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Abstract

In albino rats, it has been reported that lateral striate cortex (V1) is highly binocular,

and that input from the ipsilateral eye to this region comes through the callosum. In

contrast, in Long Evans rats, this region is nearly exclusively dominated by the contra-

lateral eye even though it is richly innervated by the callosum (Laing, Turecek,

Takahata, & Olavarria, 2015). We hypothesized that the inability of callosal connec-

tions to relay ipsilateral eye input to lateral V1 in Long Evans rats is a consequence of

the existence of ocular dominance columns (ODCs), and of callosal patches in register

with ipsilateral ODCs in the binocular region of V1 (Laing et al., 2015). We therefore

predicted that in albino rats input from both eyes intermix in the binocular region,

without segregating into ODCs, and that callosal connections are not patchy. Con-

firming our predictions, we found that inputs from both eyes, studied with the trans-

neuronal tracer WGA-HRP, are intermixed in the binocular zone of albinos, without

segregating into ODCs. Similarly, we found that callosal connections in albino rats are

not patchy but instead are distributed homogeneously throughout the callosal region

in V1. We propose that these changes allow the transcallosal passage of ipsilateral

eye input to lateral striate cortex, increasing its binocularity. Thus, the binocular

region in V1 of albino rats includes lateral striate cortex, being therefore about 25%

larger in area than the binocular region in Long Evans rats. Our findings provide

insight on the role of callosal connections in generating binocular cells.
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1 | INTRODUCTION

In pigmented, hooded Long Evans rats, inputs from both eyes are ana-

tomically and functionally segregated into ocular dominance columns

(ODCs) in the central segment (CS) of striate cortex (V1) (Laing, Tur-

ecek, Takahata, & Olavarria, 2015). Interposed between the CS and

the lateral border of V1, these authors identified a narrow strip of cor-

tex, named lateral segment (LS), that is strongly, if not exclusively,

dominated by the contralateral eye. Moreover, callosal connections in

V1 accumulate forming distinct patches that colocalize with ipsilateral

ODCs in the CS, and a dense, continuous band that overlaps the

region of contralateral eye input in the LS. This organization mirrors

the close spatial relationship between eye-specific ODCs and callosal

connections described previously in the cat (Olavarria, 2001, 2002),

namely, callosal connections correlate with ipsilateral ODCs in regions
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corresponding to the CS, and with contralateral ODCs in regions

corresponding to the LS.

The observation that the LS in Long Evans rats is strongly domi-

nated by the contralateral eye despite being richly innervated by the

corpus callosum implies that callosal projections are unable to relay

indirect input from the ipsilateral eye to the LS in the Long Evans

strain of rats. Analysis of the relevant retinofugal and callosal circuits

in Long Evans rats (Laing et al., 2015) led us to hypothesize that the

presence of ODCs and patchy callosal connections prevents the trans-

callosal passage of ipsilateral eye input to lateral V1 in Long Evans

rats, or equivalently, that lack of ODCs and patchy callosal connec-

tions facilitates the transcallosal passage of ipsilateral eye input to lat-

eral V1. Rather than inducing the absence of ODCs in Long Evans

rats, which would have required manipulations with unknown collat-

eral effects, we chose to study albino rats because previous studies in

these rats have reported that a region corresponding to the LS in lat-

eral striate cortex is highly binocular, and that input from the ipsilat-

eral eye to this region comes through the callosum (Diao, Wang, & Pu,

1983). We therefore predicted that albino rats lack ODCs, that is,

input from both eyes intermix in the V1 binocular region, without seg-

regating into ODCs, and that callosal connections in V1 are not patchy

in this rat strain.

In agreement with Diao et al. (1983), our analysis of microelec-

trode recordings showed that evoked responses are predominantly

binocular in lateral striate cortex of albino rats, and that transection of

the callosum virtually eliminates input from the ipsilateral eye to this

region. To test our anatomical predictions, we analyzed the patterns

of retinal input to V1 in tangential cortical sections following monocu-

lar injections of the transneuronally transported tracer WGA-HRP.

We also analyzed the patterns of callosal connections revealed follow-

ing multiple intracortical injections of horseradish peroxidase (HRP).

Confirming our predictions, we found that, unlike Long Evans rats,

inputs from both eyes do not segregate into ODCs, but instead over-

lap throughout the CS of albino rats. Moreover, also unlike Long

Evans rats, we found that callosal connections do not form distinct

patches but are instead distributed throughout the CS of albino rats,

overlapping the diffuse distribution of direct ipsilateral eye input in

the CS. As a consequence of these changes, the binocular region in

albino rats not only includes the CS but also the LS, being therefore

larger in area size than the binocular region in Long Evans rats, which

is largely restricted to the CS. These findings suggest that the capacity

of callosal connections to contribute to the generation of binocular

cells in rat striate cortex depends to a large extent on factors and con-

straints determining the modular architecture of eye-specific domains

in striate cortex and the spatial correlation between these domains

and the distribution of callosal connections.

2 | MATERIALS AND METHODS

This study used adult Long Evans pigmented (RRID:RGD_68073))

and Sprague–Dawley albino (RRID:RGD_70508) rats (Rattus

norvegicus). Animal procedures were performed according to proto-

cols approved by the Institutional Animal Care and Use Committee

at the University of Washington and are in accordance with the ani-

mal care guidelines of the National Institutes of Health.

2.1 | Intraocular and intracortical injections of
anatomical tracers and histochemical processing

Intraocular and intracortical tracer injections were performed under

anesthesia induced and maintained with isoflurane (5 and 2.5%,

respectively) in air. In 7 albino rats, a total volume of 6 μL of 3% HRP

conjugated to wheat-germ agglutinin (WGA-HRP) in saline was pres-

sure injected into one eye over 15 min through glass micropipettes

(50–100 μm tip diameter). The injection site was ~2 mm posterior to

the corneal limbus, at a depth of ~2 mm. Data on ipsilateral eye pro-

jections to V1 in 9 Long Evans rats obtained similarly by Laing et al.

(2015) were analyzed for comparison. Due to its transneuronal trans-

port property, WGA-HRP has been widely used in studies of retino-

thalamo-cortical projections and patterns of ODCs in a variety of spe-

cies (see Laing et al., 2015, for references).

Callosal connections were labeled following multiple intracortical

injections of HRP (Sigma Co, 25% in saline; total volume = 4.0 μL) into

occipital cortex of Long Evans (n = 8) and albino (n = 8) rats. Injections

were evenly spaced (0.2 μL each), at a depth of ~800–1,000 μm. Pre-

vious studies at both light and electron microscopic levels have dem-

onstrated that HRP is transported both anterogradely and

retrogradely (Trojanowski, Gonatas, & Gonatas, 1981). HRP was pres-

sure injected through glass micropipettes (50–100 μm tip diameter)

over an area extending from ~2.0 to 7.0 mm lateral to the midline

suture, and 0.0–6.0 mm anterior to lambda suture. The dura was kept

intact and moist with saline. Following the injections, the bone chip

was repositioned, and the skin was sutured by planes. Data on callosal

connections in Long Evans rats obtained similarly by Laing et al.

(2015) were analyzed for comparison.

Four days following intraocular injections of WGA-HRP and

2–3 days following intracortical injections of HRP, animals were

deeply anesthetized with pentobarbital sodium (100 mg/kg i.p.) and

perfused through the heart with 0.9% saline followed by 4% parafor-

maldehyde (PFA) in 0.1 M phosphate buffer (PB, pH 7.4). Cortices

were separated from the brains and flattened for sectioning in the

tangential plane, while the remainder of the brain was left intact for

coronal sectioning. The flattened cortices were left between glass

slides for 24 hr in 0.1 M PB, after which time the tissue was trans-

ferred to a 4% PFA in 0.1 M PB, 20% sucrose solution for 1 additional

hour. Tissue blocks to be sectioned in the coronal plane were kept in

4% PFA in 0.1 M PB and 20% sucrose for one or more days. All tissue

was cut using a freezing microtome at 60 μm thickness, and the sec-

tions were collected in 0.1 M PB. Sections were reacted for HRP with

3,3,5,5-tetramethylbenzidine as the chromogen (Mesulam, 1978).
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2.2 | Electrophysiology

Electrophysiological recordings in Long Evans and albino rats were

performed under urethane anesthesia (1,200 mg/kg i.p.). Atropine sul-

fate (0.1 mg/kg i.p.) was used to reduce tracheal secretions. Body

temperature was kept at 37 �C with a heating pad. Pupils were dilated

with atropine sulfate ophthalmic solution (1%, Bausch and Lomb), and

artificial tears (polyethylene glycol eye drops) and silicone oil was used

to protect the corneas and the cerebral cortex, respectively. Prior to

recording, the occipital cortex was exposed by drilling a window into

the skull that extended from 2.0 to 7.0 mm in the mediolateral direc-

tion, and from the lambda suture to 5.0 mm in the anteroposterior

direction. The dura mater was left intact. Multiunit activity was

recorded with glass-insulated tungsten electrodes (1–2 MΩ; FHC)

positioned perpendicularly to the cortical surface, at depths of

500–600 μm, and displayed on an oscilloscope and an audio monitor.

Signals were filtered and amplified using a digital electrophysiology

amplifier board (RHD 2132, Intan technologies, LLC) and USB inter-

face board (RHD 2000 series, Intan Technologies, LLC), and stored on

a computer for later analysis.

Full field visual stimuli were presented through custom-made

eye covers housing a white LED for each eye. The eye covers

ensured that each eye was stimulated independently from the other

eye. A custom-made remote control simultaneously sent a signal to

one LED as well as the electrophysiology interface board, allowing

visually evoked responses to be time-locked to stimulation. Each eye

was stimulated separately while the non-stimulated eye was

occluded by covering it. Visual responses elicited from an eye ceased

when the eye was covered, indicating that covering of the eyes was

effective in preventing visual stimulation. Electrode penetrations,

spaced at least 200 μm apart, were arranged in a grid over the lateral

half of V1.

The ocular preference of evoked response at recording sites

judged to be within the CS and LS was assessed quantitatively in

Long Evans (n = 10) and albino (n = 5) rats. In an additional group of

albino rats (n = 7), we tested the effect of transecting the callosum

on binocularity in V1. The splenium of the corpus callosum was

transected at the beginning of the recording session by making a

parasagittal cut with a #11 scalpel blade in the hemisphere opposite

to the recordings, 1 mm lateral to the midline, 3 mm deep, and

extending posteriorly from 3 to 6 mm measured from the bregma

suture. Action potentials (APs) were collected after filtering and

thresholding recording traces of neural activity using a custom

Matlab script (ver 2015a; Mathworks). The spontaneous activity

recorded during 300 milliseconds prior to stimulation was subtracted

from responses recorded from each eye during the 300 milliseconds

following stimulation onset. These time windows were chosen based

on analysis of peak response times to visual stimulation. For each

recording site, counts of the APs for each trial were summed and

averaged for each eye. Using these values, a contralateral bias index

(CBI) was calculated to evaluate the ocular preference of responses

within each of the cortical regions analyzed, according to the

formula:

CBI = (Rcontra − Ripsi) / (Rcontra + Ripsi).

R denotes responses, measured as number of APs, for stimulations

of either the contralateral or ipsilateral eye. This index ranges from −1

(purely ipsilateral response) to +1 (purely contralateral response).

Values ~ 0 indicate balanced binocular responses.

Rats with and without callosal transection were perfused immedi-

ately at the end of recording sessions, and the recorded hemispheres

were flattened for tangential sectioning. The callosotomy was

inspected in coronal sections, and all cases analyzed (n = 7) had a com-

plete transection of the splenium.

2.3 | Data acquisition and analysis

Prior to histochemical processing, the tangential sections from flat-

tened hemispheres were digitally scanned at 2400 dpi for identifi-

cation of the V1 border, which was revealed by the abrupt

transition in the density of myelination pattern upon passing from

striate cortex to extrastriate cortex (Figure 1e) (Laing et al., 2015;

Laing, Bock, Lasiene, & Olavarria, 2012; Richter & Warner, 1974).

The myelin pattern, optimally displayed in tangential sections pass-

ing through layer 4 (�500–650 μm deep), was confirmed in two or

more sections from the same animal. The V1 border (black line in

Figure 1e) was delineated in the myelin pattern with the aid of the

filter “trace contour” in Adobe Photoshop CS5 (Adobe Systems,

CA). Further information for identifying the border of V1 was pro-

vided by the relationship that is known to exist between this border

and distinct features of the callosal pattern in V1 (Laing et al.,

2012; Olavarria & van Sluyters, 1985). Following the histological

processing for anatomical tracers, digital images of the labeling pat-

terns were obtained by scanning the sections (Epson 4990). The

patterns of retino-geniculo-cortical projections labeled with WGA-

HRP, and the patterns of HRP-labeled callosal connections were

displayed either from one tangential section or from reconstruc-

tions of two superimposed sections. The digitized images of myelin

and anatomical labeling patterns were aligned with each other in

Adobe Photoshop, using the border of V1, the edges of sections,

and radial blood vessels as fiducial markers. Since sections scanned

to reveal the myelin pattern were subsequently reacted for HRP,

aligned myelin and labeling images often came from the same sec-

tions. In all images, noise and Gaussian filters were applied to

reduce sharp increases in density produced by blood vessels and

other artifacts; high pass filters were applied to remove gradual

changes in labeling intensity; and levels and brightness/contrast fil-

ters were used to enhance the images. All filters were applied to

the entire images. ImageJ (ver 1.50e) was used to obtain 3-D sur-

face plots of the patterns of ipsilateral eye input and callosal pat-

terns in V1 and to analyze patchiness data. High-magnification

images were obtained using a DMR Leica microscope coupled to a

Leica DC 300F digital camera.
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2.4 | Analysis of patchiness in the patterns of
ipsilateral retino-geniculo-cortical projections and
callosal connections

2.4.1 | Area method

The degree of patchiness of ipsilateral eye and callosal labeling pat-

terns in V1 was quantitatively evaluated using a patchiness index area

(PIA) calculated using the formula: PIA = 1 − SM/SI

SI is the surface area of the 3D density profile of the labeling dis-

tribution over the target region, while SM is the surface area of the

projection of SI onto a 2-D plane. Values of PIA approaching zero indi-

cate low patchiness, that is, the labeling density landscape fluctuates

little (the area of SI approaches that of SM), while increasing values of

PIA indicate larger fluctuations in the labeling density landscape

(i.e., area of SI is larger than that of SM). SI and SM were calculated

using a custom Matlab script. To account for differences in gray scale

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

F IGURE 1 WGA-HRP labeling of retino-dLGN-V1 projections in Long Evans and albino rats. (a) Representative case of Long Evans ipsilateral
eye labeling (adapted from Laing et al., 2015). Note the distinct labeled patches in the central segment of V1 (outlined by white segmented line).
(b) Representative case of ipsilateral eye WGA-HRP labeling in V1 of albino rat. Note that the labeling is more widespread than in Long Evans
rats. The black line indicates the border of V1 determined based on the myelin pattern from the same case as shown in (e) (see Materials and
Methods). (c) the same case as in (b); the white segmented line delineates the WGA-labeled region in the central segment (see Materials and
Methods). (d) Labeling in V1 contralateral to the eye injected with WGA-HRP for the albino case as shown in (b). (e) Myelin pattern of V1 for
albino case as shown in (b). The border of V1 based on the myelin pattern is indicated by a black line (see Materials and Methods). (f) Plots of
normalized mediolateral density profiles at the levels indicated in (b) and (e) show that the density of WGA-HRP labeling (black trace) declines
more medially than that for the myelin pattern (gray trace), leaving a gap, about 0.20 mm in width, in lateral V1 of albino rats. (g) Labeling pattern
in dLGN (top) and superior colliculus (SC, bottom) of Long Evans rat in (a). (h) Labeling pattern in dLGN and SC for albino case in (b). (i) Higher
magnification of the dLGNs from the Long Evans and albino rats as shown in (g), (h), respectively. Arrows indicate dorsomedial region that
remains unlabeled after intraocular injections of WGA-HRP into the ipsilateral eye in both rat strains. This dLGN region innervates lateral V1 (see
refs. in text). Scale bars in (a), (g), and (i) = 1.0 mm. In (a) and (c), C, central segment; L, lateral segment; M, medial segment
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values across cases, the gray scale values in each image were normal-

ized by dividing them by the mean gray scale value in the image.

2.4.2 | SD method

The degree of patchiness in labeling distributions was also evaluated

by calculating the SDs of the gray value distributions: Images with

large variations in labeling density (i.e., high patchiness) contain a wide

range of gray values and have large SD, whereas images with uniform

distributions (i.e., low patchiness) are more restricted in their range of

gray values and have smaller SD. To examine whether increases in the

tracer reaction times affect the grayscale values, we compared the

mean grayscale values across the entire tissue sample across groups

and found that the variance both within and between groups was not

statistically significant (p > .05)

In the electrophysiology experiments, the locations of recording

sites along with local blood vessels used as reference were marked on

digital images of the intact cortical surface taken immediately before

recordings began. The images were correlated with images of the

most superficial tangential sections, and the recording sites were mat-

ched to the patterns made by electrode penetrations in these sec-

tions. The first tangential sections were aligned with deeper sections

using the pattern of penetrating blood vessels, section borders, and

other landmarks. Following histological processing, the binocularity at

recording sites judged to be in the CS and LS was calculated. The bor-

der of V1 was determined using the myelin pattern (Figure 4a), while

the borders of CS and LS were estimated based on measurements

from cases used to demonstrate the patterns of cortical WGA-HRP

labeling (e.g., Figure 1c). Intraocular injections of WGA-HRP were not

used to identify the borders of CS and LS in the recording experi-

ments in order to avoid the risk of retinal damage, which could have

interfered with the recording of evoked responses from the injected

eye. In intact albinos, 10 sites in the LS and 19 sites in the CS were

analyzed. In albinos that underwent callosotomy, 11 sites in the LS

and 25 sites in the CS were analyzed. In Long-Evans rats, a total of

5 sites fell within the LS, and 33 sites fell within the CS. Only penetra-

tions judged to be oriented perpendicularly to the cortical surface

were analyzed.

3 | RESULTS

3.1 | Tripartite subdivision of V1

To investigate the distribution of retino-geniculo-cortical input to stri-

ate cortex in albino rats, we injected the anatomical tracer WGA-HRP

into one eye and analyzed the pattern of WGA labeling in tangential

cortical sections. The transneuronal transport property of WGA-HRP

has been demonstrated at both the optical and structural level

(Itaya & van Hoesen, 1982), and, as in Long Evans rats, the pattern of

anterogradely labeled geniculo-cortical axon terminals in V1 was most

distinct at the level of layer 4 (�500–650 μm) (Itaya & van Hoesen,

1982; Kageyama, Gallivan, Gallardo, & Robertson, 1990; Laing et al.,

2015). In the hemisphere ipsilateral to the injected eye (Figure 1b),

the transneuronally transported tracer accumulated in a restricted

portion of V1, about 1 mm wide, which was separated from the lateral

border of V1 by a narrow strip of cortex, about 0.20 mm at its widest

level, where the tracer density was markedly reduced or at back-

ground levels. Figure 1c shows the contour of the WGA-HRP labeled

area (dashed white line), which was traced by eye and confirmed using

the filter “trace contour” in Adobe Photoshop. The border of V1 in

Figure 1b,c corresponds to the border determined from the myelin

pattern (black line in Figure 1e). Figure 1f compares the normalized

density profiles across both the ipsilateral WGA-HRP labeling pattern

(Figure 1b) and the myelin pattern from the same hemisphere

(Figure 1e) at the levels indicated. Figure 1f illustrates that the density

of WGA-HRP labeling decreases before reaching the lateral border of

V1 as indicated in the myelin pattern, leaving a gap, approximately

0.20 mm in width, of reduced labeling corresponding to the LS. The

labeling density was also absent or markedly reduced in the remaining,

medial portion of V1, which extended to the medial border of V1

(Figure 1b). Thus, on the basis of the transneuronal transport of

WGA-HRP from the ipsilateral eye, in albino rats, as in Long Evans

rats (Figure 1a), V1 can be divided into three main subdivisions or seg-

ments: (a) The CS, defined as the area receiving the bulk of ipsilateral

retino-thalamo-cortical projections (outlined by white segmented lines

in Figure 1a,c); (b) The Medial Segment (MS), located medial to the CS,

presumably representing the peripheral monocular visual field; and

(c) The LS, located between the CS and the lateral border of V1. On

average, the area of the LS is approximately 25% of the area of the

CS. The WGA-HRP labeling patterns illustrated in Figure 1a,b,d come

from sections cut at the level of layer 4.

3.2 | Eye-specific projections

In Long Evans rats (Figure 2a,b), the ipsilateral eye projection forms

distinct patches in V1, which, as a group, occupy only about one-third

of the total surface area of the CS (Laing et al., 2015), while in albino

rats, distinct labeled patches are not observed in the CS. Instead, the

WGA-HRP labeling is distributed rather uniformly, occupying the

entire CS (Figures 1c, 2c,d). In the hemisphere contralateral to the

injected eye in albino rats, the WGA-HRP labeling in sections taken at

the level of layer 4 is distributed uniformly throughout V1, including

the LS (Figure 1d). In particular, restricted regions of reduced labeling

(corresponding to territory innervated by the non-injected eye) are

not observed in the CS of albino rats, as reported in Long Evans rats

(Laing et al., 2015). Comparing the labeling patterns in the hemi-

spheres ipsilateral and contralateral to the eye injected with WGA-

HRP indicates that the LS receives little or no direct (i.e., retino-

geniculo-cortical) input from the ipsilateral eye, consistent with the

report by Diao et al. (1983) that in albino rats, ipsilateral input to lat-

eral V1 comes via the corpus callosum. Moreover, this comparison

indicates that direct contralateral and ipsilateral eye projections over-

lap in the CS, suggesting that these inputs intermix in this region,

rather than segregate into separate domains as in Long Evans rats

(Laing et al., 2015).
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To assess the efficacy of retinal tracer uptake and transport, we

also examined the WGA-HRP labeling patterns in coronal

section through the thalamus and superior colliculus (SC). Consistent

with previous studies showing that ipsilateral retinal projections are

weaker in albino than in pigmented rats (Lund, 1965; Lund, Lund, &

Wise, 1974), the ipsilateral retinal projection fields are smaller in the

dorsal lateral geniculate nucleus (LGN) of albino rats compared with

those in Long Evans rats (cf. right LGNs in Figure 1g,h). Con-

tralaterally, the labeling was uniformly dense throughout the LGN,

except for small dorsomedial regions where the labeling was reduced,

presumably corresponding to the ipsilateral eye recipient zone. In the

SC, the contralateral projections in both rat strains was dense and uni-

form throughout the nucleus, while the ipsilateral projection was wea-

ker in the albino strain (cf. Figure 1g,h). These labeling patterns

provide evidence that the tracer was taken up and transported evenly

by the entire retina following intraocular injections of WGA-HRP.

Figure 1i shows higher magnification views of the ipsilateral LGN

labeling pattern from the Long Evans and albino rats, displayed in (g),

(h), respectively. Arrows illustrate that a region located dorsomedially

to the target of ipsilateral eye projections remains unlabeled after an

injection of WGA-HRP into the ipsilateral eye. This region provides

direct input to lateral striate cortex in both rat strains (Lewis &

Olavarria, 1995; Olavarria & Hiroi, 2003), and the fact that it remains

unlabeled after an ipsilateral eye injection is consistent with our

observation that the LS in albino rats does not receive significant

direct input from the ipsilateral eye (Figure 1c).

In Long Evans rats, the ipsilateral eye projections segregate into

densely labeled patches of different sizes and shapes, arranged ante-

roposteriorly into either single or double strings (Figure 2a,b). In con-

trast, we found that the labeling of ipsilateral eye projections in albino

rats was typically less dense and distributed more diffusely and homo-

genously across the CS. These differences are appreciated more viv-

idly in the 3D surface plots (Figure 2a-d, bottom panels) of the

labeling density distributions within the rectangular areas demarcated

by white segmented lines in each corresponding case in Figure 2a-d

(top panels). In these plots, the z-axis represents the pixel value at

each location.

To quantify the differences in the ipsilateral labeling segregation

in the CS of Long Evans and albino rats, we took advantage of the fact

that the surface area of the 3D labeling landscapes increases as the

(a) (b) (c) (d)

(e) (f)

F IGURE 2 WGA-HRP labeling
patterns and 3D surface plots for
Long Evans and albino rats. (a) and
(b) two cases of Long Evans rats (top,
adapted from Laing et al., 2015) and
respective 3D surface plot
reconstructions of the labeling pattern
(bottom). (c), (d) two cases of albino
rats (top) and respective 3D surface
plot reconstructions of labeling
patterns. The 3D plots derive from
the areas delineated with dashed lines
in the top row. Scale bar = 1.0 mm.
(e), (f) patch index: Area method and
SD method for ODCs. (e) Average
values of patch index area method.
Long Evans rats (n = 9) are
significantly different from albino
group (n = 7) (p = .002). (f) Average
patch index SD method. Long Evans
rats (n = 9) are significantly different
from the albino group (n = 7)
(p = .001). Error bars in both graphs
denote SEM for each group
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patchiness of the labeling distribution increases. We defined a PIA

such that PIA = 1−SM/SI, where SI is the surface area of the 3D den-

sity landscape in the analyzed CS region, while SM is the surface area

of the projection of SI onto a 2D plane. Values of PIA approaching

zero indicate low patchiness, while higher values of PIA indicate larger

or more numerous fluctuations in the labeling density landscape (see

Materials and Methods). The average PIA for Long Evans rats was

0.162 (SEM = 0.01, n = 9), while the PIA for albino rats was 0.102

(SEM = 0.011, n = 7) (Figure 2e), and this difference between both

groups was statistically significant (t14 = 3.839, p = .002).

The degree of patchiness in ipsilateral WGA-HRP labeling was also

compared between Long Evans and albino rats by calculating the SDs

of the gray value distributions within a rectangular region in the CS

(see Materials and Methods) and expressing these values as a SD

patchiness index (PISD). We found a significant difference between

the average PISD for Long Evans rats (6.934, SEM = 0.585) and albino

rats (3.543, SEM = 0.446), (t14 = 4.035, p = .001) (Figure 2f). Together,

the results of both analyses suggest that the distribution of ipsilateral

WGA-HRP labeling tends to be more diffuse in the CS of albino rats,

and, if present, fluctuations in labeling density tend to be of low ampli-

tude compared to those in the CS of Long Evans rats.

3.3 | Callosal connections

Patchiness of callosal connections in V1 was analyzed in eight Long

Evans and eight albino rats using the patch indices used above for

ipsilateral eye projections. Figure 3 shows the pattern of HRP-labeled

callosal connections in two Long Evans rats (Figure 3a,b) and in two

representative albino rats (Figure 3c,d). In the lower panels, Figure 3

shows the respective 3-D surface plots of callosal labeling in the CS

and LS. In agreement with previous studies in rats (Cusick & Lund,

1981; Olavarria & van Sluyters, 1985), we observed that the distribu-

tion of callosal connections peaks at the border region between areas

17 and 18a, forming a band ~ 0.22 mm wide abutting the border of

(a) (b) (c) (d)

(e) (f)

F IGURE 3 Callosal labeling in
Long Evans and albino rats. (a),
(b) Two examples of HRP-labeled

callosal patterns in Long Evans rats
(top, adapted from Laing et al., 2015)
and respective 3D surface plot
reconstructions (bottom). (c), (d) Two
examples of HRP-labeled callosal
patterns in albino rats (top) and
respective 3D surface plot
reconstructions of these cases
(bottom). The white lines in the top
row indicate the border between
striate (V1) and lateral extrastriate
cortex. Note that the 3D plots are
reconstructed from both the CS and
LS. Bright yellow indicates high
labeling density; black indicates
background. Scale bar = 1.0 mm. (e),
(f) patch index: Area method and SD
method for callosal connections.
(e) Average values of patch index area
method for Long Evans (n = 8) and
albino (n = 8) rats. Long Evans rats are
significantly different from albino
group (p = .004). (f) Average values of
patch index SD method for long Evans
(n = 8) and albino (n = 8) rats. Long
Evans rats are significantly different
from the albino group (p = .005). Error
bars in both graphs denote SEM for
each group
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V1 in both strains. The labeling in this band is homogeneous through-

out its anteroposterior extent, with occasional less dense regions at

one or two discrete sites in some cases. By its location and width, this

lateral callosal band corresponds closely with the LS described above

in albino rats and in Long Evans rats (Laing et al., 2015). From this

band, callosal connections decrease in labeling density as they extend

medially in both strains of rats, but while in Long Evans rats callosal

connections form patches in the CS (Figure 3a,b) (Laing et al., 2015),

the distribution is typically homogenous throughout the CS in albino

rats (Figure 3c,d). Figure 3e shows that the average PIA was 0.536

(SEM = 0.023) for Long Evans rats, and 0.412 (SEM = 0.028) for albino

rats, and this difference was statistically significant (t14 = 3.389,

p = .004). There was also a significant difference in the SDs of the gray

value distributions within the CS between Long Evans rats (43.259,

SEM = 3.428) and albino rats (27.942, SEM = 3.26), (t14 = 3.331,

p = .005) (Figure 3f).

3.4 | Electrophysiology

3.4.1 | The lateral segment is binocular in albino rats
and monocular in Long Evans rats

Diao et al. (1983) reported that a region corresponding approximately

to LS in lateral striate cortex of albino rats is highly binocular, while

Laing et al. (2015) reported that evoked responses in the LS of Long

Evans rats were strongly dominated by the contralateral eye. To

directly examine whether these reported differences were due to the

use of different rat strains, we compared the binocularity across CS

and LS in 10 intact Long Evans rats and 5 albino rats.

Our results from Long Evans rats are in agreement with the elec-

trophysiological and in situ hybridization findings of Laing et al.

(2015), while our results in albino rats are in close agreement with

those reported by Diao et al. (1983) in this rat strain. Our physiological

results are consistent with our hypothesis that the physiological dif-

ferences between Long Evans and albino rats reflect strain differences

in the organization of retinal input and callosal connections in V1.

3.4.2 | Input from the ipsilateral eye to the lateral
segment comes via the callosum in albino rats

Diao et al. (1983) proposed that ipsilateral input to lateral striate cor-

tex comes via the callosum. To examine the contribution of the visual

callosal pathway to the binocularity in V1 of albino rats, we recorded

visually evoked responses in the CS and LS in 5 intact and

7 callosotomized albino rats. Recording sites across the different seg-

ments of V1 in an albino rat are illustrated with data from one tangen-

tial section in Figure 4a, and from a reconstruction using additional

sections from the same case (Figure 4b). Figure 4c illustrates the

effectiveness of the callosotomy.

To assess the ocular preference of evoked response at each

recording site, a CBI was calculated from the counts of action poten-

tials recorded for each trial. This index, defined as CBI = (Rcontra −

Ripsi) / (Rcontra + Ripsi), ranges from −1 (purely ipsilateral response)

to +1 (purely contralateral response). Values ~ 0 indicate balanced bin-

ocular responses (see Materials and Methods).

We found that, in the LS (Figure 4e), evoked responses were

highly binocular in intact albino rats (CBI = 0.16, SEM = 0.049),

whereas responses were strongly dominated by the contralateral eye

in Long Evans rats (CBI = 0.74, SEM = 0.058) (t13 = 7.496, p < .001).

However, after callosotomy in albino rats, the contralateral eye

became strongly dominant (CBI = 0.82, SEM = 0.057) (t19 = 8.439,

p < .001), reaching a score similar to that of Long Evans rats

(t14 = 0.866, p = .401). The fact that the influence of the contralateral

eye in the LS is as high in Long Evans rats as in callosotomized albino

rats provides compelling evidence that the bulk, if not all, of the input

from the ipsilateral eye to the LS comes via the callosum in

albino rats.

In the CS (Figure 4d), callosotomy in albino rats shifts the ocular

dominance preference from being highly binocular (CBI = 0.11,

SEM = 0.07) to being dominated by the contralateral eye (CBI = 0.52,

SEM = 0.09), a difference that was significant (t45 = 3.371, p = .002).

However, this shift is smaller than that observed in the LS after cal-

losotomy (cf Figure 4e). This increase in contralateral eye dominance

in the CS of albino rats after callosotomy likely reflects the strength-

ening of the contralateral retinal projection and weakening of the ipsi-

lateral projection that characterizes albino rats (Lund, 1965; Lund

et al., 1974). Due to this difference, the ipsilateral eye input to the CS

relayed through the corpus callosum is stronger than that relayed

through the direct ipsilateral input to the same CS (consider the direct

and indirect ipsilateral eye input to the right CS in Figure 5b). The

direct ipsilateral input would therefore be unable to compensate for

the reduction in ipsilateral input caused by the transection of the cor-

pus callosum, leading to a relative increase in contralateral eye domi-

nance in the CS. In contrast, in Long Evans rats, the strength of the

direct ipsilateral eye input to the CS appears to match that of the ipsi-

lateral input relayed through the corpus callosum because tran-

section of the corpus callosum does not change the binocularity in the

CS (Laing et al., 2015). The relative strengthening of the ipsilateral eye

input relayed through the callosum in albino rats may also explain our

observation that the CS in intact albinos appears to be more binocular

(CBI = 0.11) than the CS in intact Long Evans rats (CBI = 0.33,

SEM = 0.066) (t50 = 2.446, p = .018) (Figure 4d. Finally, in Long Evans

rats, the contralateral eye exerts some dominance in the CS

(CBI = 0.33, SEM = 0.066) (Figure 4d), but not as strongly as in the LS

(CBI = 0.74, SEM = 0.058) (Figure 4e), which is consistent with the

report by Laing et al. (2015) that the LS in Long Evans rats is strongly,

if not exclusively, dominated by the contralateral eye.

3.4.3 | Contralateral eye input may be less dominant
in the binocular V1 region of long Evans rats than
previously thought

Traditionally, the region encompassing areas corresponding to both

the CS and LS in rats has been designated as the “binocular region” in

rats and other species. While this is the case in albino rats (Diao et al.,

1983; the present study), in Long Evans rats the binocular region is
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restricted to the CS because the LS is nearly exclusively dominated by

the contralateral eye (Laing et al., 2015, present study). Thus, previous

estimations of the binocularity of V1 in Long Evans rats may have

overestimated the influence of the contralateral eye because the

recordings probably have included sites within the LS. Indeed, in Long

Evans rats we observed that the CBI obtained from recordings

restricted to the CS (CBI = 0.33, SEM = 0.066, Figure 4d) was signifi-

cantly smaller (t58 = 2.135, p = .037) than that obtained by pooling our

(d) (e) (f)

(a) (c)

(b)

F IGURE 4 Recording sites in area V1 of albino rat. Callosotomy in albino rats. (a) Tangential section from callosotomized albino rat showing
myelin pattern for V1 (arrows indicate the border of V1). Electrode penetrations (black dots) can be seen across V1. (b) Same section as in
(a) showing border of V1 (black outline) and several additional electrode penetrations from same case in (a) identified after reconstruction from
neighboring sections. The CS is outlined by white dashed line. This border was estimated using the information from cases analyzed as illustrated
in Figure 1 (see Materials and Methods). (c) Coronal sections show transection of splenium of corpus callosum (arrows) in the top (anterior) two
sections. The posterior section, at the level of the superior colliculus, demonstrates that the transection of splenium was complete. The left
cortical mantle was removed for flattening and tangential sectioning. Scale bars = 1.0 mm. (d), (e), (f) quantitative analysis of binocularity in central
and lateral segments of V1 in Long Evans and albino rats. (d) Central segment. In albino rats, callosotomy shifts the ocular dominance preference
from highly binocular (CBI = 0.11, n = 19 recording sites) to dominated by the contralateral eye (CBI = 0.52, n = 25 recording sites). In Long Evans
rats, the contralateral eye exerts some dominance (CBI = 0.33, n = 33 recording sites), but not as strongly as in the LS (b). (e) Lateral segment.
Evoked responses were highly binocular in intact albino rats (CBI = 0.16, n = 10 recording sites). After callosotomy, dominance by the
contralateral eye increased significantly (CBI = 0.82, n = 11 recording sites), reaching a score similar to that of Long Evans rats in the LS
(CBI = 0.74, n = 5 recording sites). This shift is greater than that observed in the CS region of albino rats (d). (f) Pooling of data from the central
and lateral segments. Long Evans (n = 38 recording sites), intact albino rats (n = 29 recording sites), and callosotomized albino rats (n = 36
recording sites)
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data from both the CS and LS (CBI = 0.47, SEM = 0.053, Figure 4f). In

contrast, in intact albino rats, binocularity is relatively constant across

both the CS and LS (Figure 4d,e), and pooling the data from these seg-

ments was not significantly different from recordings restricted to the

CS (Figure 4f).

In summary, our data from LS in Long Evans rats support the find-

ing by Laing et al. (2015) that LS is strongly dominated by input from

the contralateral eye. Moreover, in agreement with Diao et al. (1983),

our data from albino rats showed that evoked responses are predomi-

nantly binocular in LS of albino rats, and that transection of the cal-

losum virtually eliminates input from the ipsilateral eye to this region.

4 | DISCUSSION

4.1 | The LS in albino rats is homologous to the LS in
Long Evans rats

Albino rats are characterized by an increased crossed retinal projec-

tion and a reduced ipsilateral retinal projection (Lund, 1965; Lund

et al., 1974). We were nevertheless able to identify the tripartite

subdivision of V1 described in Long Evans based on the distribution

of WGA-HRP labeling following an intraocular injection of this tracer

(Laing et al., 2015). In particular, between the CS, which receives the

bulk of the input from the ipsilateral eye, and the lateral border of V1,

we identified the LS as a narrow cortical strip where the tracer density

was reduced or at background levels. Two additional observations

provide further evidence that the LS in albino rats does not receive

significant direct input from the ipsilateral eye: (a) in agreement with

Diao et al. (1983), we observed that callosotomy abolished ipsilateral

eye responses to lateral striate cortex; (b) lateral striate cortex in

albino rats (Diao, Xiao, & Bu, 1987), as the LS in Long Evans rats

(Adams & Forrester, 1968; Olavarria and Turecek, unpublished obser-

vations), represents ipsilateral visual fields. In both rat strains, this ipsi-

lateral visual field representation is mediated by the contralateral

projection from the temporal retina, which innervates a small dLGN

region located dorsomedially to the target of the ipsilateral retinal pro-

jection (arrows in Figure 1i) (Reese & Cowey, 1987). This region pro-

vides input to lateral striate cortex in both rat strains (Lewis &

Olavarria, 1995; Olavarria & Hiroi, 2003), and, as shown in Figure 1i

(arrows), it remains unlabeled after a WGA-HRP injection into the

F IGURE 5 Influence of ODCs and patchy callosal connections on binocularity in the lateral segment of V1 (area 17). In both Long Evans and
albino rats, callosal connections connect asymmetric, but topographically corresponding, loci in V1, such that opposite central and lateral
segments connect reciprocally with each other (Lewis & Olavarria, 1995). (a) In Long Evans rats, ODCs and patchy callosal connections prevent
the passage of ipsilateral eye input to the lateral segment. The left lateral segment (blue) cannot receive transcallosal input from the left, ipsilateral
nasal retina (yellow) because the contralaterally dominated territory in the right central segment (yellow) is deprived of callosal connections
(callosal patches correlate with ipsilateral ODCs, colored blue, Laing et al., 2015). (b) In contrast, we found that albino rats lack ODCs and patchy
callosal connections. Thalamic inputs from right and left eyes are intermixed in the central segment (blue + yellow = green), allowing the callosal
pathway to convey input from the ipsilateral eye to the lateral segment in the left hemisphere, thereby increasing binocularity in this segment
(green). The same explanation applies to the right LS, not drawn for simplicity. C, central segment; L, lateral segment; M, medial segment
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ipsilateral eye in both rat strains. Together, these observations provide

strong support for the idea that LS in albino rats is homologous to LS

in Long Evans rats.

4.2 | The presence of ODCs is associated with a
reduction of binocularity in lateral V1

Diao et al. (1983) reported that in albino rats, ipsilateral eye responses

can be recorded throughout the binocular zone and are especially

robust in lateral striate cortex, in a region corresponding approxi-

mately to the LS. Our physiological recordings after transection of the

corpus callosum confirmed the report by Diao et al. (1983) that ipsilat-

eral input to this region is mediated by the callosal pathway. In con-

trast, in Long Evans rats, this region is nearly exclusively dominated by

the contralateral eye despite being callosally connected (Laing et al.,

2015). To explain why callosal connections are unable to convey ipsi-

lateral eye input to the LS in Long Evans rats, we hypothesized that

the development of ODCs renders callosal connections unable to

relay indirect ipsilateral eye input to the LS. As illustrated in Figure 5a,

the LS in the left hemisphere (blue strip) cannot receive transcallosal

input from the retinotopically matched nasal retina in the ipsilateral

eye (colored yellow) because nasal retina projects to regions in the

contralateral V1 that are largely acallosal (colored yellow) due to the

close association of callosal connections with ipsilateral ODCs (colored

blue) (Laing et al., 2015). We therefore predicted that, instead of seg-

regating into ODCs, ipsilateral and contralateral eye input intermix

throughout the CS of albino rats, allowing the indirect, transcallosal

transfer of ipsilateral eye input to lateral striate cortex. Figure 5b rep-

resents this prediction and illustrates that if both the yellow and blue

eye-specific territories intermix in the right CS (blue + yellow = green),

rather than segregate into ODCs, then input from the left hemiretina

(yellow) arriving to the right CS (green) would have access to the left

LS through the callosum, leading to an increased binocularity in the

left LS. Based on the hypothesis that the distributions of eye-specific

inputs and callosal connections are spatially coupled (Olavarria, 2001,

2002), we also predicted that callosal connections in albino rats would

not be patchy as in Long Evans rats but would instead spread over the

entire CS (green), reflecting the widespread distribution of ipsilateral

eye thalamic input to the CS. Bearing out our predictions, our results

from albino rats show that inputs from both eyes are largely inter-

mixed throughout the CS, and callosal connections spread over the CS

without forming distinct patches. It should be noted that a widespread

distribution of callosal connections may not be necessary for the

transcallosal transfer of ipsilateral eye input to the LS in albino rats.

Callosal patches could still mediate such transfer because they would

innervate areas of intermixed ipsilateral and contralateral eye input to

the CS, allowing the ipsilateral eye to gain access to the LS via the cal-

losum. Mice lack ODCs (Antonini, Fagiolini, & Stryker, 1999) and pat-

chy callosal connections (Olavarria & van Sluyters, 1984), and a recent

study reported that ipsilateral eye input to lateral striate cortex comes

through the callosum in pigmented (C57BL/6) mice (Dehmel & Löwel,

2014). This report is consistent with our present results in albino rats

and supports the corollary of our hypothesis, namely, that the absence

of ODCs and patchy callosal connections in V1 facilitate the passage

of ipsilateral eye input to lateral striate cortex.

4.3 | Lack of ODCs in albino rats increases the size
of the binocular region in V1

Our results extend the results of Diao et al. (1983) by showing that

V1 in albino rats is subdivided into three segments, as in Long Evans

rats (Laing et al., 2015). These segments consist of the medial, monoc-

ular segment (MS), dominated by the contralateral eye, the CS, receiv-

ing direct subcortical input from both eyes, and the LS, receiving

primarily direct subcortical input from the contralateral eye (Figure 1).

In each hemisphere, the MS and CS represent the contralateral visual

hemifield, with the lateral border of the CS corresponding to the rep-

resentation of the vertical meridian (VM) of the visual field. The LS

extends this representation into the ipsilateral visual field (Adams &

Forrester, 1968), which can reach up to 20–30 deg in albino rats

(Diao et al., 1987). In this regard, the LS is analogous to the 17/18

transition zone in cats (Payne, 1990; Payne & Siwek, 1991), and lateral

striate cortex in ferrets (White, Bosking, Williams, & Fitzpatrick,

1999). Moreover, consistent with the report of Diao et al. (1983), our

results show that not only the CS, but also the LS, is binocular in

albino rats, so that a more extensive region of cortex is binocular in

albino rats compared to Long Evans rats. As illustrated in Figure 5, the

binocular field is hemisected by the VM, and each half is represented

only in the opposite CS in Long Evans rats, while in albino rats, each

half of the binocular field is also represented in the ipsilateral LS. This

increase in the area size of the binocular region implies that binocular

neurons are probably more numerous in striate cortex of the albino

strain, raising the possibility that albino rats may outperform Long

Evans rats in some tasks requiring binocular vision. However, this pos-

sibility is not supported by behavioral studies of depth perception in

albino and pigmented rats. For instance, Routtenberg and Glickman

(1964) reported that albino rats perform worse than Long Evans rats

in the cliff test, probably due to factors linked to albinism, such as

lower visual acuity. Perhaps comparing the performance in the cliff

test of pigmented mice, which lack both ODCs (Antonini et al., 1999)

and patchy callosal connections (Olavarria & van Sluyters, 1984), with

that of Long Evans rats may reveal an advantage of the “albino” orga-

nization in some binocular vision tests.

4.4 | Why do eye-specific inputs segregate into
ODCs in long Evans rats but not in albino rats?

In albino rats, one would expect that ipsilateral eye projections to V1,

although weaker than in Long Evans rats (Lund, 1965; Lund et al.,

1974), would segregate, forming perhaps smaller or less densely

labeled ocular dominance patches. Instead, we found that input from

both eyes largely intermix throughout the CS, without segregating

into distinct eye specific territories. It is possible that segregation of

eye-specific domains requires the strength of ipsilateral eye input to

rise above a certain threshold, below which segregation does not

occur. However, reduction of ipsilateral eye input may not be a major
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factor because pigmented animals with presumably normal ipsilateral

projections can show characteristics similar to albino rats, namely, a

binocular lateral striate cortex, and lack of both ODCs and patchy cal-

losal connections (e.g., mice, Antonini et al., 1999; Olavarria & van

Sluyters, 1984; tree shrews, Bosking, Kretz, Pucak, & Fitzpatrick,

2000). It is possible that mechanisms driving the development of

either intermixed or segregated eye-specific domains are influenced

by factors associated with albinism, and that these factors are also

present in some pigmented species. This possibility is suggested by

the recent finding that characteristics thought to be pathognomonic

of albinism are also observed in the absence of any hypopigmentation

(Ahmadi et al., 2018). Further comparative studies in albino rats and in

other albino and pigmented strains may help in identifying factors

associated with the characteristics of eye-specific input and callosal

connections we observed in albino rats.

4.5 | Spatial coupling between the distributions of
direct eye-specific inputs and callosal connections

Laing et al. (2015) showed in Long Evans rats that callosal connections

form distinct patches that colocalize with ipsilateral ODCs in the CS. Our

present results in albino rats show that neither ipsilateral eye input nor

callosal connections segregate into distinct patches but nevertheless

remain spatially correlated as they overlap throughout the CS. More gen-

erally, previous studies have shown that callosal connections in V1 are

patchy in animals with ODCs (e.g., rat, Laing et al., 2015; cat, Olavarria,

2001), whereas in animals without ODCs, callosal connections are not

patchy (e.g., pigmented mouse, Olavarria & van Sluyters, 1984; tree

shrews, Casagrande & Harting, 1975; Cusick, MacAvoy, & Kaas, 1985).

Thus, species without ODCs may resemble albino rats in that striate cor-

tex is likely to be binocular in regions of lateral striate cortex

corresponding to the LS in rats. Consistent with this, the binocular region

appears to include lateral striate cortex in both pigmented mice (Antonini

et al., 1999) and tree shrews (Bosking et al., 2000), species which lack

ODCs. Conversely, studies in sheep (Pettigrew, Ramachandran, & Bravo,

1984) show that a region corresponding to the LS in lateral striate cortex

is binocular, and that input from the ipsilateral eye to this region comes

through the callosum. Thus, it is likely that sheep, like albino rats and

pigmented mice, lack ODCs.

The observation that the distributions of ipsilateral eye input and

callosal connections remain spatially coupled whether or not eye-

specific inputs segregate into ODCs supports the idea that the distribu-

tion of callosal connections is specified by bilateral projections from

temporal retina (Laing et al., 2015; Olavarria, 2001, 2002). This hypoth-

esis explains why callosal connections correlate with ipsilateral eye

domains in the CS of rats, and in the corresponding region of V1 in cats,

but with contralateral eye domains in the LS of rats and its analogue in

the cat: the 17/18 transition zone (Laing et al., 2015; Olavarria, 2001).

As discussed above, the intermixing of ipsilateral and contralateral eye

input throughout the CS would make it possible for ipsilateral eye input

to reach the LS indirectly through the callosum even if callosal connec-

tions were patchy in the CS of albino rats. Nevertheless, the observa-

tion of widespread callosal connections in the CS of albino rats is

interesting because it is consistent with the spatial coupling predicted

to exist between the distributions of eye-specific inputs and callosal

connections in striate cortex in species either with (Laing et al., 2015;

Olavarria, 2001) or without (present study) ODCs.

4.6 | Contribution of callosal connections toward the
generation of binocular neurons

The contribution of callosal connections toward the generation of cor-

tical binocular neurons is still a matter of debate. No clear picture has

emerged from numerous studies that have used a variety of

approaches to determine the extent to which binocularity in visual

cortex depends on callosal input (reviewed in Olavarria, 2002). The

hypothesis that callosal fibers preferentially link opposite cortical loci

that are under the influence of bilateral projections from the same

temporal retina (Olavarria, 2001, 2002) sheds light on this debate

because it implies that callosal fibers are not primarily involved in gen-

erating binocular cells in striate cortex. As illustrated in Figure 5, cal-

losal input to a cortical cell largely duplicates the subcortical input

from one of the eyes to the same cell. This would allow the direct sub-

cortical input to sustain the responses of cortical cells when callosal

input is eliminated. This hypothesis leads to the prediction that sec-

tioning the callosal commissure should not have a significant effect on

the binocularity indices recorded in striate cortex of Long Evans rats

and cats, in agreement with previous and recent reports (Long Evans

rats: Laing et al., 2015; cat:Conde-Ocazionez et al., 2018 ;

Minciacchi & Antonini, 1984). Although both cats (Anderson,

Olavarria, & Van Sluyters, 1988) and Long Evans rats (Laing et al.,

2015) have ODCs in V1, it is interesting to note that the LS of rats is

essentially monocular, while the cat 17/18 transition zone is binocu-

lar. In cats, the ipsilateral eye input to the 17/18 transition zone

comes via direct subcortical projections, rather than indirectly via the

callosum (recall that callosal connections correlate with contralateral

ODCs in the cat transition zone [Olavarria, 2001; reviewed in

Olavarria, 2002]). This, and the observation that section of the cal-

losum in cats does not reduce binocularity in the transition zone

(Minciacchi & Antonini, 1984; Conde-Ocazionez et al., 2018) support

our hypothesis that the inability of callosal connections to relay indi-

rect input from the ipsilateral eye to lateral striate cortex in Long

Evans rats is due to the existence of ODCs in striate cortex.

On the other hand, in some species, binocularity in lateral striate

cortex does depend on callosal input, as shown in albino rats (Diao

et al., 1983; present study), pigmented mice (Dehmel & Löwel, 2014),

and sheep (Pettigrew et al., 1984). It is also known that callosal con-

nections contribute to binocularity in some extrastriate areas in Sia-

mese cats, animals in which ipsilateral striate-extrastriate projections

are largely monocular (Marzi, Antonini, Di Stefano, & Legg, 1980;

Zeki & Fries, 1980). These considerations suggest that generation of

binocular cells cannot be regarded as a basic, defining function of

visual callosal connections in all species, or in all visual areas. At least

in striate cortex, whether callosal input contributes or not to the gen-

eration of binocular cells appears to depend on restrictions imposed

by the relationship of callosal connections with the organization of
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eye-specific projections, which in some species segregate into ODCs,

and in other species do not.

5 | CONCLUSIONS

Our results show that, in contrast to Long Evans rats, direct eye-

specific projections do not segregate into ODCs in albino rats.

Whether this is related either to reductions in the strength of ipsilat-

eral eye specific input, to factors related to albinism, or to other fac-

tors present in albino and some pigmented species, remains to be

studied. We also found that callosal connections in striate cortex of

albino rats do not aggregate into distinct patches as in Long Evans

rats. Instead, callosal connections are distributed throughout the CS,

overlapping the distribution of ipsilateral eye input in this segment.

These results provide further evidence that the organization of cal-

losal connections in V1 is closely coupled to the organization of eye-

specific inputs, and that changes in the relative distribution of these

inputs, that is, whether they segregate into ODCs or intermix in the

CS, can profoundly impact the distribution and function of callosal

connections in V1 (Olavarria, 2001, 2002). Our findings provide

insight about the role of callosal connections in generating binocular

cells and suggest that albino rats may be a useful model for studying

factors that regulate both the segregation of eye-specific input in

mammalian visual cortex, as well as the spatial correlation between

eye-specific domains and callosal connections in striate cortex.
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