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Abstract (250 words max) 36 

To combat retinal degeneration, healthy fetal retinal sheets have been successfully 37 

transplanted into both rodent models and humans, with synaptic connectivity between 38 

transplant and degenerated host retina having been confirmed. In rodent studies 39 

transplants have been shown to restore responses to flashes of light in a region of the 40 

superior colliculus corresponding to the location of the transplant in the host retina. To 41 

determine the quality and detail of visual information provided by the transplant, visual 42 

responsivity was studied here at the level of visual cortex where higher visual perception 43 

is processed. For our model, we used the transgenic Rho-S334ter line-3 rat (both sexes) 44 

which loses photoreceptors at an early age and is effectively blind at post-natal day 30. 45 

These rats received fetal retinal sheet transplants in one eye between 24-40 days of 46 

age. Three to ten months following surgery, visually responsive neurons were found in 47 

regions of primary visual cortex (V1) matching the transplanted region of the retina that 48 

were as highly selective as normal rat to stimulus orientation, size, contrast, and spatial 49 

and temporal frequencies. Conversely, we found that selective response properties were 50 

largely absent in non-transplanted line-3 rats. Our data show that fetal retinal sheet 51 

transplants can result in remarkably normal visual function in visual cortex of rats with a 52 

degenerated host retina and represents a critical step towards developing an effective 53 

remedy for the visually impaired human population. 54 

 55 

56 
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Significance statement (120 words max) 57 

Age-related macular degeneration and retinitis pigmentosa lead to profound vision loss 58 

in millions of people worldwide. Many patients lose both retinal pigment epithelium and 59 

photoreceptors. Hence there is a great demand for the development of efficient 60 

techniques that allow for long term vision restoration. In this study, we transplanted 61 

dissected fetal retinal sheets which can differentiate into photoreceptors and integrate 62 

with the host retina of rats with severe retinal degeneration. Remarkably, we show that 63 

transplants generated visual responses in cortex similar in quality to normal rats. 64 

Furthermore, transplants preserved connectivity within visual cortex and the retinal relay 65 

from the lateral geniculate nucleus to visual cortex, supporting their potential application 66 

in curing vision loss associated with retinal degeneration. 67 

 68 

 69 



 

 

Millions of people worldwide suffer vision loss from progressed stages of age-related 70 

macular degeneration and retinitis pigmentosa. Through either disease, much of the 71 

retinal pigment epithelium (RPE) and many photoreceptors are irreversibly lost. Cutting 72 

edge treatments using micronutrient supplements (Berson et al., 2004) and gene 73 

therapy to introduce trophic factors or to correct mutated genes (Liu et al., 2011b; 74 

Kauper et al., 2012; Lipinski et al., 2013; Bertolotti et al., 2014; Schwartz et al., 2015; 75 

Tsai et al., 2015) can help in the early stages of retinal degeneration where some 76 

photoreceptors remain and can therefore be rescued. However, in later stages, once 77 

photoreceptors and RPE cells are lost, vision can only be enabled by replacing or 78 

bypassing damaged retinal cells. 79 

 80 

To replace lost photoreceptors in rodent models of severe retinal degeneration, Rho-81 

S334ter line-3 rats, a number of studies have successfully used sheet transplants of 82 

fetal-derived neural retinal progenitor cells into the subretinal space (Seiler et al., 2005, 83 

2008a, 2014). The fetal retinal sheet transplants survive long-term (Seiler et al., 1999), 84 

integrate with the host retina (Seiler et al., 2008b, 2010), and evoke responses to 85 

flashes of light in the superior colliculus, a primary midbrain target of retinal ganglion 86 

cells (Woch et al., 2001; Sagdullaev et al., 2003; Thomas et al., 2005; Yang et al., 87 

2010). In order to determine the quality and accuracy of visual information provided by 88 

the transplant, visual responsivity should be measured in greater detail and in higher 89 

level structures such as visual cortex where more complex visual processing occurs. 90 

 91 

The visual environment is parsed into tiny receptive fields by the photoreceptors at the 92 

back of the retina. Re-stitching of the visual image begins through convergence and 93 
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lateral integration across progressive stages of the retina and through subsequent retinal 94 

ganglion cell projections to the lateral geniculate nucleus (LGN) of the thalamus. It is not 95 

until after LGN afferents converge onto neurons in primary visual cortex (V1) that key 96 

features such as orientation selectivity fully emerge, though in mouse LGN direction 97 

selectivity is already present (Hubel and Wiesel, 1962; Reid and Alonso, 1996; Niell and 98 

Stryker, 2008; Marshel et al., 2102). Many additional stimulus features such as temporal 99 

and spatial frequency, contrast, size, and direction also elicit highly selective responses 100 

in V1 and are considered key building blocks for the perception of complex shapes and 101 

motion (Livingstone and Hubel, 1988; Kobatake and Tanaka, 1994; Marshel et al., 2011; 102 

Glickfeld et al., 2014).   103 

 104 

In the more severe and faster degenerating line-3 rat model, and even in the slower 105 

degenerating Royal College of Surgeons rat model, cortical responses to visual 106 

stimulation are almost entirely abolished in adults (Coffey et al., 2002; Girman et al., 107 

2003; Gias et al., 2011; Chen et al., 2016), severely limiting normal visual perception. 108 

Our goal here was to determine whether retinal sheet transplants could generate visually 109 

evoked responses in visual cortex, and the degree to which detailed response selectivity 110 

compared to V1 neurons in normal, non-degenerated rats. To do so, healthy dissected 111 

fetal retinal sheets were transplanted in line-3 rats at 1 month of age, when degeneration 112 

of the rods is nearly complete and cones are largely dysfunctional (Hombrebueno et al., 113 

2010; Martinez-Navarrete et al., 2011; Zhu et al., 2013; Seiler et al., 2014; LaVail et al., 114 

2018). Three months or more following transplantation, detailed neuronal responses to 115 

an array of visual stimuli integral to higher visual processing were measured and 116 

compared to control degenerated animals that did not receive transplants, as well as 117 
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non-degenerated rats. Comparisons in the underlying neural circuitry were also made by 118 

using injections of a modified rabies virus to reconstruct retrograde connection patterns 119 

within V1, and afferent thalamic inputs. These experiments are the first to examine 120 

transplant-driven responses and connectivity at the cortical level in a rodent model of 121 

retinal degeneration and represent an essential step for determining the efficacy of such 122 

transplants in visually impaired humans. 123 

 124 

Materials and Methods 125 

Animals 126 

For all experimental procedures animal subjects were treated in accordance with the 127 

NIH guidelines for the care and use of laboratory animals, the ARVO Statement for the 128 

Use of Animals in Ophthalmic and Vision Research, and under a protocol approved by 129 

the Institutional Animal Care and Use Committee of UC Irvine. The rat model of retinal 130 

degeneration used in this study were pigmented transgenic Rho-S334ter line-3 rats (or, 131 

line-3 rats)  expressing a mutated human rhodopsin protein (Sagdullaev et al., 2003; 132 

Martinez-Navarrete et al., 2011; Seiler et al., 2017).  Line-3 rats were non-nude (foxn1+/) 133 

offspring of the SD-Foxn1 Tg (S334ter)3Lav strain, a cross of S334ter-3 (SD-134 

Tg(S334ter)3Lav) and NIH nude (NTac:NIH-Whn) rats (Seiler et al., 2014). Normal rats 135 

used for comparison were either the NIH or Long-Evans (see Results). In all groups rats 136 

of either sex were used. All rats were group housed (4 animals per Plexiglas cage) and 137 

maintained in the animal facility on a 12-h light/dark cycle (lights on from 06:30 to 18:30 138 

h) at an ambient temperature of 21.5±0.8 °C and a relative humidity of 50%.  139 

 140 

Transgenic rats carrying the human placental alkaline phosphatase (hPAP) gene were 141 
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used as the source of donor retinal sheet tissue.  Donor rats were bred from transgenic 142 

rats positive for human placental alkaline phosphatase (hPAP) (Kisseberth et al., 1999; 143 

Yang et al., 2010; Seiler et al., 2017) (breeders originally a gift of Dr. Eric Sandgren, 144 

Univ. of Wisconsin, Madison, USA) and ACI rats obtained from Harlan Laboratories 145 

(Indianapolis, IN, USA). At day 19 of gestation (day of conception = day 0), fetuses were 146 

removed by cesarean section. Transgenic fetuses were identified by histochemistry for 147 

hPAP (Kisseberth et al., 1999) and were stored on ice in Hibernate E medium with B-27 148 

supplements (Life Technologies, Carslbad, CA, USA) for up to 6 h until dissection. 149 

Retinas were dissected free from surrounding tissue, and stored overnight at 4°C in 50-150 

100 L of Hibernate E medium with BDNF/GDNF loaded PLGA microspheres (Seiler et 151 

al., 2008a; Yang et al., 2010). Retinal sheets were cut into rectangular pieces of 1.0 to 152 

1.5 x 0.6 mm to fit into the flat nozzle of the previously described custom-made 153 

implantation tool (Aramant and Seiler, 2002; Seiler and Aramant, 1998). The orientation 154 

of the donor tissue could easily be observed in the dissection microscope. 155 

 156 

Transplantation procedure  157 

The transplantation procedure was performed according to previously described 158 

methodology (Aramant and Seiler, 2002). Line-3 rats (P24-25) were anesthetized with a 159 

mixture of ketamine (40 - 55 mg/kg) and xylazine (6 – 7.5 mg/kg; ip). Their pupils were 160 

dilated with 1% Atropine eye drops, and local anesthesia was provided by tetracaine eye 161 

drops (0.5%). A small incision (width 1.0 mm) was made posterior to the pars plana, 162 

parallel to the limbus. The implantation instrument was inserted with extreme care to 163 

minimize disturbance of the host retinal pigment epithelium. The graft tissue (~1 mm2) 164 

was released into the subretinal space posteriorly at the nasal quadrant near the optic 165 
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disc (Figure 1). Transplants were placed into the left eye only, leaving the right eye as a 166 

control. The incision was closed with two 10-0 sutures and the eyes were treated with 167 

gentamycin and artificial tears ointment. For recovery, rats were given a subcutaneous 168 

injection of Ringer’s saline solution, the analgesic Buprenex (0.03 mg/kg) for pain 169 

management, and placed in a Thermocare incubator (Paso Robles, CA, USA). Animals 170 

with transplant misplacement and/or excessive surgical trauma were excluded from 171 

study. 172 

 173 

Transplant verification 174 

Transplants were evaluated in vivo for placement, development, and integration within 175 

the host retina ~1 month after surgery by using spectral domain optical coherence 176 

tomography (SD-OCT).  SD-OCT images of the retina were obtained using a Bioptigen 177 

Envisu R2200 Spectral Domain Ophthalmic Imaging System (Bioptigen, Research 178 

Triangle Park, NC).  Anesthesia was induced with ketamine/xylazine as above and 179 

maintained using isoflurane (0.5 – 1.5%) mixed with O2 through a gas anesthesia mask 180 

(Stoelting, Wood Dale, IL, USA). Pupils were dilated by 1% atropine sulfate ophthalmic 181 

solution. Eyes were kept moist between scans with Systane eye drops (Alcon 182 

Laboratories Inc., Fort Worth, TX, USA). Imaging was accomplished using rectangular 183 

scans of a 2.6 mm × 2.6 mm area at an imaging depth of 1.6 mm. Retina fundus scans 184 

were acquired using at least one of four parameters: 488 B-scans ×488 A-scans ×5 B-185 

scan averaging for fundus images; and 700×70×25, 800×50×30, and 800×20×80 for 186 

cross-sectional images (units are # B-scans/ #A-scans/ B-scan averaging value). A-187 

scans were performed along the fundus axial plane. Each A-scan was then further 188 

probed by B-scans to create the cross-sectional visualization of the retinal layers.  B-189 
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scans were then averaged together to reduce background speckle and improve 190 

resolution of low contrast and hard-to-see layers; the larger the B-scan averaging value, 191 

the better the resolution.  The optic disc was centered and used as a point of reference 192 

for locating the transplant and assessing surgical success. 193 

 194 

Single unit recordings and visual stimulation 195 

Rats were initially anaesthetized with 2% isoflurane in a mixture of N2O/O2 (70%/30%) 196 

then placed into a stereotaxic apparatus. A small, custom-made plastic chamber was 197 

glued to the exposed skull. After one day of recovery, re-anesthetized animals were 198 

placed in a custom-made hammock, maintained under isoflurane anesthesia (1-2% in 199 

mixture of N2O/O2) and a single tungsten electrode was inserted into a small craniotomy 200 

above visual cortex. Once the electrode was inserted, the chamber was filled with sterile 201 

saline. During recording sessions, animals were kept sedated under light isoflurane 202 

anesthesia (0.2 – 0.4%) in a mixture of N2O/O2. EEG and EKG were monitored 203 

throughout the experiments and body temperature was maintained with a heating pad 204 

(Harvard Apparatus, Holliston, MA, USA).  205 

 206 

Data was acquired using a 32-channel Scout recording system (Ripple, UT, USA). The 207 

spike signal was band-pass filtered from 500 Hz to 7 kHz and stored in a computer hard 208 

drive at 30 kHz sampling frequency. Spikes were sorted online in Trellis (Ripple, UT, 209 

USA) while performing visual stimulation. Visual stimuli were generated in Matlab 210 

(Mathworks, USA) using Psychophysics Toolbox (Brainard, 1997; Pelli, 1997; Kleiner et 211 

al., 2007) and displayed on a gamma-corrected LCD monitor (55 inches, 60 Hz) at 212 

resolution 1920 x 1080 pixels and 52 cd/m2 mean luminance. Stimulus onset times were 213 
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corrected for LCD monitor delay using a photoresistor and microcontroller (in-house 214 

design).  215 

 216 

For recordings of visually evoked responses, cells were first tested for visual 217 

responsiveness with 100 repetitions of a 500 ms bright flash stimulus (105 cd/m2). 218 

Receptive fields for visually responsive cells were located using square-wave drifting 219 

gratings, after which optimal orientation/direction, spatial and temporal frequencies were 220 

determined using sine wave gratings. Spatial frequencies tested were from 0.001 - 0.5 221 

cycles/º. Temporal frequencies tested were 0.1 to 10 cycles/s. With these optimal 222 

parameters, size tuning was assessed using sizes of 1 – 110º, and 100% contrast. With 223 

the optimal size, temporal and spatial frequencies, and at high contrast, the orientation 224 

selectivity of the cell was tested again using 16 directions stepped by 22.5º increments. 225 

This was followed by testing of contrast.  226 

 227 

Virus injections  228 

Upon completion of V1 recordings a subset of rats were given injections of mCherry 229 

and/or GFP expressing versions of a glycoprotein-deleted rabies virus (Wickersham et 230 

al., 2007a; 2007b).  Viruses were grown in the lab from existing stock and concentrated 231 

to a titer range of ~5 x 109 infectious units/ml following published protocols (Wickersham 232 

et al., 2010; Osakada et al., 2011). For injections, animals were anesthetized with 233 

isoflurane and placed in a stereotaxic head-holder. Under sterile conditions, the existing 234 

craniotomy from the recording procedure was accessed. Glass pipettes with tips broken 235 

to approximately 20 μm were filled with virus and inserted using a computer-controlled 236 

micro-positioner attached to a KOPF stereotaxic arm.  Pressure injections of ~0.5 μl 237 
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were made at depths of ~500 and 1,200 μm using a pico-pump.  Following injections 238 

artificial dura (Tecoflex, Microspec Corp., Peterborough, NH, USA) was placed over the 239 

craniotomy, the skull sealed with dental acrylic, the animals revived and given a 7-10 240 

day survival before perfusion and histology.   241 

 242 

Histology  243 

Upon completion of recordings and/or following virus injection survival time, animals 244 

were deeply anesthetized with Euthasol (390 mg/ml of sodium pentobarbital and 50 245 

mg/ml of sodium phenytoin; ip; Vedco Inc., Saint Joseph, MO, USA) and perfused 246 

transcardially, first with saline and then with 4% paraformaldehyde in phosphate buffer 247 

(PB; pH 7.4). Brains were removed and cryoprotected in 30% sucrose for 48 h prior to 248 

sectioning. Eyes were also removed and postfixed in 4% paraformaldehyde overnight.  249 

 250 

Whole brains were cut coronally into 40 μm sections and then mounted and 251 

coverslipped using PVA-DABCO in order to preserve rabies virus fluorescence.  Brain 252 

sections were examined under fluorescent microscopy (Zeiss Axioplan, Oberkochen, 253 

Germany) with 10x (0.45 NA) objectives where rabies infected cell positions were 254 

reconstructed using Neurolucida software (MicroBrightField, Williston, VT). To limit 255 

bleaching of fluorescence, analysis was done offline. Images of whole sections were 256 

captured with a high-power black and white digital camera (Cooke SensiCam QE, 257 

Cooke Corp., Eliot, ME, USA) and stitched together through the Virtual Slide module. 258 

For each animal, one of every four sections was used to identify the number of infected 259 

neurons in four visual structures: the LGN, lateral posterior nucleus (LP), V1, and higher 260 

visual cortex; confirmed through the atlas by Paxinos and Franklin (2001). Based on 261 



 

12 
 

these counts the percent of labeled cells found in each area was calculated for each 262 

case (see Results).  In animals where both the GFP and mCherry expressing rabies 263 

viruses were injected, infected cells were counted separately. 264 

 265 

After washing with PB, eye cups were dissected along the dorsoventral axis, embedded 266 

in Tissue-Tek optimum cutting temperature compound (Sakura Finetek Inc., Torrance, 267 

CA, USA) and frozen in isopentane on dry ice. 10 μm sections were cut on a cryostat 268 

and stored at -20°C. Every 5th slide was analyzed for the presence of the transplant by 269 

staining with BCIP/NBT substrate (B1911; Sigma-Aldrich, St. Louis, MO, USA). 270 

BCIP/NBT stained slides were imaged on an Olympus BXH10 (Olympus Scientific 271 

Solutions Americas Corp., Waltham, MA, USA) using an Infinity 3-1U camera (Lumenera 272 

Corp., Ontario, Canada). For immunofluorescence, cryostat sections underwent antigen 273 

retrieval at 70° C with Histo-VT One (Nacalai Inc., San Diego, CA, USA) and blocked for 274 

at least 30 min in 10% donkey serum. Primaries were left on sections overnight at 4° C. 275 

Antibody vendor and concentration is as follows: rabbit α-hPAP (1:200; Epitomics, 276 

Abcam, Cambridge, MA, USA), mouse α-hPAP (1:25, clone A89; Thermo 277 

Fisher,Scientific, Waltham, MA USA), mouse α-PKCα (1:500; Stressgen Biotechnologies 278 

Corp., San Diego, CA, USA), rabbit α-Rhodopsin (1:100; kind gift of Dr. Robert Molday, 279 

Univ. of British Columbia), rabbit α-Red/Green Opsin (1:100; Chemicon, Fisher 280 

Scientific, Waltham, MA USA). After several PBS washes, slides were incubated for at 281 

least 30 min at room temperature in fluorescent secondary antibodies: Alexa Fluor 488 282 

donkey anti-rabbit IgG (H+L), Rhodamine X donkey anti-rabbit IgG (H+L), Alexa Fluor 283 

488 donkey anti-mouse IgG (H+L), or Rhodamine X donkey anti-mouse IgG (H+L) 284 

(1:400; Jackson Immunoresearch, West Grove, PA, USA). Fluorescent sections were 285 
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coverslipped using Vectashield mounting media (Vector Labs, Burlingame, CA, USA) 286 

with 5 g/mL DAPI (4,6-Diamidino-2-phenylindole ; Thermo Fisher Scientific, Waltham, 287 

MA, USA). Fluorescence was imaged using a Zeiss LSM700 confocal microscope 288 

(Zeiss, Oberkochen, Germany) taking tiled stacks of 5-8 micron thickness at 40x 289 

(selected images). Zen 2012 software (Zeiss, Oberkochen, Germany) was used to 290 

extract confocal images. 3D images were extracted separately for each channel and 291 

combined in Adobe Photoshop CS6 software (San Jose, CA, USA). 292 

 293 

Data analysis  294 

Tuning curves were calculated based on average spike rate. Optimal visual parameters 295 

were chosen as the maximum response value. Orientation selectivity index (OSI) was 296 

calculated as follows (Cavanaugh et al., 2002; Hashemi-Nezhad and Lyon, 2012):  297 

 

where θn is the nth orientation of the stimulus and Rn is the corresponding response.  298 

 299 

For tuning width, the orientation responses were fitted to Gaussian distributions 300 

(Carandini & Ferster, 2000; Alitto & Usrey, 2004; Liu et al., 2015; 2017) using: 301 

 

where Os is the stimulus orientation, ROs is the response to different orientations, Op is 302 

the preferred orientation, Rp and Rn are the responses at the preferred and non-303 

preferred direction, σ is the tuning width, and ‘baseline’ is the offset of the Gaussian 304 

distribution. Gaussian fits were estimated without subtracting spontaneous activity, 305 

similar to the procedures of Alitto & Usrey (2004). The orientation tuning bandwidth of 306 
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each tuning curve was measured in degrees as the half-width at half-height (HWHH), 307 

which equals 1.18 × σ based on the equation above. 308 

 309 

Size tuning curves were fitted by a difference of Gaussian (DoG) function (Liu et al., 310 

2011a):  311 

 

in which Rs is the response evoked by different aperture sizes. The free parameters, Ke 312 

and re, describe the strength and the size of the excitatory space, respectively; Ki and Ri 313 

represent the strength and the size of the inhibitory space, respectively; and R0 is the 314 

spontaneous activity of the cell. 315 

 316 

The optimal spatial and temporal frequencies were extracted from the data fitted to 317 

Gaussian distributions using the following equation (DeAngelis et al., 1993; Van den 318 

Bergh et al., 2010): 319 

 

Where RSF/TF is the estimated response, Rpref indicates response at preferred spatial or 320 

temporal frequency, SF/TF indicates spatial or temporal frequency, σ is the standard 321 

deviation of the Gaussian and baseline is Gaussian offset. 322 

 323 

The contrast tuning was fitted by using the Naka-Rushton equation (Naka and Rushton, 324 

1966; Albrecht and Hamilton, 1982; Van den Bergh et al., 2010; Przybyszewski et al., 325 

2014): 326 
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where g is the gain (response), C50 is a contrast at mid response and n is the exponent. 327 

For each fit the background spontaneous activity was subtracted from the response 328 

curve and values below background standard deviation were changed to 0 (Van den 329 

Bergh et al., 2010). The contrast threshold was defined as the contrast value exceeding 330 

10% of maximum response.  331 

 332 

The cumulative distribution function (CDF) was used to show and compare data 333 

distributions between animal groups. The CDF indicates the probability that the sample 334 

value will be less or equal to the given parameter.  335 

 336 

Experimental design and statistical analysis 337 

All statistical comparisons were done for single cell populations in three rat groups: 338 

normal, treated, and degenerated. The number of cells (n) for each comparison are 339 

given in the corresponding figures under the bar graph panels. For each tested 340 

parameter, data distributions are represented in two ways: histograms and cumulative 341 

density functions (CDFs). For all tests, results were considered statistically significant at 342 

P < 0.05. The Chi square test was used to evaluate the ‘presence-absence’ of visual 343 

responses between animal groups.  The Kolomogorov-Smirnov test was used for 344 

comparisons of distributions and CDF’s.  A two-tailed Mann-Whitney U-test was used for 345 

average differences between groups. Mean values given in the results include the 346 

standard deviation and histograms include error bars for the standard error of the mean 347 

(SEM). All offline data analysis and statistics were performed in Matlab (Mathworks, 348 
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USA). 349 

 350 

Results 351 

Retinal sheet transplant generates selective visual responses 352 

To determine whether retinal sheet transplants can lead to visual responses at the 353 

cortical level we recorded single neurons in V1 of four animal groups: healthy normal 354 

rats (Long Evans, n = 4; or NIH, n = 4); line-3 rats with retinal sheet transplants (n = 6); 355 

line-3 rats without transplants, which we label as degenerated (n = 6); and line-3 rats 356 

with sham transplants (n = 2) which we group with degenerated for most analysis (n = 357 

8).  All included line-3 transplanted rats were considered to have healthy transplants; 358 

unhealthy transplanted rats were excluded from the study (see Methods).  Examples 359 

from two line-3 rats with healthy transplants imaged in vivo are shown in Figure 2A-E.  360 

Transplants were subsequently verified through histology as being well integrated into 361 

the host retina (Figure 2CF) and to have produced new photoreceptors and rod bipolar 362 

cells as shown in Figure 3. 363 

 364 

In animals with healthy transplants we recorded from 158 V1 neurons in total.  Of these, 365 

more than half (56%; n = 89) were visually responsive (Figure 4), significantly higher 366 

than the occurrence of visually responsive neurons in degenerated rats (P < 0.001; 367 

Figure 4A). Of the 342 recorded neurons in degenerated rats without transplants, 91% 368 

did not respond to light; 88% in degenerated rats without sham surgery (n = 211/240); 369 

97% in rats with sham surgery, n = 99/102 (Figure 4A). The data includes recordings 370 

from 4 degenerated rats aged p26 - 35, around the same age transplants were made in 371 

other rats, in which 97% of tested neurons were not light sensitive. This latter evidence 372 
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supports anatomical results that show rods are lost and cones significantly damaged by 373 

this age (Hombrebueno et al., 2010; Martinez-Navarrete et al., 2011; Zhu et al., 2013; 374 

LaVail et al., 2018).  In addition, for the 32 responsive degenerated rat neurons, 375 

selectivity to visual features tested was poor (see below).   376 

 377 

The occurrence of visually responsive neurons in transplanted rats was lower than 378 

normal rats, 87% (75 out of 86 cells; P < 0.001; Figure 4A), but, nevertheless, 379 

represents a marked improvement over the degenerated and sham rats. In addition, the 380 

percentage of responsive neurons directly related to the transplant is even higher as 381 

most non-responsive cells were found in recording tracks located further from the 382 

retinotopic location of the transplant, where visual input would need to be relayed by the 383 

degenerated host retina (see Figure 4BC). 384 

 385 

Every neuron responsive to drifting gratings in each animal group was tested for 386 

selectivity to five visual parameters: orientation and direction, size, spatial and temporal 387 

frequencies, and contrast. Representative tuning profiles for each parameter from 388 

example neurons are shown in Figure 5 for normal (left column), transplant (center 389 

column) and degenerated (right column) rats.  Note that from this point on the three 390 

visually responsive cells from degenerated rats with sham surgery are combined with the 391 

degenerated cells for analysis. Several more example tuning curves are shown in 392 

Figures 6 – 10. 393 

 394 

Orientation and direction responses 395 

Orientation and direction selectivity are prominent characteristics of neurons in primary 396 
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visual cortex and are key to the perception of form and motion in higher visual cortex 397 

(e.g., (Hubel and Wiesel, 1962; Livingstone and Hubel, 1988; Glickfeld et al., 2013; 398 

Glickfeld and Olsen, 2017). Generation of orientation selective responses in 399 

degenerated rats through retinal sheet transplant would therefore represent a major 400 

advance towards achieving quality vision. Success in this regard can be seen in the 401 

orientation tuning profile of the transplanted rat neuron in Figure 5B, which shows a 402 

sharply tuned orientation response (OSI = 0.49), compared to the highly variable and 403 

low amplitude response of the example degenerated cell (OSI = 0.07; Figure 5C). The 404 

selectivity of the transplant cell more resembles the normal rat neuron in Figure 5A 405 

which had an OSI of 0.58.   406 

 407 

The population distribution (Figure 6A) and additional examples also show that several 408 

normal and transplant cells have OSIs > 0.60 (Figure 6H-JMN). These examples include 409 

multiple cells with clear direction selectivity (Figure 6HJNP). Conversely, degenerated 410 

OSIs were nearly all < 0.30 (Figure 6AS-W). Comparing population averages, 411 

transplanted cell selectivity was significantly higher than degenerated rat cells at more 412 

than twice the OSI, 0.43 ± 0.14 compared to 0.21 ± 0.14 (P < 0.001; Figure 6C).  In 413 

addition, as noted above, only 9% of degenerated rat neurons responded at all, 414 

compared to 56% in transplanted rats (Figure 4A). Remarkably, the average OSI in 415 

transplanted rats was near that of normal rats, at 0.47 ± 0.13, and not statistically 416 

different (P = 0.07; Figure 11A). This can also be seen in the high degree of overlap for 417 

the cumulative density functions (CDF; Figure 6B) and in the similarity of their population 418 

tuning curves (Figure 6GL).  Similarly, tuning widths measured as the half width at half 419 

height (HWHH) were comparable between normal (35 ± 17) and transplant (43 ± 31) rats 420 
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and significantly narrower than for degenerated rats (72 ± 39; P < 0.001; Figure 6D-F). 421 

 422 

Size tuning 423 

Size tuning is another visual feature that does not fully emerge until cortex (Cavanaugh 424 

et al., 2002; Sceniak et al., 2006; Alitto and Usrey, 2008; Liu et al., 2011a; Hashemi-425 

Nezhad and Lyon, 2012; Liu et al., 2015) and also plays an important role in shape 426 

perception where a smaller preferred size can provide more stimulus detail to higher 427 

order visual areas (Kobatake and Tanaka, 1994; Glickfeld et al., 2014). Tuning profiles 428 

from representative example neurons are shown across the second row in Figure 5. 429 

Peak responses correspond to the optimal stimulus size for each neuron; the size which 430 

elicits the maximum response. Optimal size for the example from a normal rat was 21º 431 

(Figure 5D), and is similar to the example from a transplanted rat neuron (26º; Figure 432 

5E). On the other hand, the cell from a degenerated rat had a larger optimal size (49º ) 433 

and showed a more variable response with with only a handful  above the relatively high 434 

spontaneous firing rate (Figure 5F). Additional examples showed the same pattern, 435 

smaller optimal sizes for normal (Figure 7E-H) and transplanted neurons (Figure 7J-M), 436 

compared to large sizes and highly variable responses in degenerated rats (Figure 7O-437 

R).  438 

 439 

In the population, normal cells showed optimal sizes as small as 3º and as large as 42º 440 

(Figure 7A), with an average of 21º ± 10º (Figure 7C), on par with published data from 441 

sighted rats (Lund et al., 1999). Transplant rat neurons showed a relatively similar 442 

optimal size distribution ranging from 7º to 60º (Figure 7A), and similar optimal sizes in 443 

population tuning curves (Figure 7DI). While larger than the normal population (18º ± 8º), 444 
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the transplant average size (24º ± 6º) was not statistically different (P > 0.1), and was a 445 

major and highly significant improvement over degenerated rats which had nearly twice 446 

the preferred size (43 ± 15º; P = 0. 001; Figure 7A-C).  447 

 448 

Spatial frequency preference 449 

Similar to preference for smaller stimulus size, V1 neurons responding better to higher 450 

spatial frequencies are essential for visual acuity and detailed form vision. In keeping 451 

with improvements seen in orientation selectivity and size tuning, the average preferred 452 

spatial frequency in transplanted rats was three times higher (0.06 ± 0.03 cycles/º) than 453 

degenerated rats (0.02 ± 0.02 cycles/º; P = 0.001); and, while lower than normal rats 454 

(0.10 ± 0.10; Figure 8C), it was not statistically different (P = 0.4). The lower spatial 455 

frequency preferences of degenerated rat neurons are shown in the population 456 

distribution (Figure 8AB), and reflected in the population tuning curves (Figure 5N) and 457 

additional examples (Figure 8O-R). In each example the neurons responded better to 458 

spatial frequencies at 0.03 cycles/º, or below; with one responding optimally to higher 459 

than 0.05 cycles/º.  In contrast, the majority of transplant (Figure 8I-M) and normal 460 

(Figure 8E-H) rat neurons responded optimally to frequencies higher than 0.03 cycles/º, 461 

with several at or over 0.05 cycles/º (Figure 5GH; Figure 8A). 462 

 463 

Temporal frequency preference 464 

A wide range of temporal frequency preferences were observed for V1 neurons in all rat 465 

groups (Figure 9A). On average degenerated (3.1 ± 1.8 cycles/s; P = 0.003) and 466 

transplant (2.6 ± 1.9 cycles/s; P = 0.006) rats both had higher preferences than normal 467 

(2.0 ± 2.4 cycles/s) rats, each difference being statistically significant (Figure 9A-C).  468 
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Because, especially in degenerated rats, responses were highly variable (Figure 9N-R) it 469 

is unclear if the higher temporal frequency preferences may be due to other factors.. 470 

Regardless, our data show that retinal sheet transplants brought temporal frequency 471 

preference closer to normal rat V1 neurons. 472 

 473 

Contrast response 474 

Contrast response profiles showed that V1 neurons in transplanted rats had a somewhat 475 

lower contrast threshold than degenerated rats (compare Figure 5N with Figure 5O and 476 

Figure 10I-M with Figure 10N-R). Using 50% of maximum response (C50) to make 477 

comparisons, average C50 for transplant rat neurons (52 ± 28%) was significantly lower 478 

than degenerated rat (65 ± 21%; P = 0.003). This was also reflected in the population 479 

distribution, CDF and population tuning curves (Figure 10ABDIN). The average C50 for 480 

normal rats was 37 ± 22%, significantly lower than transplanted and degenerated rats (p 481 

< 0.001). Of note, compared to other rats, most normal rat neurons saturated at ~60 - 482 

80% contrast, as is common (Figure 5M; Figure 10FG). Nevertheless, some neurons in 483 

transplant (Figure 10JK) and degenerated (Figure 10OP) rats did also show contrast 484 

saturation. 485 

 486 

Response latency 487 

Latency of visually responsive neurons was analyzed as well. Previously, recordings in 488 

the superior colliculus in response to low luminance flashes found response latencies of 489 

transplanted rats to be delayed compared to normal, with responsive degenerated rat 490 

cells showing an even greater lag (Thomas et al., 2004; Seiler et al., 2010, 2017; Yang 491 

et al., 2010). Here we found a similar result in V1 as shown in three example neurons 492 
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(Figure 11A-F). Population average response latencies were 77 ± 25, 119 ± 20, and 165 493 

± 62 ms in normal, transplanted and degenerated rats, respectively; each difference 494 

being statistically significant (P < 0.01; Figure 11J).   495 

 496 

For each cell, response onsets were determined as the point where firing rate showed a 497 

10% increase over the average spontaneous firing rate, which was determined as the 498 

average spike rate over the 500 ms prior to stimulus onset.  This point is indicated in the 499 

average population response profiles over time by vertical dashed lines in Figure 11 G-I. 500 

Note that there was a more gradual increase in response in degenerated rats (Figure 501 

11I) which was a likely result of many degenerated rat neurons having higher 502 

spontaneous firing rates. The average spontaneous firing rate for degenerated rats (7.5 503 

± 13.9 Spikes/s) was significantly higher than for transplant (3.2 ± 3.2 Spikes/s; P = 504 

0.001) and normal (4.8 ± 6.7 Spikes/s; P = 0.025) rats (Figure 11K). While lower, the 505 

difference between transplanted and normal rats was not statistically significant (P = 506 

0.5).  No statistical differences between rat groups were found for maximum firing rates 507 

(Figure 11L). 508 

 509 

Retinal sheet transplantation facilitates connectivity within rat visual system 510 

To reveal changes in connectivity within the rat visual system we injected a glycoprotein-511 

deleted rabies virus (Wickersham et al., 2007a) expressing green or red fluorescent 512 

proteins to retrogradely trace connectivity within V1, from higher visual cortex to V1, and 513 

V1 inputs from the thalamus. The glycoprotein deletion in the rabies viral construct 514 

allows for selective labeling of input neurons, restricting the labeling across a single 515 

synapse to confirm only direct inputs (Wickersham et al., 2007b).  516 
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 517 

As for V1 recordings, animals used for retrograde tracing of V1 connections were 518 

divided into three groups: normal healthy rats (n = 4), transplanted line-3 rats (n = 5), 519 

and degenerated line-3 rats without transplant (n = 4).  Transplant health was confirmed 520 

in vivo, as described above (see Figures 2 and 3).  Injections in transplanted rats were 521 

made in confirmed visually responsive regions of V1.   522 

 523 

Examples of V1 injection sites in transplanted and degenerated rats are shown in Figure 524 

12. The first notable result is that the degenerated rat had a distinct cluster of LGN 525 

labeled neurons (Figure 12F), demonstrating that feedforward input to V1 remains even 526 

without a functioning retina.  Comparing the two cases, the number of LGN neurons in 527 

the transplanted rat (Figure 12C) was more than in the degenerated rat (Figure 12F), 528 

suggesting a possible reduction in the level of LGN inputs to V1 without the 529 

transplantation treatment.  To compare across cases, cell counts were normalized by 530 

dividing the number of cells found in the LGN by the number of locally infected V1 cells 531 

(Figure 13A) and converted to a percentage (Figure 13B); the number of locally infected 532 

neurons serving as a measure of the viral efficacy.   The average percentage of LGN 533 

inputs for the population of degenerated rats (1.8 ± 2.8%) was lower than found for 534 

normal (7.8 ± 4.8%), and transplanted (12.1 ± 10.9%) rats, and statistically significant (P 535 

< 0.05; Figure 13B).  For the adjacent LP nucleus, the percentages of inputs to V1 in 536 

normal (1.4 ± 1.6%), transplanted (1.1 ± 1.4%), and degenerated (0.7 ± 10.6%) groups 537 

were not statistically different (P > 0.4; Figure 13B).  538 

 539 

Within visual cortex, V1 injections in a transplanted (Figure 12B) and degenerated 540 
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(Figure 12E) rat both showed dense clusters of infected neurons locally, within 300 μm 541 

of the injection center.  By contrast, long-range connections within V1, beyond 300 μm, 542 

were substantially reduced in the degenerated rat. For the population ~400 local 543 

neurons were found on average in all three rat groups (Figure 13A) indicating a similar 544 

degree of local connectivity.  Relative to local connectivity, long-range V1 connections 545 

were significantly lower for degenerated rats (22 ± 12% ; P = 0.01) compared to normal 546 

(55 ± 10%) and transplanted (74 ± 26; Figure 13B) groups. 547 

 548 

Discussion 549 

In this study, we show that retinal sheet transplants can lead to nearly normal quality 550 

visual responses at the cortical level in animal models with severe retinal degeneration.  551 

Transplants not only helped to improve sight well beyond the capabilities of non-552 

transplanted animals but also preserved underlying neural connectivity.  This method 553 

shows promise for treating advanced stages of retinal diseases such as macular 554 

degeneration and retinitis pigmentosa where most photoreceptors are gone, and for 555 

which no treatments currently exist. 556 

 557 

The fetal retinal sheet transplant is a well-organized structure of fetal progenitor cells 558 

which differentiate into fully functional photoreceptors that integrate with bipolar and 559 

amacrine cells of the host retina. The reliability of retinal sheet transplants, in the 560 

manner used here has been verified now in several previous animal studies (Seiler and 561 

Aramant, 1998; Aramant and Seiler, 2002; Seiler et al., 2005, 2017; Yang et al., 2010; 562 

Martinez-Navarrete et al., 2011) and, even in humans (Radtke et al., 2008).  In this study 563 

we verified that transplants were well integrated into the host retina and produced new 564 
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photoreceptors and rod bipolar cells (Figure 3). While we did not directly confirm 565 

synaptic connectivity in this study, elsewhere this has been confirmed repeatedly for this 566 

same type of transplant in this same rat model (Seiler et al., 2008b, 2010).   567 

 568 

Here we found that within months of receiving the retinal sheet transplant, V1 neurons in 569 

line-3 degenerated rats responded similarly to normal rats, revealing a high degree of 570 

selectivity to orientation, direction, spatial and temporal frequency, and contrast. In 571 

degenerated rats which did not receive a transplant, significantly fewer neurons were 572 

visually responsive, and exhibited poor selectivity to all stimulus categories. This is 573 

consistent with other studies using non-transplanted line-3 rats where visual stimuli did 574 

not elicit a response in most neurons of V1 (Chen et al., 2016) and the superior 575 

colliculus (Thomas et al., 2004; Seiler et al., 2008a, 2008b, 2017; Yang et al., 2010).  To 576 

be clear, these studies, as well as ours, do report some visually responsive neurons in 577 

degenerated rats. This is likely due to some remaining cones, which have been detected 578 

as late as P90 in line-3 rats (Ray et al., 2010).   579 

 580 

The number of visually responsive cells in transplanted rats was higher than in 581 

degenerated rats, but lower than in normal rats. Nevertheless, responsive neurons were 582 

highly selective, indicating a good degree of normal visual function. Furthermore, the 583 

location of non-responsive neurons correlated with retinotopic regions of visual cortex 584 

that lay at the fringe or outside of the region covered by the retinal sheet transplant. 585 

Similar results in response to flashes of light were reported for neurons in the superior 586 

colliculus (Thomas et al., 2004; Seiler et al., 2008a, 2008b, 2017; Yang et al., 2010). 587 

This indicates that generation of visual responses are due to the transplant itself; and, 588 
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furthermore, that more complete recovery of V1 function would be possible through 589 

transplants of sheets covering more retinal area.   There is a possibility that transplants 590 

led to neuroprotection of the remaining host photoreceptors which also contributed to 591 

improved cortical responses.  However, studies using line-3 rats have found that 592 

remaining host photoreceptors were similar in number regardless of proximity to the fetal 593 

tissue graft, suggesting there is not a neuroprotective effect (Seiler et al., 2008, 2017). 594 

 595 

Another of our findings was that response latency was longer for transplanted rat V1 596 

neurons compared to normal rats. A similar increase in latency from normal rats was 597 

found using line-3 rats while recording from the superior colliculus (Yang et al., 2010), 598 

which shows that the lag is not exclusive to cortical neurons. Possible reasons for the 599 

increased latency is that the summing of inputs from photoreceptors in the transplanted 600 

retina through to ganglion cells of the original retina has either longer to travel due to the 601 

added layer of retina, or longer to summate due to a weaker level of photoreceptor 602 

output. Nevertheless, the delay does not seem to perturb selectivity of V1 neurons in 603 

transplanted rats as we observed. 604 

 605 

Tracing with monosynaptic rabies virus demonstrated that feedforward inputs from visual 606 

thalamus, connectivity within V1 and feedback from higher visual areas were present in 607 

degenerated rats, but overall to a lesser extent than transplanted and normal rats. This 608 

is important because it reveals that underlying visual cortical circuitry is available for 609 

retinal sheet transplants to engage. Furthermore, our findings show that transplantation 610 

restores the circuitry to a level comparable to normal rats.   611 

 612 
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Compared to other existing retrograde tracers the glycoprotein-deleted rabies virus is 613 

more sensitive. It fills the entirety of each infected cell with fluorescent protein enabling 614 

more reliable identification (Wickersham et al., 2007a; 2007b; Connolly et al., 2012; Liu 615 

et al., 2013; Negwer et al., 2017; Lean et al., 2018). It also infects specifically through 616 

synaptic terminals (Lafon, 2005) and therefore does not get taken up by axons of 617 

passage unlike standard retrograde and anterograde tracers (Ugolini, 1995; Kelly and 618 

Strick, 2000; Nassi et al., 2006; Callaway, 2008; Lyon et al., 2010; Lyon and Rabideau, 619 

2012). In this way axons passing through or near V1, if abnormally in degenerated rats, 620 

would not be infected.   621 

 622 

From V1 injections we found that degeneration had the greatest effect on long range 623 

connectivity within V1 and that transplantation was able to restore these connections to 624 

a more normal level.  There were no significant differences in local V1 connections, 625 

feedback from higher visual cortex, or the LP.  Local V1 connections, within 300 μm, 626 

were greatest in number in all rats, consistent with reports in other species showing that 627 

the majority of V1 connectivity arises from neighboring cells (Burkhalter, 1989; Lyon and 628 

Kaas, 2002a, 2002b; Mariño et al., 2005; Anderson and Martin, 2009; Liu et al., 2013). 629 

Remarkably, LGN projections to V1 were in place even in degenerated rats. Though 630 

significantly fewer compared to transplanted and normal rats, this primary retinal relay 631 

remained despite several months without significant retinal input. 632 

 633 

These anatomical results represent a first pass in describing the circuitry differences 634 

between degenerated, transplanted, and normal rats.  Because connectivity can vary 635 

from injection to injection we tried to normalize by converting to percent connectivity. 636 
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However, new technology is emerging where connectivity can be related to specific 637 

numbers of starter cells, specific cell types, and specific cortical layers in V1 (Liu et al., 638 

2013; Kim et al., 2015; Wall et al., 2016) which will allow for more detailed and 639 

representative comparisons of brain wide connectivity in future studies.   640 

 641 

In summary, our results show that vision can be remedied and normal circuitry and 642 

function provided at the level of cortical processing in animal models of severe retinal 643 

degeneration. Fetal retinal sheet transplants can be successfully incorporated into the 644 

host tissue to deliver the signals necessary for highly selective visual responses in 645 

cortex. These results show the potential this approach may have to restore vision in 646 

people suffering from late stage macular degeneration or retinitis pigmentosa. 647 

 648 
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 863 

Figure Legends 864 

Figure 1. Diagram of experimental set-up. A retinal sheet transplant derived from fetal 865 

transgenic rats is carefully placed in the subretinal space between host degenerated 866 

retina and retinal pigment epithelium using a custom made surgical tool. The transplant 867 

is placed close to the optic disc in the upper temporal area of the visual field. The 868 

horizontal meridian (HM) bisects the upper and lower visual field representations. 869 

 870 

Figure 2. Retinal transplant can survive and integrate with degenerated host 871 

retina. Examples of retinal transplants verified in vivo by high resolution OCT at 1 month 872 

post-surgery are shown for case R15-13 (A and B) and R15-15 (D and E). A and D) B-873 

scans show the transplant placement in the subretinal space. Regions with partial 874 

lamination are clear in addition to photoreceptor rosettes. B and E) Fundus images show 875 
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the transplant placement nasal-dorsal to the optic disc.  C and F) Examples are shown 876 

of BCIP staining for human placental alkaline phosphatase (dark blue to purple) labeling 877 

donor tissue in the sub-retinal space at 4.4 (C) and 3.5 (F) months post-surgery in rats 878 

R15-13 and R15-15, respectively. Dark blue color visible beyond the transplant indicates 879 

cells which migrated from fetal tissue and continued to develop within the host retina.  880 

 881 

Figure 3. Retinal transplants generate new photoreceptors and rod bipolar cells 882 

All images show transplant at 3.5 months post-surgery from rat R15-15, and are oriented 883 

with ganglion cell side up and RPE side down.  A)  PKCα is a marker of rod bipolar cells 884 

and labels both the host (hPAP-, red) and donor (hPAP+, green) tissue.  Donor bipolar 885 

cells (yellow) surround photoreceptor rosettes (white asterisks) and interact with 886 

photoreceptor terminals to form a putative outer plexiform layer.  B)  Magnification of 887 

boxed region in (A) with blue channel removed.  Donor bipolar cells (yellow) have 888 

synaptic projections that innervate the host inner plexiform layer.  Without these 889 

connections the photoreceptor light response will not be detected in the brain. C) 890 

Rhodopsin (Rho) expression within donor derived photoreceptor rosettes.  Rho+ outer 891 

segments (red) are indicative of functional rods and critical for light response. D) 892 

Magnification of boxed region in (C) with blue channel removed.  Rho is localized within 893 

rosettes and the photoreceptor cell bodies (green) surround the inward-pointing outer 894 

segments.  E)  Red-Green (R/G) Opsin (red) labels cone outer segments and is mostly 895 

found within donor rosettes. There are almost no host cones remaining. A)  896 

Magnification of boxed region in (E) with green channel removed to allow R/G Opsin 897 

signal to be more clearly seen.  Cones are generated at a lower frequency than rods. 898 

Only transplant cones have outer segments (arrowhead). Arrow indicates remaining host 899 
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cone. 900 

 901 

 902 

Figure 4. Summary of single unit recordings in V1. A) Percentage of visually 903 

responsive cells in tested animal groups. Bars represent the percentage of visually 904 

responsive cells. B) The drawing shows the position of V1 electrode tracks where 905 

visually responsive (open circles) or no visually responsive (filled circles) neurons were 906 

found relative to the optic disk representation of the transplanted eye in all cases. Inset 907 

at the top shows the transplanted area relative to visual space and the location of the 908 

optic disk. C) For transplanted rats, the percentages of visually responsive and non-909 

responsive neurons are plotted over distance relative to the center of the transplant.  910 

 911 

Figure 5. Example V1 neuron tuning curves in response to an array of visual 912 

stimuli. Cells from normal rats are shown in the left column, transplanted rat cells in the 913 

middle column, and cells from degenerated rats in the right column. Response profiles to 914 

drifting sign wave gratings presented at different orientations (A-C). Orientation 915 

selectivity index (OSI) and half width at half height (HWHH) values are included to 916 

facilitate comparisons. Response profiles are also shown for stimulus size (D-F); spatial 917 

frequency (G-I); temporal frequency (J-L); and contrast (M-O). Horizontal dashed lines 918 

represent average spontaneous activity. 919 

 920 

Figure 6. Population comparisons of orientation response for normal, 921 

transplanted and degenerated rats.  The distribution (A and D), CDF (B and E), and 922 

average (C and F) OSI (A-C) and HWHH (D-F) of V1 neurons are plotted for three 923 



 

40 
 

different rat groups. Population orientation tuning curves for all cells are shown for 924 

normal (G), transplant (L) and degenerated (Q) rats. Additional example orientation 925 

tuning curves for V1 cells from normal (I-K), transplanted (N-P) and degenerated rats (R-926 

U).  The p values are given where significant differences between groups were found. P 927 

values in (A) and (D) apply to (B) and (E) as well. 928 

 929 

Figure 7. Population comparisons of size tuning for normal, transplanted and 930 

degenerated rats. The distribution (A), CDF (B), and average (C) optimal size for V1 931 

neurons are plotted for three different rat groups. Population size tuning curves for all 932 

cells are shown for normal (D), transplant (I) and degenerated (N) rats. Additional 933 

example size tuning curves for V1 cells from normal (E-H), transplanted (J-M) and 934 

degenerated rats (O-R).  Conventions are as described in Figure 6. 935 

 936 

Figure 8.  Population comparisons of preferred spatial frequency for normal, 937 

transplanted and degenerated rats. The distribution (A), CDF (B), and average (C) 938 

preferred spatial frequencies for V1 neurons are plotted for three different rat groups. 939 

Population spatial frequency tuning curves for all cells are shown for normal (D), 940 

transplant (I) and degenerated (N) rats.  Additional example spatial frequency tuning 941 

curves for V1 cells from normal (E-H), transplanted (J-M) and degenerated rats (O-R).  942 

Conventions are as described in Figure 6. 943 

 944 

Figure 9. Population comparisons of preferred temporal frequency for normal, 945 

transplanted and degenerated rats. The distribution (A), CDF (B), and average (C) 946 

preferred temporal frequencies for V1 neurons are plotted for three different rat groups.  947 
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Population temporal frequency tuning curves for all cells are shown for normal (D), 948 

transplant (I) and degenerated (N) rats.  Additional example temporal frequency tuning 949 

curves for V1 cells from normal (E-H), transplanted (J-M) and degenerated rats (O-R).  950 

Conventions are as described in Figure 6. 951 

 952 

Figure 10. Population comparisons of contrast response for normal, transplanted 953 

and degenerated rats. A) The distribution (A), CDF (B), and average (C) C50 for V1 954 

neurons are plotted for three different rat groups. Population contrast response profiles 955 

for all cells are shown for normal (D), transplant (I) and degenerated (N) rats.  Additional 956 

contrast response profiles for V1 cells from normal (E-H), transplanted (J-M) and 957 

degenerated rats (O-R).  Conventions are as described in Figure 6. 958 

 959 

Figure 11. Response latency and spontaneous and maximum firing rates for 960 

normal, transplanted and degenerated rat V1 neurons.  Raster plots (A-C) and 961 

poststimulus time histograms (D-F) show responses of example neurons from a normal 962 

(A and D), transplanted (B and E) and degenerated (C and F) rat.  A full-screen bright 963 

stimulus was shown for 0.5 s beginning at Time 0.  Response onset is indicated by the 964 

vertical dashed line and is based on a 10% increase over the average spontaneous 965 

firing rate.  Spontaneous firing rate was determined over the 0.5 s prior to stimulus 966 

onset.  Population responses over time are shown for normal (G), transplant (H) and 967 

degenerated (I) rats.  Average response latency (J), spontaneous activity (K) and 968 

maximum firing rate (L) are shown for the V1 population of the three rat groups.  969 

Conventions are as described in Figure 6. 970 

 971 
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Figure 12. V1 connectivity revealed by glycoprotein-deleted GFP encoding rabies 972 

virus in transplanted and degenerated rats. A) A V1 injection site in transplanted rat 973 

R1513 made into a region containing visually responsive neurons confirmed through 974 

recordings.  B) A larger magnification of injection site shown in (A). C) Labeled neurons 975 

found in the lateral geniculate nuleus (LGN) from the V1 injection in (A). D) A V1 976 

injection site in degenerated rat R1508 that did not receive a retinal transplant. E) A 977 

larger magnification of the site shown in (D). F) Labeled neurons found in the LGN from 978 

the injection shown (D). Scale bars = 500 μm. 979 

 980 

Figure 13. Distribution of V1 connections in cortex and thalamus for normal, 981 

transplanted and degenerated rats.  (A) The number of neurons retrogradely infected 982 

locally (within 300 μm of the injection site) in V1 following injections of glycoprotein-983 

deleted rabies virus were averaged across cases within the three rat groups.  B) The 984 

percentage of infected neurons in the LGN, LP, higher visual cortex, and at long-range 985 

in V1 (> 300 μm from injection site) are shown for the three rat populations.  For each 986 

case percentages were derived by dividing the number of infected cells in each brain 987 

region by the number of cells found locally in V1.  The same cases were used for (A) 988 

and (B); normal (n = 4), transplant (n = 5), and degerated (n = 4) rat groups.  The p 989 

values are given where significant differences between groups were found. 990 
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