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The prion protein is required
for normal responses to light stimuli
by photoreceptors and bipolar cells

James F. Striebel,1,6,* James A. Carroll,1 Brent Race,1 Jacqueline M. Leung,2 Cindi Schwartz,2 Emily D. Reese,5

Catherine Bowes Rickman,3,4 Bruce Chesebro,1 and Mikael Klingeborn3,5,*
SUMMARY

The prion protein, PrPC, is well known as an essential susceptibility factor for neurodegenerative prion dis-
eases, yet its function in normal, healthy cells remains uncertain. A role in synaptic function has been pro-
posed for PrPC, supported by its cell surface expression in neurons and glia. Here, in mouse retina, we
localized PrPC to the junctions between photoreceptors and bipolar cells using synaptic proteins
EAAT5, CtBP2, and PSD-95. PrPC localized most densely with bipolar cell dendrites synapsing with
cone photoreceptors. In two coisogenic mouse strains, deletion of the gene encoding PrPC, Prnp, signif-
icantly altered the scotopic and/or photopic electroretinographic (ERG) responses of photoreceptors and
bipolar cells. Cone-dominant pathways showed themost significant ERG changes. Retinal thickness, quan-
titated by high-resolution optical coherence tomography (OCT), and ribbon synapse morphology were
not altered upon deletion of PrPC, suggesting that the ERG changes were driven by functional rather
than structural alterations.

INTRODUCTION

The normal, cellular prion protein (PrPC) is a highly conserved, glycosylphosphatidylinositol (GPI) anchored, membrane protein expressed by

many cell types, including neurons and glia of the nervous system. Expression of PrPC is required for susceptibility to prion diseases, such as

chronic wasting disease in cervids, bovine spongiform encephalopathy in cows, scrapie in sheep, and Creutzfeldt-Jakob disease (CJD) in hu-

mans. In these diseases, aberrant misfolding of PrPC leads to the formation of PrPSc, the main component of infectious prions and central

element in prion disease pathogenesis. While the role of PrPC in disease is well understood, the normal function/s of PrPC have been the

source of debate.1–3

Strategies aimed at elucidating a normal function for PrPC have typically relied on deletion of the gene encoding PrPC, Prnp, in various

laboratory mouse strains. While deletion of Prnp does not cause overt developmental, physiological, or anatomical deficiencies, investiga-

tions of prion protein knockout mice (PrPKO) have revealed multiple discreet phenotypic differences from wildtype (WT) mice, suggesting

a more subtle function of PrPC.2,4 Among the functions proposed for PrPC is a role in the neural synapse. Past studies have suggested that

PrPKO mice have deficiencies in glutamatergic neurotransmission and altered long term potentiation and, thus, differences in behavior,

learning, and memory relative to WT mice.5–9 Unfortunately, many of these investigations used non-coisogenic PrPKO mice, which compli-

cates the assignment of the observed phenotypes solely to deletion of the Prnp gene.10–12 Evidence from studies using coisogenic PrPKO

mice, such as the 129/Ola-PrnpEdbg/Edbg PrPKO mice13 and the more recently created C57BL/6J-Prnp ZH3/ZH3 PrPKO mice,11 now provide

more direct evidence for the involvement of PrPC in neurotransmission, neuronal excitability and synaptic plasticity.14–16 Yet, details of the

role of PrPC in the synapse remain unclear.

Here, we focused on retina to investigate a role for PrPC in the synapse. As an extension of the CNS, retina possesses the same functional

elements and neurotransmitters as brain, but because of the highly ordered anatomy of retina, the neuronal circuitry has been more clearly

resolved both anatomically and by electrophysiological techniques, such as electroretinography (ERG).17–20 In the present study, single-nuclei

RNA sequencing (snRNA-seq) was used to identify the retinal cell types expressing PrnpmRNA transcripts, and confocalmicroscopywas used

to study the locations of PrPC in relation to subcellular structures involved in retinal synaptic transmission. Full-field ERGwas conducted in two

strains of coisogenic PrPKOmice to assess the involvement of PrPC in retinal cell electrophysiology and/or synaptic transmission. Deficiencies
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Figure 1. PrPC expression in mouse retina, single nucleus RNA sequencing (snRNA-seq) of normal C57BL/6J mouse retina and Prnp-enrichment of

retinal cell types

(A) In C57BL/6J mouse retina, immunohistochemical staining with anti-PrP antibody (D13) (brown) shows the darkest staining in the OPL and IPL, with faint

staining in IS. PrPC is also visible in the ONL & INL, where it appears to be on processes between cell bodies. Cartoon overlay shows cell synaptic

relationships. R = rod, c = cone, m = Müller cell, h = horizontal cell, b = bipolar cell, a = amacrine cell, g = ganglion cell.

(B) The same pattern observed with immunohistochemical staining is observed in fluorescent staining with D13.

(C) A confocal maximum intensity projection (MIP) of a retinal section, triple stain shows PrPC (magenta) concentrated at base of cone pedicles stained with cone

arrestin (green), yellow arrow.

(D) A high magnification image of a cone pedicle from panel C.

ll
OPEN ACCESS

2 iScience 27, 110954, October 18, 2024

iScience
Article



Figure 1. Continued

(E) Electron micrograph from mouse retina, shows details of OPL, where photoreceptor synaptic terminals (rod spherules (rs) and cone pedicles (cp)) meet

with dendrites (d) from bipolar, horizontal, and Müller glial cells. Magenta dotted line shows location of PrPC. mitochondria (m), synaptic ribbons I Scale bars A,

B = 25 mm, C = 2.5 mm, D= 2 mm, E = 1 mm. RPE = retinal pigmented epithelium, OS = outer segment, IS = inner segment, ONL = outer nuclear layer, OPL = outer

plexiform layer, INL = inner nuclear layer, IPL = inner plexiform layer, GCL = ganglion cell layer, NFL = nerve fiber layer.

(F) 2-D UMAP projection shows 16 clusters assigned to the 9013 nuclei isolated from mouse retina. Cell types were assigned by differential expression analysis,

see Figure S1. The number of nuclei per cluster are shown at right.

(G) The same cluster map as in A, shows differential analysis of Prnp expression among the retinal cell types. Pink arrows indicate the cell types with highest

enrichment of Prnp mRNA.

(H) Chart shows a comparison of the median normalized expression and fold-change among the retinal cell-types identified in the nuclear isolates. Red to blue

spectrum indicates high to low values, respectively. Graphic in panel A created with BioRender.com.
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in specific ERG responses were found in both PrPKOmouse strains tested. These deficiencies originated in the retinal cell types and synapses

where PrPC was most highly expressed. Analysis of retinal thickness and synaptic morphology, by optical coherence tomography (OCT) and

confocal microscopy, respectively, suggested that ERG differences between PrPKO andWTmice, were driven by functional rather than struc-

tural alterations.
RESULTS
PrPC localizes to synaptic layers of retina

To understand how PrPC might be involved in retinal synaptic function and/or structure, we first investigated the pattern of PrPC expression in

retina. Immunohistochemical and immunofluorescent staining of retinal sections showed that PrPC was highly expressed in the synaptic layers

of retina, i.e., the inner plexiform layer (IPL) and outer plexiform layer (OPL) (Figures 1A and 1B). Faint PrPC staining observed on the outer side

of the outer nuclear layer (ONL), suggested PrPC was also present in the inner segments (IS) of the photoreceptors and light PrPC staining was

also evident on processes between the nuclei of the ONL and inner nuclear layers (INL) (Figures 1A and 1B).

The densest PrPC appeared intermittently along the entire OPL. Co-staining with anti-cone arrestin and anti-PrP antibodies, indicated that

these dense areas of PrPC were at the base of cone synaptic terminals (pedicles) (Figures 1C and 1D) where the dendrites from horizontal, and

both ON andOFF bipolar cells, synapse with cones (Figure 1E). PrPC was also observedmore diffusely in the OPL in a pattern that suggested

association with the synaptic terminals (spherules) of rod photoreceptors (Figures 1A–1C).

The overall pattern of PrPC expression (Figures 1A–1E) is consistent with the idea that PrPC is made in the IS of photoreceptors, where the

protein synthesismachinery is concentrated, transported along photoreceptor axons which traverse theONL, and is then heavily deposited at

the synaptic terminals of rod and especially, cone photoreceptors in the OPL. This pattern is supported by evidence from brain where PrPC is

known to be transported within neurons, along axons and enriched at synaptic terminals.21 Furthermore, this same pattern is repeated for the

bipolar cells where PrPC is noted among the bipolar cell axons in the INL and heavily present in the IPL near the synapses between bipolar,

amacrine and ganglion cells (Figures 1A and 1B).
Single-nuclei RNA sequencing of retina indicates Prnp expression is highest among photoreceptors, Müller glia and rod-

bipolar cells

snRNA-seq was conducted on retinas from C57BL/6J adult mice to validate immunohistochemical staining of retina and to pinpoint the cell

types expressing PrPC. Differential expression of 23,424 gene transcripts identified within the 9013 isolated nuclei and subsequent unsuper-

vised clustering, separated the nuclei into 16 different groups (clusters). These nuclear clusters were then assigned cell types as defined by

their enrichment for key retinal cell-specific gene transcripts (Figure S1). A Uniform Manifold Approximation and Projection (UMAP), shows a

2-D representation of the defined clusters (Figure 1F).

From the nuclear isolates, we were able to identify: multiple clusters of rod and cone photoreceptors, 3 clusters of retinal ganglion cells

(RGC), horizontal cells, rod bipolar cells, Müller glia, astroglia, endothelial cells and 3 clusters containing mixed cells (Figures 1F and S1).

Within the mixed cell clusters, retinal pigmented epithelial (RPE), amacrine and bipolar cells were present. Microglia were not detected in

the sample.

Differential analysis of Prnp expression among the cell clusters, suggested that photoreceptors (rods, cones), Müller glia/astrocytes and

rod-bipolar cells were the cell types most enriched with Prnp mRNA transcripts (Figures 2G and 2H).
Localization of PrPC with retinal synapses and synaptic-related proteins

Widefield fluorescencemicroscopy and confocal analysis of retinaswas conducted to locatemore precisely the subcellular expression of PrPC.

Because the most intense PrPC staining was present in the OPL, we focused on localizing PrPC relative to synaptic markers specific to this

region.

In the OPL rod and cone photoreceptor neurons synapse with bipolar cells and horizontal cells. A key functional element in both rod and

cone synaptic terminals is the synaptic ribbon, which functions to hold vesicles prior to their release into the synaptic cleft.22 Triple stains for

CtBP2, a marker for synaptic ribbons, PrPC and cone arrestin indicated that PrPC was most concentrated at the base of cone pedicles where
iScience 27, 110954, October 18, 2024 3
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Figure 2. PrPC localizes with photoreceptor synaptic terminals and synaptic proteins in the OPL

(A) A confocal maximum intensity projection (MIP) of a retinal section, quadruple stained shows PrPC (magenta) concentrated at base of cone pedicles stained

with Cone arrestin (green), yellow arrow.

(B–D) High magnification pictures taken from the box in A, show PrPC staining vitread to cone pedicles (green) and the ribbon synapses marked with CTBP2

(yellow) in cone pedicles (blue arrows) and rod spherules (white arrowheads) (E) A confocal MIP shows the co-staining of horizontal cells (calbindin, yellow)

and PrPC (magenta). Tiny yellow puncta are horizontal cell dendrite tips invaginating rod spherules (white arrow), faint PrPC (magenta) staining is adjacent to

these dendrite tips.

(F and G) Dense PrPC deposits at base of cone pedicles are surrounded by horizontal cell dendrites (blue arrows) but not directly co-localized.

(H) A triple-stained retinal section (confocal, MIP) shows the locations of PrPC (magenta) and synaptic marker/glutamate transporter, EAAT5 (green). Note PrPC is

present near EAAT5 puncta found in both rod (white arrow) and cone (yellow arrow) synaptic terminals.

(I) High magnification view of box in H, showing PrPC at cone and rod synaptic terminals.

(J) A series of high magnification optical sections from box in I, show a cone synaptic terminal and the relative locations of EAAT5 and PrPC.

(K) A confocal image (MIP) shows a retinal section co-stained for PrPC (magenta) and PSD-95 (yellow) a synaptic marker.
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Figure 2. Continued

(L and M) High magnification, 1mm confocal sections taken from confocal image/dataset shown in K, allow inspection of the PSD-95 labeling (yellow, white

arrowheads) at the base of cone (c) pedicles and its relation to the PrPC staining (magenta).

(N–P) Also, high magnification, 1mm confocal sections taken from the confocal image/dataset shown in K, show relative positions of the PSD-95 labeling (yellow,

blue arrowheads) in rod (r) spherules and its relation to the PrPC staining (magenta). Scale bars: A = 10 mmB, C = 4mmD, E = 1 mm E = 2.0 mm F, G = 2.0 mmH, I =

5 mm J = 0.5 mm K = 2.5 mm L, N = 1.0mm.
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the synaptic ribbons unite with dendrites of horizontal and bipolar cells (Figures 2A–2D). In addition, PrPC was present adjacent to the synaptic

ribbons present in rod synaptic terminals (spherules) (Figures 2B and 2C).

Co-immunostainings for PrPC and calbindin, a marker for horizontal cells, showed that PrPC localized very closely with horizontal cell den-

drites where they invaginate both cone and rod ribbon synapses (Figure 2E). At these sites, PrPC and calbindin did not directly colocalize

(Figures 2F and 2G), suggesting the PrPC at this location may be on bipolar cell dendrites, Müller glial processes or between dendrites.

PrPC was also localized to synapses of the OPL using antibodies against excitatory amino acid transporter 5 (EAAT5), a synaptic protein

expressed near glutamate release sites on rod spherules, cone pedicles and bipolar cells in the OPL.23 PrPC was directly adjacent to EAAT5

puncta present on rod spherules and cone pedicles (Figures 2H and 2I). Most strikingly, EAAT5 puncta were present on both the vitread (to-

ward vitreous) and sclerad (toward sclera) sides of the PrPC densities at the base of cone pedicles (Figures 2H, 2I, and 2J), indicating that PrPC

occupied the area between cone synaptic terminals and the dendrites of bipolar cell neurons.

The relationship between synaptic scaffolding protein, PSD-95 (post-synaptic density protein 95), and PrPC (Figures 2K–2P) was also stud-

ied to understand the distribution of PrPC in the OPL. In retina, PSD-95, has a pre-synaptic distribution on cone and rod photoreceptor syn-

aptic terminals.24,25 At cone synaptic terminals, small PSD-95 densities were observed just sclerad to PrPC (Figures 2K, 2L, and 2M). Rod syn-

aptic terminals (spherules) were heavily outlined with PSD-95 and PrPC was observed at the breaks in PSD-95 staining where dendrites of

bipolar and horizontal cells invaginate the rod synaptic terminals (Figures 2K, 2N, 2O, and 2P). Thus, co-stainings of PrPC with synapticmarkers

EAAT5 and PSD-95, support previous indications that PrPC may be involved in synaptic structure and/or function.

Retinas were also stained for Müller glial cells using an antibody against EAAT1, a glutamate uptake transporter expressed on the cell

surface of astroglial cells.23,26 Müller glia are known to influence synaptic transmission and retinal electrophysiology.17,19 Brightest

labeling of EAAT1 was detected in the synaptic layers (OPL, IPL) and among the photoreceptor cell bodies (ONL). Co-localization of PrPC

and EAAT1 in the synaptic layers (OPL, IPL) suggested Müller glia express PrPC (Figure S2). This agrees with our snRNA-seq data

(Figures 1F–1H) and with data generated by others using single cell RNA sequencing (scRNA-seq).27
Analysis of ERG responses in two strains of coisogenic PrPKO mice

The pattern of PrPC staining in synaptic layers, the enrichment of PrnpmRNA transcripts in photoreceptors and Müller glia, and the localiza-

tion of PrPC with synaptic markers in the OPL led us to examine a potential role for PrPC in retinal electrophysiology and synaptic function,

using ERG. Because the waveforms elicited in ERG studies have been well linked to the cell types in retina,17,19,20,28 we hypothesized that

deletion of Prnp in mice would alter the electrical responses of the retinal cell types expressing PrPC and/or alter the transfer of electrical

response at the synapses where PrPC was most abundant.

For ERG experiments, two PrPKO mouse strains were selected, C57BL/6J - Prnp ZH3/ZH3 PrPKO mice and their C57BL/6J wildtype (WT)

controls11 and, the 129/Ola-PrnpEdbg/Edbg – PrPKO mice and their 129/Ola wildtype (WT) controls.13 These two PrPKO strains were chosen

for three reasons: 1) both strains are coisogenic, i.e., PrPKO mice are genetically identical to their WT control, differing only in the deletion

of Prnp gene, 2)One strain, C57BL/6J, has pigmented eyes and the other strain, 129/Ola, does not. Lack of pigment in the RPE and choroid

has been shown to alter the sensitivity of retina to synaptic/electrical testing by ERG28–30 and thus, unpigmented 129/Ola mice offer an alter-

natemodel to uncover a phenotype in PrPKOmice. 3) Testing of two unique PrPKOmouse strains would provide an opportunity to document

potential effects of mouse background genetics, and confirmation of observed phenotypes in two PrPKO strains would further support that

observed differences were due to Prnp deletion.

An 18-step ERG protocol (see Table S1) was conducted on WT and PrPKO mice of both strains. The protocol included assessment of

scotopic (dark-adapted/rod-dominant) and photopic (light-adapted/cone-dominant) ERG responses. Mice were dark-adapted overnight

and individually tested in an Espion ERG apparatus. The amplitude and implicit time of each waveform feature, and overall waveform shapes

were compared to study differences in WT vs. PrPKO mice responses to light stimuli.
129/Ola PrPKO mice show deficiencies in ERG responses in dark and light-adapted conditions

In single-flash, dark-adapted tests of the 129/Ola strain, PrPKOmice had significantly reduced a-wave amplitudes at all light intensities above

0.1 cd*s/m2 (Figure 3A; Table S2). B-wave amplitudes were also significantly reduced in PrPKO mice at the two highest light intensities (Fig-

ure 3B; Table S2). The overall waveform shapes in PrPKO and WT mice were similar, as shown in the representative responses of individual

mice (Figure S3A).

Dark-adapted b-wave data was also fitted to a two-site specific binding model to isolate the rod-dominant and cone-dominant contribu-

tions to the ERG responses (Figure 3C).31,32 Rod photoreceptors become saturated at approximately 0.1 cd*s/m2, thus the ERG response

above this intensity represents primarily a cone-driven response.33 Significant differences were noted at 100 and 1000 cd*s/m2, which sug-

gested deficiencies in the cone-driven responses of PrPKOmice. To confirm this, Bmax1 and Bmax2 values which represent the rod-dominant
iScience 27, 110954, October 18, 2024 5



Figure 3. Comparison of ERG responses in 129/Ola WT vs. PrPKO mice

(A and B) Dark-adapted (scotopic) ERG responses (a-, b-wave amplitudes) are shown for each mouse (both eyes) at each light flash intensity.

(C) Dark-adapted b-wave data fit to a two-site specific binding model to isolate rod-driven and cone-driven contributions to ERG response (points are means +/-

SEM).

(D) Bmax1 and Bmax2 mean (+/� SEM) values calculated from two-site specific binding fits of data from individual mice.

(E and F) Light-adapted (photopic) ERG responses (a-, b-wave amplitudes) are shown for each mouse at light flash intensities tested.

(G) Representative (median) ERG response waveforms for light-adapted tests.

(H) 3,12 and 18 Hz flicker light ERG responses are shown for all 129/Ola mice tested.

(I) 3Hz flicker representative waveform responses are shown for the 129/Olamice.Waveform overlay comparisons are shown for PrPKO andWTmice with highest,

median, and lowest amplitudes. Statistical analysis by Mann-Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001, n(eyes) = 12 WT/12 PrPKO (all female, see STAR

Methods for details), center lines are median.
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and cone-dominant pathway responses, respectively,31,32 were calculated for individual mice. Bmax2 values were significantly reduced in

PrPKO mice indicating deficiencies in the cone-dominant pathway ERG responses (Figure 3D).

In single-flash, light-adapted experiments designed to test the cone-dominant ERG responses, the a-wave amplitudes were greatly

reduced in PrPKO mice, with significant differences at all light intensities (Figure 3E; Table S2). Similarly, the b-wave amplitudes were signif-

icantly lower in PrPKO mice at all flash intensities (Figure 3F). Overall waveform shapes of PrPKO mice also appeared significantly reduced

compared to WT, as shown in representative mouse responses (Figure 3G). Significant differences were also noted in the amplitudes and

implicit times of the oscillatory potentials (Figures S3C and S3D; Tables S2 and S3).

In summary, the significant reductions in 129/Ola-PrPKO mice a-wave amplitudes in both light- and dark-adapted responses, suggests

PrPC is necessary for the normal photoreceptor (cone and rod) response. The differences in b-wave amplitudes in PrPKO mice reflect either

a deficiency in bipolar cell response or in signal transmission at the synapses between photoreceptors and bipolar cells. The significantly

decreased amplitudes and shorter implicit times in 129/Ola-PrPKO oscillatory potentials, indicate that PrPC expression is also important

to the electrical responses of inner retinal cells.
Flicker ERG responses are altered in 129/Ola PrPKO mice

In addition to the single-flash ERG tests above, responses to light flickers at three temporal frequencies (3,12 and 18 Hz) were elicited from

PrPKOmice and compared to their wildtype controls. Flicker ERGs give an overviewof the functionality of themain photoreceptor-bipolar cell

pathways.34 In our protocol, the 3, 12, and 18 Hz protocols were conducted to test the rod-to-rod bipolar cell pathway, the cone-to-ON-bi-

polar cell pathway and the cone-to-OFF-bipolar cell pathway, respectively.34

In 129/Olamice, significant differenceswere found between PrPKO andWTmice at 3 Hz and 12 Hz in the amplitude of b-waves (Figures 3H

and 3I). The highly significant differences found at 3 Hz indicate a deficiency in the rod to rod-bipolar cell pathway, which support the findings

above in single-flash ERG tests, where reductions in dark-adapted a-wave and b-wave responses were observed. Likewise, the significant dif-

ference at 12 Hz points to a deficiency in the cone-to-ON bipolar cell pathway, where the highest density of PrPC was located.
C57BL/6J PrPKO mice show deficiencies in dark-adapted ERG responses

In the C57BL/6J mouse strain, deletion of PrPC had a similar affect in dark-adapted ERG responses (Figure 4). A-wave amplitudes were signif-

icantly reduced in PrPKOmice at all light flash intensities above 0.1 cd*s/m2, and b-waves were significantly different at 2 of 9 light intensities

(Figures 4A and 4B; Table S2). A two-site specific bindingmodel fit of the b-wave data indicated significant differences at 0.01 and 0.1 cd*s/m2.

Calculation of Bmax1 and Bmax2 values showed significant reductions in the Bmax1 values of PrPKO mice (Figures 4C and 4D), suggesting

deficiencies in the rod-dominant responses. Interestingly, these differences occurred at the flash intensities where rod photoreceptors are

becoming saturated, and a transition to a cone-dominant response is occurring.

Light-adapted tests of cone-driven responses, however, were not significantly different in C57BL/6J WT vs. PrPKO mice (Figures 4E, 4F,

and 4G). This lack of effect in the light-adapted tests, may be a result of the presence of pigment in C57BL/6J mice. Pigment in retina reduces

light scatter and thus, the overall sensitivity of the retina.35

Representative waveforms of C57BL/6JWT and PrPKOmice are shown in supplemental figures and though reduced, they were not signif-

icantly different in their overall shapes (Figures S4A and S4B). Amplitudes and implicit times of oscillatory potentials were also not significantly

different in comparisons of C57-WT and -PrPKO mice (Figures S4C and S4D; Tables S2 and S3).

Furthermore, the altered flicker ERG responses observed in 129/Ola-PrPKO mice were not corroborated in PrPKO mice on the C57BL/6J

strain (Figure 4H). The lack of pigment in 129/Ola retinamay also influence the amplitude of responses to rapid light flashes and could explain

these ERG differences found between the 129/Ola and C57BL/6J strains.
Gross retinal morphology is not affected by deletion of Prnp

To understand potential reasons for changes in ERG responses in PrPKO mice, retinas from WT and PrPKO mice of C57BL/6J and 129/Ola

strains were compared for differences in gross retinal structure using immunohistochemical staining, OCT and fundus imaging of retina.

The retinas of 129/Ola-PrPKO and -WT mice appeared healthy and nearly identical by hematoxylin and eosin (H&E) staining, as did the

C57BL/6J-PrPKO and -WT retinas (Figure 5A). Black pigment (melanosomes) was present in the retinal pigmented epithelium and choroid

layers of the C57BL/6J retinas, but not in the 129/Ola retinas (Figure 5A). PrPC was found in WT mice in the OPL, IPL, IS and ONL as seen

in Figure 1 (Figure 5B). As expected, in both strains of PrPKO mice there was no PrPC staining in retina (Figure 5B).

Retinal fundus images taken from both eyes of all experimental mice, showed normal retinal vasculature in WT and PrPKOmice from both

strains (Figure 5C). Again, pigment was obvious in the images from C57BL/6J PrPKO and WT mice, but not in 129/Ola mice (Figure 5C).

A detailed analysis of OCT images from all mice (129/Ola and C57BL/6J) used in the ERG study (Figures 5D and 6A–6D) was also conduct-

ed to determine if differences in retinal thickness correlated with ERG changes observed in PrPKOmice. In 129/OlaWT vs. PrPKOmice, quan-

titation of layer thickness from OCT cross-sections taken at superior, central and inferior points did not show significant differences in whole

retinal thickness or in individual retinal layers (Figures 6A and 6B). In the C57BL/6J strain, significant differences were also not observed in

whole retinal thickness, though significant differences were noted in some retinal layers in PrPKO mice on the C57BL/6J strain (Figures 6C

and 6D). Overall, PrPC deletion was not associated with changes in gross retinal structure and ERG differences could not be explained by

gross anatomical differences between WT and PrPKO retinas.
iScience 27, 110954, October 18, 2024 7



Figure 4. Comparison of ERG responses in C57BL/6J WT vs. PrPKO mice

(A and B) Dark-adapted (scotopic) ERG responses (a-, b-wave amplitudes) are shown for each mouse (both eyes) at each light intensity.

(C) Dark-adapted b-wave data fit to a two-site specific binding model to isolate rod-driven and cone-driven contributions to ERG response (points are mean +/-

SEM).

(D) Bmax1 and Bmax2 mean (+/� SEM) values calculated from two-site specific binding fits of data from individual mice.

(E and F) Light-adapted (photopic) ERG responses (a-, b-wave amplitudes) are shown for each mouse (both eyes) at light flash intensities tested.

(G) Representative (median) ERG response waveforms for light-adapted tests.

(H) 3,12 and 18 Hz flicker light ERG responses are shown for all C57BL/6Jmice tested. Statistical analysis byMann-Whitney test. *p< 0.05, **p< 0.01, ***p< 0.001,

n (eyes) = 30 WT/24 PrPKO (males and females combined, no significant difference between genders was observed), center lines are median.

ll
OPEN ACCESS

8 iScience 27, 110954, October 18, 2024

iScience
Article



Figure 5. Comparison of overall retinal structure in two strains of PrPKO and WT mice

(A) Hematoxylin and eosin (H&E) staining of retinal sections from PrPKO andWTmice are similar, in bothmouse strains. Pigment in the choroid and RPE is present

in C57BL/6J strain (green arrows), but not in 129/Ola strain.

(B) Immunohistochemical staining with anti-PrP antibody, D13, shows heaviest PrPC in the synaptic layers (OPL, IPL) and less PrPC in the IS, ONL and INL. Patterns

of staining are very similar between mouse strains. PrPC is not expressed by PrPKO mice.

(C) Fundus images taken in live mice are compared between WT and PrPKO mice of both strains. These images show similar vasculature, and lack of retinal

anomalies which could indicate retinal genetic disease. In C57BL/6J mice, pigment at back of retina appears as dark shadows (large green arrows), pigment

is not present in 129/Ola mice. Long thin green arrows indicate where cross-sectional optical coherence tomography (OCT) pictures were taken for panels in

D (D) OCT sections images show layers of retina in live mice. Long, thin, dark vertical lines are shadows cast by blood vessels. Scale bars in A = 50mm and

applies to panels A, B.
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Deletion of Prnp does not alter architecture of photoreceptor ribbon synapses

The modified ERG responses of the photoreceptors and bipolar cells in both C57BL/6J and 129/Ola PrPKO mice could be explained by al-

terations in ribbon synapse morphology. To assess OPL synaptic architecture, retinas were triple stained for CtBP2, a synaptic ribbon

marker,22 Pikachurin, a synaptic cleft marker,36 and PKCa, a protein found in rod bipolar cells and their dendrites,37,38 which invaginate ribbon

synapses. Synaptic ribbon morphology, the placement of Pikachurin within the synaptic cleft, and the postsynaptic rod bipolar cell

dendrite terminals appeared nearly identical in confocal images comparing WT and PrPKO of both C57BL/6J and 129/Ola mouse strains,

(Figures 7A–7D). Quantitative assessment of ribbon synapse features also showed no significant differences (Figures 7E and 7F).

Additionally, because the most significant deficiencies in ERG responses were observed in cone-dominant pathways in 129/Ola-PrPKO

mice, we examined the synaptic architecture of cone pedicles and cone-to-ON bipolar synapses. Significant differences were not found in

cone pedicle volume, cone density or the number of synaptic ribbons per cone (Figures 7G–7J). Thus, ERG response differences in cone-

dominant pathways in 129/Ola-PrPKO mice could not be linked to anatomical changes in ribbon synapse morphology or cone pedicles.
DISCUSSION

A role for PrPC in mouse retinal synapses was initially investigated by determining where PrPC and PrnpmRNA transcripts were localized. Prnp

mRNA transcripts were detected by snRNA-seq primarily in photoreceptors (rods, cones), Müller glia and rod bipolar cells. Co-staining of

PrPC with synaptic markers EAAT5, PSD-95, and CtBP2, showed PrPC was highly expressed adjacent to ribbon synapses at rod and cone syn-

aptic terminals in theOPL. Confocalmicroscopy suggested that the PrPC localized to synapsing dendrites of bipolar and horizontal cells. Here

and in our previous study, PrPC was not directly localized to horizontal cells, but did show some colocalization with secretagogin, a marker of

some cone bipolar cell subtypes.38 Thus, PrPC at these postsynaptic locations was most likely on dendrites of bipolar cells or the processes of
iScience 27, 110954, October 18, 2024 9



Figure 6. Analysis of retinal thickness by optical coherence tomography (OCT)

(A) Example OCT sections from 129/Ola WT and PrPKO mice with layers 1–5 marked with colored lines for thickness analysis.

(B) Layer thickness analysis for superior, central, and inferior OCT sections from 129/Ola mice.

(C) Example OCT sections from C57BL/6J WT and PrPKO mice with layers 1–5 marked with colored lines for thickness analysis.

(D) Layer thickness analysis for superior, central and inferior OCT sections from C57BL/6J mice. RPE = retinal pigmented epithelium, OS = outer segment,

IS = inner segment, ONL = outer nuclear layer, OPL = outer plexiform layer, INL = inner nuclear layer, IPL = inner plexiform layer, GC = ganglion cell layer.

Statistical analysis by Mann-Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001, each point on graphs represents 1 retina, bars represent mean values, +/�SD.

Scale bars in A, C = 100 mm.
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Müller glia which are also present among these synapses. It is also possible that PrPC was expressed on the cell surface or in the extracellular

matrix, between the dendrites, acting as a structural protein stabilizing synapses. These data led us to hypothesize that deletion of Prnpwould

alter the electrophysiological responses of retina, affecting the cells and synapses where PrPC and/or PrnpmRNA transcripts weremost highly

expressed.

ERG experiments confirmed this hypothesis. When Prnp was deleted, portions of the rod and cone photoreceptor-driven pathways had

significantly reduced responses to light stimuli. The most widespread effect of Prnp deletion was observed in significant deficits in the dark-

adapted a-wave amplitudes in both C57BL/6J and 129/Ola PrPKOmice. The a-wave portion of the dark-adapted ERG response originates in
10 iScience 27, 110954, October 18, 2024



Figure 7. Morphometric analysis of ribbon synapses and cone pedicle anatomy

(A and B) Confocal maximum intensity projections show representative retinal sections from 129/Ola WT and PrPKO mice. PKCa (green) marks cell bodies and

dendrites of rod bipolar cells, CtBP2 (yellow) marks synaptic ribbons and Pikachurin (magenta) is a protein present in the cleft of ribbon synapses.

(C and D) 3D surfaces were rendered using IMARIS software 9.9.1. to enable quantitation of ribbons and synaptic puncta, assessment of 3D morphology, and

relative associations of synaptic ribbons, Pikachurin and rod-bipolar cell dendrites.

(E and F) Quantitation of ribbons (CtBP2), synaptic cleft puncta (Pikachurin) and ratio of ribbons to synaptic puncta are shown in graphs for both 129/Ola and

C57BL/6J retinas.

(G and H) Cone pedicle (green) and ribbon synapse (yellow) 3D surfaces were rendered using IMARIS software 9.9.1. For 129/Ola -WT and PrPKO, top panels

show pre-rendered confocal image and bottom panels show 3D rendered images. Example cone pedicles with volume calculation are shown at right. Each cone

pedicle was rotated in 3D to study associations with ribbon synapses (yellow).

(I and J) Quantitative data from analysis of confocal datasets in E, are shown for cone pedicle volumes, and the number of ribbon synapses per cone pedicle. Scale

bars: A, B = 4 mm (left), 2 mm (right) C, D = 1 mmG, H = 5 mm (left), 1 mm (right). Statistical analysis by Mann-Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001, bars

represent mean values, +/� SD.
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rod photoreceptors, the cells that possess the highest Prnp transcript enrichment. In mouse retina, 97% of the photoreceptors are rods and

the remaining 3% are cones.39 Thus, it follows that rods would exhibit a significant change in ERG in response to Prnp deletion. Furthermore,

the reduction in 3Hz flicker responses in 129/Ola-PrPKOmice reflects a deficiency in the rod-to-rod bipolar cell signal transfer, supporting the

necessity for PrPC expression at the rod-to-rod bipolar cell synapses in the OPL.
iScience 27, 110954, October 18, 2024 11
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Interestingly, in the 129/Ola PrPKOmice, the light-adapted a-wave and b-wave amplitudes showed significant reduction at all flash inten-

sities. Light-adapted ERG responses reflect the cone-dominant response to light stimuli. The reduction in a-waves supports that there is a

deficiency in cones themselves. In contrast, the reduced b-waves can be attributed to bipolar cell/Müller glia deficiencies or, a defect in

the synapses between cones and bipolar cells. Additionally, it is possible that the reduced cone response is sustained across the synapse,

resulting in a similarly reduced bipolar cell response, and subsequent reduction in b-wave amplitude.

Moreover, the significant differences in b-wave amplitudes found in dark-adapted tests of 129/Ola mice (and partially in C57BL/6J), pro-

vide additional evidence that cone-driven pathways are most significantly affected by PrPC deletion. In dark-adapted tests, rod photorecep-

tors become saturated at flash intensities greater than 0.1 cd*s/m2, therefore dark-adapted ERG tests at these higher intensities reflect cone-

driven responses. These cone-dominant pathway results offer strong evidence that PrPC is involved in synaptic transmission, as PrPC density is

highest at the base of cone pedicles where hundreds of specialized cell-to-cell synapses exist.

While the dark-adapted (rod-pathway) responses were significantly reduced in PrPKO mice of both C57BL/6J and 129/Ola strains, the

light-adapted (cone-pathway) response was abnormal only in the 129/Ola PrPKOmice. The lack of pigment in the 129/Ola mice may explain

this difference, as lack of pigment can lead to differences in ERG, often increasing the sensitivity of retina to light stimuli.29,35 Another pos-

sibility is that amodifier gene differing between the two strainsmight be responsible for synaptic scaling in the C57BL/6J PrPKOmice, thereby

attenuating the deficit seen under light-adapted (cone-pathway) conditions in the 129/Ola PrPKOmice. A similar situation has been reported

previously in a model of retinal dysfunction.40,41 Here, the use of PrPKO mice on two mouse backgrounds (129/Ola and C57BL/6J) was ad-

vantageous in elucidating these effects of Prnp deletion on retinal electrophysiology.

A previous study by Frigg and colleagues, reported that ERG tests of PrPKOmice were unremarkable, but data was not shown.42 Because

of the lack of details, it is difficult to parse out the potential reasons for the differences found in our work versus Frigg et al. One possible

explanation lies in the PrPKO mice used. Frigg et al. used two PrPKO mouse strains, one on a BALB/c background and one on a C57BL/6

background, the strain of PrPKOmice used in ERG recordings was not specified. Importantly, both PrPKO strains, in their study, were gener-

ated by backcrossing PrPKO mice of different origins to new WT strains. While backcrossing is effective at switching most previous mouse

background genes to a new mouse background, it does not remove genes flanking the knockout locus.10 Mouse background genes have

been shown to significantly affect ERG responses.35

Other vision related phenotypes have been observed upon deletion of Prnp. A 2005 study, by Criado et al. found that PrPKO mice

differed dramatically from WT mice in their ability to use visuospatial cues.16 This defect could be explained by the altered ERG

responses noted here in PrPKO mice, or alternatively, attributed to a deficiency in visual processing in the optic tract, lateral geniculate

bodies and/or the visual cortex. Ashok et al. have also investigated a role for PrPC in eye, finding that PrPKO mice (on a mixed

129xC57BL/6J background), have increased ocular pressure and alterations in extracellular matrix (ECM) protein structure.43 Increased

ocular pressure, as observed in glaucoma, can affect ERG response by altering the amplitude of photopic negative response (PhNR), a

measurement of retinal ganglion cell health.44 Our ERG studies did not find differences in PhNR amplitude measurements between

PrPKO and WT mice (Table S2). However, the observed alterations in ECM protein structure in these PrPKO mice could influence retinal

synaptic transmission.45

One explanation for howPrPCmight influence synaptic transmission involves the hypothesis that PrPC is a cell surface scaffolding protein or

adhesionmolecule. GPI-anchored proteins are known to act as scaffolding proteins and/or adhesion molecules in the ECM.45,46 PrPCmay act

to bring two or more proteins into a stable configuration, allowing for more efficient signal transduction. There is evidence from others to

support this role for PrPC.47–50 From our study, the localization of PrPC at the synapse and the ERG data support PrPC acting to enhance syn-

aptic transmission. Because ERG responses were significantly affected, but not abolished upon deletion of Prnp, a discreet role as a scaf-

folding protein or adhesion molecule seems rational.

Synaptic adhesionmolecules, such as Lrit1, Lrit3, Elfn1, Elfn2, Lrfn2 andNyctalopin, have been shown to act at synapses in the OPL, modu-

lating ERG responses.41,51–56 Studies of Lrit1-null mice support the idea that PrPC could be acting as a synaptic adhesionmolecule.41,56 Lrit1 is

a recently identified, retinal adhesion molecule and like PrPC is found at photoreceptor synaptic termini, mainly in cone pedicles. When ERG

recordings were compared between Lrit1-null mice and WT mice, significant differences were found in light-adapted b-waves, indicating

impairment of synaptic transmission at cone-to-bipolar cell synapses.41,56 While this is a similar, but not the exact ERG phenotype we

observed in PrPKO mice, it indicates how adhesion molecules might modulate ERG responses.

Because differences in gross retinal anatomy or ribbon synapsemorphology, assessed by confocal microscopy, did not correlate with ERG

deficiencies in both PrPKO mouse strains, functional involvement of PrPC at the synapse, rather than structural, is more likely. It may be that

PrPC works collectively with one or more proteins to enhance or attenuate synaptic transmission. There aremultiple GPI-anchored neural/syn-

aptic proteins, like PrPC, that function to mediate protein-to-protein interactions or act as co-receptors.57 Elucidating the precise function of

PrPC, may require study of mouse models where PrPC and one or more additional proteins of suspected, related function are knocked out.

Alternatively, knockdown of PrPC in specific cells, using adeno-associated virus-mediated delivery of shRNA, could be done to target rods,

cones, rod bipolar cells, cone-ON bipolar cells, cone-OFF bipolar cells, andMüller glia. This could facilitate clarification of the role of PrPC by

limiting unknown compensatory mechanisms which conceal its function under normal circumstances, or it may exaggerate the deletion-

related phenotype, making it more apparent.

Finally, new efforts to treat human prion diseases, such as CJD and Fatal Familial Insomnia, rely on knockdown of PrPC expression in neural

tissues using anti-sense oligonucleotides.58–61 The consequences of PrPC knockdown in humans are unknown. Thus, clarifying the function of

PrPC is of high importance.
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Limitations of the study

In our study of PrPC in retina, snRNA-seq was used instead of scRNA-seq to locate the cell types expressing Prnp transcripts. SnRNA-seq was

chosen because of its advantages in analyzing complex, hard-to-dissociate tissues like brain and retina. While comparisons between the two

techniques have provided similar results,62,63 snRNA-seqmay have affected our identification of the retinal cell types expressing Prnp. ScRNA-

seq analyzes transcripts in both nucleus and cytoplasm and could provide a more in-depth assessment of Prnp expression.

Additionally, in our study of PrPC localization in retina, despite repeated attempts, we were not able to label PrPC with immunogold for

electron microscopy (EM) analysis. Historically, PrPC has been very difficult to immunolabel in preparation for EM.64,65 This has limited our

and others’ ability to localize PrPC at the ultrastructural level.

Lastly, our data do not definitively exclude a structural role for PrPC in synaptic function, i.e., the possibility still exists that deletion of PrPC

could alter some feature of synaptic morphology, not detected in our studies, and explain the ERG alterations found in PrPKO mice. Our

comparative analysis of ribbon synapse architecture in WT and PrPKO mice relied on confocal microscopy, with qualitative assessment of

pre- and postsynaptic structure as well as quantitative assessment of presynaptic parameters. However, future studies comparing WT and

PrPKO ribbon synapses might benefit from a focused study of pre-and post-synaptic structures using transmission electron microscopy

and/or focused ion beam-scanning electron microscopy.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

D13-anti prion protein (Human) 1:100 Matsuanaga66 N/A

Anti-Cone Arrestin - Arrestin 3/Cone photoreceptors – Rabbit - 1:100 Millipore AB15282; RRID:AB_1163387

Anti-CtBP2 - C-terminal binding protein 2/ribeye

protein of ribbon synapses - Mouse 1:100

Santa Cruz sc-17759; RRID:AB_627310

Anti-PKCa - Protein kinase C/Rod bipolar cells - Goat 1:100 RD Systems AF5340; RRID:AB_2168552

Anti -Pikachurin (ribbon synaptic cleft) - Rabbit 1:100 Proteintech 14578-1-AP; RRID:AB_2277653

Anti- EAAT1 - Excitatory amino acid transporter - Rabbit 1 1:100 Abcam ab416; RRID:AB_304334

Anti-EAAT5 - Excitatory amino acid transporter 5 - Rabbit 1:100 Abcam ab230217

Anti -PSD-95 - Post synaptic density-95 - Mouse 1:100 Neuromics MO50000

Anti-Calbindin – horizontal cells – Rabbit 1:100 Abcam Ab108404; RRID:AB_10861236

Critical commercial assays

Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1 10X Genomics v3.1

A Nuclei PURE Prep Nuclei Isolation Kit Sigma-Aldrich Cat. # NUC-201

Deposited data

snRNAseq Retina raw data-Striebel et al. 2024 This study GEO accession: GSE264257

Experimental models: Organisms/strains

C57BL/6J - Prnp ZH3/ZH3 PrPKO mice Adriano Aguzzi University of Zurich

C57BL/6J mice Jackson Laboratories,

Bar Harbor, MA, USA

RRID:IMSR_

JAX:000664

PrnpEdbg/Edbg – PrPKO and WT - on 129/OlaP2Hsd mouse Background Jean Manson - University

of Edinburgh, Edinburgh,

Scotland, UK

N/A

Oligonucleotides

rd1 (Pde6B-1), rd2 (Prph2-1), rd8 (crb1.mut) and rd10 (Pde6b-3) Transnetyx, Inc.– genotyping service Cordova, TN

Software and algorithms

Imaris x86_64 v.9.9.1 – confocal dataset analysis This paper Bitplane AG

GraphPad Prism 9.3.1 This paper GraphPad

Huygens Professional v. 22.10 – deconvolution of confocal datasets This paper Scientific Volume Imaging

CellSens software – image acquisition and analysis This paper Olympus

ZEN v.2.3 software – confocal dataset acquisition This paper Carl Zeiss Microscopy

Espion V6 software – ERG data analysis This paper Diagnosys

Micron InSight OCT software OR) – quantification of retinal layer thickness. This paper Phoenix-Micron, Bend, OR).

Cell Ranger (version 6.0) This paper 10X Genomics
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

The followingmicewere studied: C57BL/6J - Prnp ZH3/ZH3 PrPKOmice providedby A. Aguzzi (University of Zurich, Zurich, Switzerland) viaMark

Zabel (Colorado State University, Fort Collins, CO, USA)11; C57BL/6Jmice obtained from Jackson Laboratories (Bar Harbor,Maine, USA) (RRI-

D:IMSR_JAX:000664); PrnpEdbg/Edbg – PrPKOmice on a pure 129/Ola background and co-isogenicWT 129/Olamice, both kindly provided by

JeanManson (University of Edinburgh, Edinburgh, Scotland, UK) and bred >10 generations at RockyMountain Laboratories (RML) (Hamilton,

MT, USA). The ‘‘129/Ola’’ mouse name is a simplified nomenclature, officially they are designated as 129P2/OlaHsd and are white-bellied,

pink-eyed (unpigmented), and have light chinchilla coat color.
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Animals for ERG experiments were bred at RML to obtain adequate numbers for experimentation and then shipped to the Duke University

School of Medicine (Durham, NC, USA), where they were maintained prior to experimentation in temperature and light (12 h light/12 h dark)

controlled, hygenic rooms with food/water ad libitum. Ages of mice used in ERG experiments were; 129/Ola PrPKO (144–200 days old),

129/Ola (151–178 days old), C57BL/6J -PrPKO (151–186 days old) and C57BL/6J (158–165 days old). Details on sex and number of animals

used are under theOptical Coherence Tomography section and in figure legends. Animals used for tissues for immunohistochemistry, immu-

nofluorescence, confocal microscopy or snRNAseq experiments were group housed at RML, in transparent cages in a 12 h light (250–300 lx)/

12 h dark cycle, and food and water were available ad libitium.
Ethics statement

All mice were housed at the Rocky Mountain Laboratories (RML) in an AAALAC-accredited facility in compliance with guidelines provided by

the Guide for the Care and Use of Laboratory Animals (Institute for Laboratory Animal Research Council). Experimentation followed RML An-

imal Care andUseCommittee an approvedprotocol (#2022–045). Micewere also housed andmaintained at DukeUniversity for ERG analyses,

fundus imaging, andOptical Coherence Tomography (OCT) imaging, in accordancewith the Institutional Animal Care and Use Committee at

Duke University under an approved protocol (#A075-21-03) in adherence with the ARVO Statement for the Use of Animals in Ophthalmic and

Vision Research.
METHOD DETAILS

Immunohistochemistry and immunofluorescence

To prepare for immunohistochemistry and immunofluorescence, eyes were removed, placed in 10% neutral buffered formalin for 3 to 5 days

and then processed by dehydration and embedded in paraffin as a single block. 5 mm sections were then cut using a standard Leica micro-

tome, placed on positively chargedglass slides, and air-dried overnight at room temperature. The following day slides were heated in an oven

at 60�C for 20 min. An automated Ventana Discovery XT stainer was used for deparaffinization, antigen retrieval and immunohistochemical

staining.

For immunohistochemical staining of PrPC, antigens were exposed by incubation in CC1 buffer (Ventana) containing Tris–Borate-EDTA,

pH 8.0 for 100 min at 95�C. Staining for PrPC was done using human anti-PrP monoclonal antibody D1366 which was obtained from tissue cul-

ture supernatants made in our laboratory from CHO cells expressing the D13 antibody construct, which were kindly provided by Dr. R. An-

thonyWilliamson, The Scripps Research Institute, La Jolla, CA. D13 culture fluid was used at a dilution of 1:100 (diluted in PBS with 1% normal

goat serum and 0.1% Triton X-100) for 2 h at 37�C. The secondary antibody was biotinylated goat anti-human IgG at 1:500 dilution (Jackson

ImmunoResearch, West Grove, PA.), and avidin-horseradish peroxidase was used with DAB as chromogen (DAB Map kit; Ventana Medical

Systems, Tucson, AZ.).

For immunofluorescent staining, antigen retrieval for all targets was performed using a BioCareMedical DC2002Decloaking chamber with

sodium citrate buffer at pH 6.0(0.01 M) for 20 min at 120�C/20 PSI and cooled to 50�C. For each of the following steps, 250–300 mL of solution

was applied to each slide and covered with a temporary plastic coverslip and incubated for a set amount of time. Tissues were blocked first

with a normal donkey serum blocking solution (2% donkey serum, 1% BSA, 0.1% Triton X-100, 0.05% Tween 20 in 0.01 M PBS) for 1 h at room

temperature and then in 0.1 M Glycine in 0.01 M PBS for 30 min at room temperature. Primary antibodies (see key resources table.) were

diluted in donkey serum blocking solution and applied for 1 h at room temperature. AlexaFluor (ThermoFisher) secondary antibodies

(AF-488, AF-568, AF-633/IgG (H + L) Cross-adsorbed secondaries, species-specific to primary antibodies) were diluted to 1:250 in donkey

serum solution and applied for 1 h. In dual or triple stainings, primary antibodies were applied simultaneously, as were secondary antibodies.

After each antibody incubation, slides were washed 3 times in 1X PBS for 10min. Coverslips weremountedwith ProLongGold with DAPI (Cat.

#P36931, Life Technologies) and dried overnight. Then slides were examined and photographed using an Olympus BX51 microscope/

Olympus CellSens software or using a confocal microscope as described below.
Retinal nuclei isolation for single nucleus RNA sequencing

After enucleation of eyes, retinas were removed by dissection. The eyes were transferred to a culture dish and under a dissectionmicroscope,

the anterior part of the eye was removed with a circular cut at the ora serrata. The lens, iris and optic nerve were removed and using micro-

forceps, light pressure was applied to the posterior area of the sclera until the retina separated from the retinal pigmented epithelium (RPE)

and sclera. Retinas were gently peeled away and transferred to ice-cold PBS. Four retinaswere pooled, from two femalemice, on two separate

occasions for analysis (for this study, n = 4 mice or n = 8 retinas). A Nuclei PURE Prep Nuclei Isolation Kit (Sigma – Cat. # NUC-201) was used

with modifications as described. Briefly, cold PBS was removed from retinas and exchanged with Lysis Buffer (250 mL/retina), incubated on ice

for 15min, swirled 2–3 times during incubation. After the 15-min incubation the retinas were triturated lightly with a 5mL serological pipette to

break into large chunks. If present, pieces of black ciliary or retinal pigmented epithelium were removed with a 1mL pipette. Next, the semi-

homogenate was triturated 10–15 times with a silanized Pasteur pipette. The homogenate was then applied to a 30mmMilteyi MACS Smart-

strainer to remove cellular debris and large clumps. The flow throughwas then centrifuged at 1000 g for 10min at 4.0�C. Supernatant was then
removed without disrupting the pellet of nuclei. 5mL of Nuclei Wash and Resuspension buffer from Sigma Kit was added and pellet was re-

suspended with a 5mL serological pipette. The mixture was then centrifuged at 1000 g for 10 min at 4.0�C, again supernatant was removed,
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and pellet was resuspended in Nuclei Wash and Resuspension buffer. Nuclei were counted in a hemacytometer and used for 10x Genomics

RNAseq analysis as below. Other steps in the Sigma protocol were not utilized for retinal lysates.
Single nuclei RNA library construction and next-generation sequencing

Single nuclei suspensions were obtained from retina as described above. 8,000 nuclei per retina pool were loaded on a 10X Genomics Next

GEM chip and single-nuclei GEMs were generated on a 10X Chromium Controller. Subsequent steps to generate cDNA and sequencing

libraries were performed following 10X Genomics’ protocol using the Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1. Libraries

were pooled and sequenced using Illumina NovaSeq S2 with NextSeq 100 to 300 cycle kits as per 10X sequencing recommendations. The

sequenceddata were processed usingCell Ranger (version 6.0) to demultiplex the libraries. The reads were aligned toMusmusculusgenome

(cellranger-mm10–1.2.0) to generate count tables which were combined into a single feature-barcode matrix allowing the data to be further

analyzed using 10XGenomics Loupe Browser. Extensive details of library construction protocol can be found in the 10X Genomics Next GEM

protocol (Chromium Single Cell 30 Reagent Kits User Guide (v3.1 Chemistry, https://www.10xgenomics.com/support/single-cell-gene-

expression/documentation/steps/library-prep/chromium-single-cell-3-reagent-kits-user-guide-v-3-1-chemistry).

Dataset is available at GEO accession: GSE264257.
Confocal microscopy

Samples were imaged using a Zeiss laser scanning confocal (LSM880)microscope driven by ZEN v.2.3 software (Carl ZeissMicroscopy). A Plan

Apochromat 63X/NA1.4 oil immersion lens was used, with immersion oil at a refractive index of 1.518. Image acquisition settings including

laser power and gain were optimized for minimal background and crosstalk, and kept constant within an experiment for all timepoints and

samples to enable direct comparisons. Stacks were collected with a lateral resolution of 35 nm and z-spacing of 260 nm.
Confocal image processing and analysis

Image stacks were exported from ZEN software and deconvolved with Huygens Professional v. 22.10 (Scientific Volume Imaging, The

Netherlands) using the CMLE algorithm, with SNR = 20 and a maximum of 40 iterations. The deconvolved datasets were imported to Imaris

x86_64 v.9.9.1 (Bitplane AG, Zürich, Switzerland) for visualization and analysis.
Electron microscopy sample preparation

C57BL/10SnJmicewere perfusedwith 2%paraformaldehyde+2%glutaraldehyde in 0.1MSorensen’s phosphate buffer (ElectronMicroscopy

Sciences, Pennsylvania). Eyes were enucleated and placed in fresh fixative for at least 30 min before further processing. The anterior portions

of eyes were dissected and discarded. The remaining posterior eye cups were rinsed in phosphate buffer, followed by embedment in 2.5%

low-melt agar (Precisionary, Massachusetts) made in PBS. 200 mm sections were cut with a VT1000S vibrating blade microtome (Leica Bio-

systems, Illinois). Sections were processed for transmission electron microscopy as follows: postfixation with 0.05% osmium tetroxide +0.08%

potassium ferrocyanide in 0.1 M phosphate buffer for 1 h, rinsed with buffer, then dehydrated in a graded ethanol series to 100%, infiltrated

with LRWhite (Electron Microscopy Sciences, Pennsylvania) and polymerized overnight in homemade flat-embedding molds covered with

aclar sheets at 50�C in a vacuum oven.
Transmission electron microscopy

Flat-embedded vibratome sections were excised and super-glued onto resin stubs such that ultramicrotomy sections would be in the desired

orientation. 70 nm sectionswere cut with anUltracut UCT (Leica Biosystems, Illinois) ultramicrotome andpicked up on Formvar coated 100 hex

mesh copper grids (Electron Microscopy Sciences, Pennsylvania). Micrographs were acquired on an HT7800 (Hitachi, Oregon) operating at

80 kV with an XR-81B CMOS digital camera (AMT Imaging Systems, Massachusetts).
Optical coherence tomography (OCT), fundus imaging and assessment for retinal degeneration genes

Using aMicron IV retina camera with OCT head unit (Phoenix-Micron, Bend, OR), multiple fundus andOCT images were taken of both eyes of

each mouse to assess the layers of retina. Retinal OCT images were segmented and quantified using Micron InSight OCT software (Phoenix-

Micron, Bend, OR). OCT imaging was found to be unremarkable in all mice, except 4 male 129/Ola PrPKO mice from one litter. These mice

had variable levels of thinning of the photoreceptor layer (both outer nuclear and outer segment layers) of unknown causes. As a precaution,

129/Ola PrPKO and 129/OlaWT,males and females, were analyzed for themost common retinal degenerationmutations – rd1 (Pde6B-1), rd2

(Prph2-1), rd8 (crb1.mut) and rd10 (Pde6b-3). The C57BL/6J line does not carry the rd8 mutation,67 but as a precaution a subset of C57BL/6J

and ZH3PrPKO mice were nonetheless assessed for the rd1 and rd8 mutation. All strains tested negative for the presence of these retinal

degenerationmutations. The decision wasmade to exclude all 6 male 129/Ola PrPKO and 6WTmice, in case there was an unknownmutation

sorting in themalemice. Data presented in themain paper includes 129/Ola females only, for this reason. Importantly, studies have shown no

differences betweenmale and female mice in ERG responses.68 Data for C57BL/6J PrPKO andWTmice includes both males and females, no

significant differences in were noted between male and female mice on the C57BL/6J background.
iScience 27, 110954, October 18, 2024 19

https://www.10xgenomics.com/support/single-cell-gene-expression/documentation/steps/library-prep/chromium-single-cell-3-reagent-kits-user-guide-v-3-1-chemistry
https://www.10xgenomics.com/support/single-cell-gene-expression/documentation/steps/library-prep/chromium-single-cell-3-reagent-kits-user-guide-v-3-1-chemistry


ll
OPEN ACCESS

iScience
Article
In vivo retinal function analysis by electroretinography (ERG)

ERG was in large part performed as previously described.32 Briefly, mice were dark-adapted for at least 4 h, pupils dilated with 0.5% (w/v)

tropicamide and 1.25% (w/v) phenylephrine and anesthetized with a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg). Scotopic

and photopic ERG responses, were recorded using an Espion E3 ERG apparatus with a ColorDome flash simulator to provide binocular

full-field ganzfeld stimulation (Diagnosys LLC, Lowell, MA), at increasing flash intensities under both scotopic and photopic (with a back-

ground light) conditions. Recordings consisted of single flash presentations, repeated 0–15 times to verify the response reliability and

improve the signal-to-noise ratio, if required. For flicker responses, flashes were repeated 20–30 times. Low-pass frequency filtering of

50 Hz was applied to remove oscillatory potentials and noise, for acquisition of a-, b-, and c-waves. Details of light intensities, repeats, interval

times, adaptation times, light color, response component, and cell types assessed, for all steps in the ERG analyses, are presented in Table S1.

Espion V6 software (Diagnosys) was used to organize and analyze ERG responses. Parameters analyzed included the amplitudes and im-

plicit times (time to peak of wave) of; a-waves (photoreceptors), b-waves (bipolar andMüller), oscillatory potentials (amacrine cell, inner retinal

cells) and photopic negative response (PhNR, retinal ganglion cells) were collected and analyzed. p-values for all comparisonsmade between

wildtype mice and prion protein knockout mice are shown in Tables S2 and S3.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis of single nuclei RNA sequencing data in Figure 1, was conducted using Loupe Browser v6 software. Differential expression

of genes between cell clusters in Figures 1 and S1 was determined by a negative binomial exact test (sSeq method) which is coded into the

Loupe Browser software, details on this algorithm and code are available at https://kb.10xgenomics.com/hc/en-us. Details on snRNAseq

sample preparation and n values are in the snRNAseq Methods section above. In Figure 1H, asterisks represent the following p-values

*p<0.05. Here and in all figures p values less than 0.05 were deemed to be statistically significant. Statistical analysis in Figures 3, 4, 6, 7,

S3, and S4 was performed using GraphPad Prism v9.3.1. In each of these figures non-parametric unpaired tests (Mann-Whitney) were

used to compare data and asterisks represent the following p-values *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant. Information

on the value of n, what n represents, definition of center and other statistical details can be found in the figure legends. Gender and number

of animals used in ERG andOCT analyses are dicussed in detail under the Optical coherence tomography (OCT), fundus imaging and assess-

ment for retinal degeneration genes section of Methods. Quantification of fluorescent images was performed using IMARIS software as

described in figure legends.
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