electroretinograms (ERGs) were recorded in complete darkness via coiled silver electrodes 

making contact with the moist cornea. A gold needle electrode was placed under the skin 

between shoulders to serve as both reference and ground. Responses were amplified 
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differentially, band-pass filtered (0.1 to 500 Hz), digitized at 10 kHz and stored on disk for 

processing. Responses to flashes were averaged with an interstimulus interval ranging from 

2 s for dim lights to 10 s for the brightest flashes. Five responses were averaged for each 

light intensity to eliminate electrical noise.

Full field illumination of the eyes was achieved with the miniaturized Ganzfeld spheres 

integrated with the recording electrodes (Celeris Bright RGB stimulators, Diagnosys LLC). 

Brief (10ms) white flashes were delivered under dark adapted and light adapted conditions, 

generating the typical flash ERG response ranging from 0.33 to 97 photons*μm−2*s−1 

(Makous, 1997). ERG waveforms were stored to disk and analyzed by measuring a- and b-

wave amplitudes and their relative implicit times. The a-wave was measured from baseline 

to the trough of the first negative peak and the b-wave was measured from the a-wave peak 

to the peak of the large positive wave.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis of bipolar cells—Image stacks were median filtered (3 pixels). The 

bipolar cell, cone, and mGluR6 channels were interpreted into three-dimensional binary 

masks using Amira (FEI) (Dunn et al., 2013). Each cone within the bipolar cell’s dendritic 

field was labeled with a unique identity. The binary masks were analyzed with custom-

written routines in MATLAB (Mathworks) for the volume overlap between bipolar dendrites 

and cones. Nonzero overlap between the bipolar cell and cone channel determined whether a 

contact was made. The binary mask was used to perform the following analyses manually: 

primary branch length, claw count, number of secondary branches, area of the dendritic and 

axonal territories. Primary branch lengths were analyzed in FIJI using Simple Neurite Tracer 

to trace the dendrite in three dimensions along the longest route from the soma to the 

dendritic tip. Claws were defined as any 3 branches within a 10 μm diameter circle. Higher 

order branches (second-order and greater branches) were counted that fell outside a claw.

Quantification of cone numbers—To count cones in ganglion cell dendritic fields, 

image stacks were loaded into Imaris (Bitplane) and the Spots function was used. The count 

was checked and corrected manually.

Quantification of synaptic density—To measure the synaptic puncta within the bipolar 

cell axon, images of individual type 6 bipolar cell axons were binarized (Amira). 

Presynaptic CtBP2 puncta within the axonal region were manually counted in a maximum 

projection with FIJI’s Cell Counter plug-in.

To measure ganglion cell dendritic arbor parameters and count postsynaptic puncta, images 

of individual AON-S ganglion cells were skeletonized in Imaris and dendritic parameters 

were measured from a two-dimensional projection of the skeleton using custom MATLAB 

routines (Della Santina et al., 2013). Dendritic area was defined as the area of the convex 

hull enclosing the dendritic arbor. Dendritic complexity was calculated using the Sholl 

analysis function within Imaris. To determine PSD95-YFP puncta distribution on dendrites 

of individual ganglion cells, we used a semiautomated method for quantifying synapse 

density as previously described (Morgan et al., 2008), with modifications (Object Finder; 

Della Santina et al., 2013). ImageJ was used to median filter the images to remove the 
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thermal noise from the microscope’s photomultipliers. Using the 3D dendritic skeleton 

generated in Imaris, custom-written MATLAB routines then created a binary mask to 

include PSD95-YFP signal only within the dendrites of the ganglion cell of interest. Details 

of candidate puncta identification and final validation are previously described (Della 

Santina et al., 2013). Linear density of puncta as a function of distance from the cell soma is 

calculated by quantifying puncta density along the dendritic skeleton within a moving 

window of 10 μm.

Quantification of cell death—To count photoreceptor and interneuron cell bodies, mice 

were euthanized and eyes enucleated and immediately immersed in cold fixative (2% PFA, 

2.5% glutaraldehyde, and 0.1 M phosphate buffer, pH 7.4) for 24 hours, after which they 

were transferred to cold 0.1 M phosphate buffer and dehydrated in graded ethanol. Samples 

were embedded in Technovit 7100 Glycol Methacrylate (Electron Microscopy Sciences, 

Hatfield, PA) and serial sagittal sections (3 μm) passing through the optic nerve were cut and 

stained with Hematoxylin and Eosin (H&E). For each retina, the number of cell bodies in 

the inner nuclear layer and outer nuclear layer was obtained by averaging four measurements 

taken from two cross sections from the same eye. Measurements from both nuclear layers 

were taken at equidistant points around the eye approximately 3/8 of the distance between 

the optic nerve and the periphery, i.e., slightly short of the midpoint. These values were used 

for statistical analysis for control and DTR conditions (Figures S1Q–S1T).

To visualize retinal cell populations in the flat mount and sectioned retina, we 

immunostained for bipolar (PKC alpha; Syt2), horizontal (calbindin), amacrine (syntaxin-1) 

and ganglion cells (RBPMS), and Müller glia (Sox9; GFAP) and microglia (Iba1; CD68). 

Quantification was either done in Fiji with Cell Counter or in Imaris with the Spots function. 

These values were used for statistical analysis for control and DTR conditions (Table S1).

Electrophysiology analysis: spatio-temporal receptive field maps—To measure 

the receptive field we followed Baccus and Meister (2002). Briefly, the linear temporal 

filters were computed for the location in space of each of the bars of the stimulus by 

correlating the stimulus at that location over time with the response, and dividing by the 

autocorrelation of the stimulus to normalize for a finite stimulus presentation. The 

nonlinearity was found by plotting the actual response amplitude by the predicted response 

amplitude, and smoothing across neighboring points after sorting by the predicted response 

amplitude. The spatio-temporal receptive field maps were generated by arranging the 

temporal filters according to the corresponding spatial location of the stimulus.

To extract the spatial receptive field we used principal components analysis. All temporal 

filters were projected along the first principal component of the temporal filters (capturing at 

least 60% of the variance of the filters) to generate the cell’s spatial receptive field. To 

increase the signal, particularly of the surround, we assumed that the spatial receptive field 

was symmetric and averaged the two sides of the receptive field about the midline. The 

resulting shape was fit with a difference of Gaussians. The parameters of this fit describe the 

size and weight of the center Gaussian and surround Gaussian and statistical tests were 

performed across control and DTR conditions (rank sum). Parameters were used to generate 
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the receptive field Gaussians for each ganglion cell, where wc (ws) is the center (surround) 

weights, and c (σs) is the center (surround) standard deviation width.

y = wc exp −X2

2σc
2 − ws exp −X2

2σs
2

For partial stimulation experiments (Figure 6), every other bar was held constant at the mean 

intensity value while neighboring bars varied in intensity. Subsequent analysis was identical 

to that described above. Receptive field parameters were compared for the same cells 

stimulated with the full bar array or partially blanked bar array.

Statistical analysis—Data presented as median ± interquartile range (IQR). Histograms 

are plotted with bin values to the left of each bar (Figures 1,2, 3, and 4). Medians are 

indicated by arrowheads on top of the histograms. A Wilcoxon rank sum test (abbr. rank 

sum) was used to identify significant differences between conditions. A Wilcoxon sign rank 

test (abbr. sign rank) was used to identify significant differences between conditions with 

paired data (Figure 6). All p values are indicated in the Results. Asterisks in Figures indicate 

the following p values: * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.005.

DATA AND SOFTWARE AVAILABILITY

Software used to analyze the PSD95 puncta on ganglion cells can be found at https://

lucadellasantina.github.io/ObjectFinder/. Software used to acquire physiology data can be 

found at https://github.com/Symphony-DAS/symphony-v1/wiki. Software used to drive the 

projector can be found at https://github.com/Stage-VSS/stage-v1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Type 6 bipolar cell dendrites remodel following cone death in mature retina

• Bipolar cell input synapses are cone dependent, while output synapses are 

invariant

• Cone loss leads to narrower excitation and wider inhibition of AON-S ganglion 

cells

• Spatial receptive field changes are not recapitulated by partial cone 

stimulation
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Figure 1. Diphtheria Toxin Receptor System Ablates Majority of Cones in the Mature Mouse 
Retina
(A) Schematic of the direct cone pathway: cones → type 6 ON cone bipolar cell → AON-S 

ganglion cell. The diphtheria toxin receptor (DTR) is expressed in a subset of cones driven 

under either the promoter for short- or middle-wavelength opsin (see Figure S1).

(B) Timeline of experiments indicating DT injections and observation time points in post-

natal (P) days. The time points were chosen to capture early responses to cone death before 

gross retinal remodeling previously observed at >3 months following photoreceptor loss (see 

Figure S2 and Table S1).

(C) Confocal images of the cone pedicles labeled by immunostaining for cone arrestin in 

control and DTR conditions in ventral retina.

(D) Histogram of cone densities in control and DTR conditions across all intervals between 

DT injection and quantification. Arrowheads indicate median of each population. Asterisks 

indicate significance (see Results).

See also Figures S1 and S2 and Table S1.
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Figure 2. At the First-Order Synapse, Postsynaptic Type 6 Cone Bipolar Cell Dendrites Remodel 
after Cone Loss in Mature Retina
(A) Confocal images of type 6 cone bipolar cells labeled in the transgenic Grm6-TdTomato 
line. Side views of the isolated type 6 bipolar cells with Syt2 labeling of the type 2 and 6 

bipolar cell axons. (Right) En face views of the bipolar cell axon terminal showing overlap 

with Syt2 within the axon in control (top) and DTR (bottom) retina.

(B and C) En face views of the type 6 cone bipolar cell (B) dendrites alone and (C) with 

cone pedicles labeled by cone arrestin in control (top) and DTR (bottom) retina.

(D) Rendered images of the type 6 bipolar cell dendrites (yellow) and associated cone 

pedicles (magenta). Such binary images of the bipolar cell dendrites and cones were used to 

determine volume overlap between the two structures.

(E–J) Histograms of (E) the number of cones that each type 6 bipolar cell contacts as 

determined by nonzero volume overlap between bipolar cell dendrites and cones; (F)the 

number of primary dendrites branching directly off the bipolar cell soma; (G)the number of 

claws per bipolar cell, defined by >3 secondary branches within a 10-μm-diameter circle; 

(H)the length of primary dendrites from the soma to the longest dendritic tip; (I) the number 

of second-order and greater branches coming from a primary branch that are not part of a 

claw structure; (J) the area of the polygon drawn around the vertices of the dendritic tips. 
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Arrowheads point to median. Asterisks indicate significance (see Results). Measurement 

examined is indicated on the schematic in green (left of each histogram). In the control 

condition, claws were seldom found without a cone contact. In the DTR condition, claws 

existed at terminals both with and without a cone contact. We cannot distinguish whether the 

claws in the absence of cones linger from previous cone contacts or are newly formed claws. 

Data combined across time points because there was no significant difference between 

shortest and longest time points (see Results). Number of samples (n) and p value for rank 

sum test noted in each panel.
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Figure 3. At the First-Order Synapse, Glutamate Receptor mGluR6 Is Regulated in a Cone-
Dependent and Branch-Specific Manner after Cone Loss
(A) Confocal images of the type 6 bipolar cell dendrites labeled in the Grm6-TdTomato line 

(yellow) and the associated postsynaptic glutamate receptor mGluR6, labeled by 

immunostaining, within the dendrites (cyan). Same bipolar cells depicted in Figure 2D 

where cone locations are shown. Examples of line segments (1, 2, 3) traced from the soma to 

the dendritic tip. These line segments were used to quantify the grayscale value of mGluR6. 

Image of the mGluR6 within the bipolar cell has been adjusted to accentuate the location of 

synaptic puncta, but images analyzed for intensity values were not adjusted.

(B) Grayscale intensity value of mGluR6 channel for a (1) dendrite in control retina that 

contacts a cone, (2) dendrite in DTR retina that contacts a cone, and (3) dendrite in DTR 

retina that does not contact a cone.

(C) Histogram of peak location of mGluR6 from all line segments in control (black) and 

DTR bipolar cell dendrites, either ending with a cone (red) or without a cone (lavender). 

Number of dendrites within bins of mGluR6 peak location at the base next to the soma (0) to 

the tip (normalized to 1). Arrowheads point to the median. Horizontal arrows indicate 

comparisons made in each panel. Asterisks indicate significance (see Results). In control, 

only three line segments ended without a cone (data not shown). Data combined across time 

intervals. Number of dendritic line segments drawn for each condition (n).

See also Figure S3.

Care et al. Page 27

Cell Rep. Author manuscript; available in PMC 2019 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. At the Second-Order Synapse, Type 6 Cone Bipolar Cell Glutamate Release Sites and 
AON-S Ganglion Cell Postsynaptic Densities Are Stable after Cone Loss
(A) En face confocal images of type 6 cone bipolar cell axons labeled in the Grm6-
TdTomato line (yellow). Glutamate release sites are labeled by immunostaining for CtBP2 

(cyan). Only CtBP2 associated with the bipolar cell axon is shown.

(B) Histogram of the number of CtBP2 puncta within each type 6 cone bipolar cell axon 

terminal. Arrowheads point to median.

(C) En face images of the AON-S ganglion cell labeled by a cell fill (cyan) and by 

postsynaptic density PSD95 fluorescent protein. The plasmids encoding these fluorescent 

proteins were introduced by gene gun. Upper right inset shows a stretch of dendrite with the 

raw PSD95 puncta (yellow) for the region outlined by the rectangle in the main image. Main 

image shows the identified locations of PSD95 (orange dots).

(D) Linear density of PSD95 puncta across dendritic distance from the soma to the 

periphery. Data represented as mean ± SEM.

See also Figure S4.

Care et al. Page 28

Cell Rep. Author manuscript; available in PMC 2019 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. AON-S Ganglion Cell Spatio-temporal Receptive Fields Widen Spatially and Slow 
Temporally after Cone Loss
(A) Example stimuli at two points in time where the intensity of each bar is randomly drawn 

from a Gaussian distribution.

(B) Voltage response of an AON-S ganglion cell in current clamp. Arrowhead indicates the 

onset of the stimulus fluctuations on a mean background.

(C) One spatial slice of the temporal filter (left) and nonlinearity (right) calculated for a cell 

from control retina.

(D and E) Spatio-temporal receptive field obtained from a correlation of the response with 

the stimulus where red and blue represent opposite polarity responses for AON-S ganglion 

cells recorded in control (D) and DTR (E) retina.

(F) Spatial receptive field for the cells shown in (D) and (E) taken for dominant principal 

components. (Inset) Difference of Gaussians fit (green) for each cell.

(G) Temporal filters from the first principal components of the cells from (D) and (E).

(H and I) Parameters of the difference of Gaussians fit show significantly narrower centers 

(H) and wider surrounds (I) for DTR receptive fields. Asterisks indicate significance (see 

Results). Boxplots show median with interquartile range (IQR) and whiskers from 10% to 

90% of the data (see Figure S5).
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(J) No significant difference was observed in the ratio of center and surround weights 

between control and DTR. Box plots show median with interquartile range and whiskers 

from 10% to 90% of the data.

(K) Time to peak of the temporal receptive fields for DTR cells are significantly slower than 

control cells. Box plots show median with interquartile range and whiskers from 10% to 

90% of the data.

See also Figure S5.

Care et al. Page 30

Cell Rep. Author manuscript; available in PMC 2019 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Control AON-S Ganglion Cell Receptive Fields Retain Widths with Partial Stimulation
(A) Spatio-temporal receptive field obtained from voltage responses of a control AON-S 

ganglion cell in current clamp. Receptive field obtained with a (left) full bar noise stimulus 

and (right) partial bar noise stimulus with every other bar held constant at the mean intensity. 

Receptive fields measured from the same cell. Red and blue represent opposite polarity 

responses.

(B) Spatial receptive field for the same AON-S ganglion cell depicted in (A) either with full 

(black) or partial (maroon) stimulation.

(C–E) Gaussian fit parameters for receptive fields measured with full and partial stimulation 

within the same control AON-S ganglion cells: (C) 1 SD center width, (D)1 SD surround 

width, and (E) center-to-surround weights. None of these parameters are significantly 

different between full and partial stimulation.

(F) Time to peak of temporal receptive fields. Individual cells (open circles) and median ± 

IQR (closed circles ± error bars). Dotted line represents line of slope unity. Slowing of the 

time to peak is the only parameter that partial stimulation of control retina mimics of the 

DTR condition (Figure 5).
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Figure 7. Excitation and Inhibition Drive Different Components of AON-S Ganglion Cell 
Receptive Field Changes after Cone Loss
(A and B) Spatio-temporal receptive field obtained from excitatory currents onto an AON-S 

ganglion cell recorded in voltage clamp at −60 mV in control (A) and DTR (B) retina.

(C and D) Spatio-temporal receptive field obtained from inhibitory currents onto an AON-S 

ganglion cell recorded in voltage clamp at +10 mV in control (C) and DTR (D)retina.

(E–G) Gaussian fit parameters for receptive fields measured from excitatory currents.

(E) Excitatory currents show significantly narrower centers after cone loss, although (F) 

show no change in surround widths after cone loss.

(G) The center-to-surround weights increase after cone loss.

(H) Time to peak of the temporal receptive fields is significantly slower.

(I–K) Gaussian fit parameters for receptive fields measured from inhibitory currents.

(I) Inhibitory currents show no change in center widths after cone loss, although (J) show 

significantly wider surrounds after cone loss.

(K) The center-to-surround weights are unchanged.

(L) Time to peak of the temporal receptive fields is significantly slower. Asterisks indicate 

significance (see Results).

(E–L) Boxplots show median with IQR and whiskers from 10% to 90% of the data.
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