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Abstract

In the dorsal lateral geniculate nucleus (dLGN) of mice that lack retinal input, a population 

of large terminals supplants the synaptic arrangements normally made by the missing 

retinogeniculate terminals. To identify potential sources of these “retinogeniculate replacement 

terminals”, we used mutant mice (math5−/−) which lack retinofugal projections due to the failure 

of retinal ganglion cells to develop. In this line, we labeled dLGN terminals that originate 

from the primary visual cortex (V1) or the parabigeminal nucleus (PBG), and compared their 

ultrastructure to retinogeniculate, V1 or PBG terminals in the dLGN of C57Blk6 (WT) mice. 

Corticogeniculate terminals labeled in WT and math5−/− mice were similar in size and both 

groups were significantly smaller than WT retinogeniculate terminals or labeled PBG terminals 

in the dLGN of either mouse line. To examine projections from cortical layer V, we labeled V1 

projections in a cre-dependent manner in RpB4-cre and RpB4-cre/math5−/− mice; in both lines 

labeled V1 axons coursed through the dLGN but few labeled synaptic terminals were observed. 

Additionally, no changes in the overall WT distribution of tectal or peduculopontine projections 

were detected in the dLGN of math5−/− mice. However, the PBG projection in math5−/− mice was 

extensive and there was considerable overlap in the sizes of retinogeniculate terminals in WT mice 

and PBG terminals in math5−/− mice. The data indicate that V1 is not a source of “retinogeniculate 

replacement teminals” and suggests that large PBG terminals expand their innervation territory to 

replace retinogeniculate terminals in their absence.
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visual cortex (V1) or the parabigeminal nucleus (PBG), and compared their ultrastructure to 

retinogeniculate, V1 or PBG terminals in the dLGN of C57Blk6 (WT) mice (schematically 

depicted above graph). Corticogeniculate terminals labeled in WT and math5−/− mice were similar 

in size and both groups were significantly smaller than WT retinogeniculate terminals. In contrast, 

the PBG projection in math5−/− mice was extensive and there was considerable overlap in the sizes 

of retinogeniculate terminals in WT mice and PBG terminals in math5−/− mice (summarized in 

histogram). The data indicate that V1 is not a source of “retinogeniculate replacement terminals” 

and suggests that large PBG terminals expand their innervation territory to replace retinogeniculate 

terminals in their absence.
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dorsal lateral geniculate nucleus; synapse; ultrastructure; corticogeniculate; tectogeniculate; 
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Introduction

Vision loss early in life, or as a consequence of adult-onset disease or trauma has a major 

impact on the form and function of retino-recepient targets in the brain (Ptito et al., 2021). 

For example in the dorsal lateral geniculate nucleus (dLGN, the thalamic relay of retinal 

signals en route to the visual cortex), the absence or elimination of retinal input leads to 

a number of degenerative effects including an overall skrinkage of the dLGN, a loss of 

dLGN neurons, a reduction in soma size as well as a decrease in the dendritic complexity 

of remaining neurons (Abbott et al., 2015; Bhandari et al., 2022; El-Danaf et al., 2015; 

Gupta et al., 2009). While these studies have focused largely on the structural integrity 

and cellular composition of the dLGN, recent evidence suggests that the vision loss also 
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alters the connectivity between the dLGN and central structures that do not receive retinal 

input (Brooks et al., 2013; Frangeul et al., 2016; Giasafaki et al., 2022; Grant et al., 2016; 

Seabrook et al., 2013; Sokhadze et al., 2018). Indeed, a deeper understanding of these axon 

target interactions, especially at the ultrastructural level, is a critical first step in developing 

effective treatments for the restoration of vision following disease or trauma (Goldberg et al., 

2016).

Retinal ganglion cells normally innervate the dLGN with large terminals that contain 

round vesicles and pale mitochondria (RLP profiles; Bickford et al., 2010; Hammer 

et al., 2015). Synaptic profiles exhibiting this ultrastructure are missing in congenitally 

anophthalmic mice (Cullen & Kaiserman-Abramof, 1976; Kaiserman-Abramof, 1983), 

microphthalamic mice (Winkelmann et al., 1985), enucleated mice (Cullen & Kaiserman-

Abramof, 1976; Kaiserman-Abramof, 1983), or mice in which retinal ganglion cells 

fail to develop and lack retinofugal projections (El-Danaf et al., 2015). In the absence 

of RLP profiles, these previous ultrastructural studies have noted the presence of large 

terminals in the dLGN that appear to assume the location and synaptic targets of the 

missing retinal terminals. In particular, except for the fact that these terminals contain 

dark mitochondria, these “retinal replacement terminals” exhibit most of the ultrastructural 

features of retinogeniculate terminals, i.e. large size, round synaptic vesicles, synaptic 

contacts on the dendrites of thalamocortical relay cells (including dendritic protrusions) 

and the dendrites of interneurons (including dendritic terminals or F2 profiles; Bickford et 

al., 2010; Hammer et al., 2015; Morgan & Lichtman, 2020). However, the source of these 

terminals remains unclear.

In the absence of retinal input, two sources of replacement terminals have been suggested. 

First, it has been reported that axons of layer V cortical neurons abberantly innervate 

the dLGN following enucleation (Grant et al., 2016), and could potentially assume the 

morphology of retinal terminals. It has also been reported that projections from the midbrain 

parabigeminal nucleus (PBG) to the dLGN increase following enucleation and may assume 

the morphology of retinal terminals (Stevenson & Lund, 1982). An expansion of projections 

from the PBG to the dLGN has also been observed in a mutant mouse line that lacks 

math5, a transciption factor needed for the differentiation of retinal ganglion cells from 

progenitors. As a result, retinal ganglion cells fail to develop in math5−/− mice, an optic 

nerve does not develop, and these mice lack retinofugal projections (Charalambakis et al., 

2019; El-Danaf et al., 2015; Seabrook et al., 2013; Sokhadze et al., 2018; Wang et al., 

2001). In this line, PBG projections expand to fill both the ipsilateral and contralateral 

dLGN (Sokhadze et al., 2018). To test whether the cortex and/or the PBG are the source 

or retinogeniculate replacement terminals in math5−/− mice, we compared the ultrastructure 

of geniculate terminals that originate from the cortex or PBG labeled in this line with 

geniculate terminals that originate from the retina, cortex or PBG labeled in wild type (WT) 

mice with intact retinal projections.

Methods

All breeding and experimental procedures were approved by the University of Louisville 

Institutional Animal Care and Use Committee. Experiments were carried out using mice, of 
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either sex, of C57BL/6J (IMSR Cat# JAX_000664, RRID: IMSR_JAX:000664), a line in 

which most layer five, and a subset of layer six, cortical neurons express Cre-recombinase 

(Tg(Rbp4-cre)KL105Gsat; RRID: MMRRC_036400-UCD), a line that fails to develop an 

optic nerve or retinofugal pojections due to a >95% loss of retinal ganglion cells during 

early development (math5 −/−; El-Danaf et al., 2015; Seabrook et al., 2013; Wang et al., 

2001; RRID: MMRRC_042298-UCD), and math5−/− mice crossed with Rbp4-cre mice.

Tracer and virus injections

To label projections from the cortex, parabigeminal nucleus (PBG), or superior colliculus 

(SC), adult mice (median age postnatal day 47) were deeply anesthetized with a 

mixture of ketamine (100–150 mg/kg) and xylazine (10–15 mg/kg). The analgesic 

meloxicam (5 mg/kg) was also injected prior to surgery. The animals were then 

placed in a stereotaxic apparatus (Angle Two Stereotaxic, Leica, Wetzlar, Germany). 

An incision was made along the scalp, and a small hole was drilled in the skull 

overlying the primary visual cortex (V1; 3.4 mm caudal to Bregma, 2.4 mm lateral 

to midline, 1.15 mm ventral to Bregma), the PBG ( 4.3 mm caudal to Bregma, 

1.85 mm lateral to midline, 3.2 mm ventral to Bregma), or the SC (3.75 mm 

caudal to Bregma, 0.6 mm lateral to midline, 1.3 mm ventral to Bregma). Adeno-

associated viruses (AAVs; AAV1-DIO-Matrix-dAPEX2, gift from David Ginty; Addgene 

plasmid #117177; RRID: Addgene_117177); AAV1-Matrix-dAPREX2 (Addgene plasmid# 

117176; RRID: Addgene_117176), AAV9-Ef1a-DIO-dAPEX2 (Addgene plasmid #117174; 

RRID: Addgene_117174), AAV8.2-DIO-mCherry-WPRE (RRID: Addgene_50459-AAV8), 

pAAV1-CAG-GFP (RRID: Addgene_37825-AAV1), or the tracer biotinylated dextran amine 

(BDA, Invitrogen) were injected unilaterally in V1, PBG, or the SC. For BDA injections, a 

glass pipette (10 μm tip diameter) containing a 5% solution of BDA in saline was lowered 

into V1, and BDA was iontophoretically ejected using 3 μA continuous positive current for 

20 min. The viruses were delivered via a 34-gauge needle attached to a Nanofil syringe 

inserted in an ultramicropump. The needle was lowered into V1, PBG or the SC and 

volumes of 70–120 nl were injected at a rate of 30 nl/min. After removal of the pipette 

or needle, the scalp skin was sealed with tissue adhesive (n-butyl cyanoacrylate), and the 

animals were placed on a heating pad until mobile. Post-surgery, animals were carefully 

monitored for proper wound healing, and meloxicam (5 mg/kg) was administered for 48 

hours.

To label projections from the retina, C57Blk6 pups (p15–18) received unilateral intravitreal 

injections of AAV1-Matrix-dAPREX2. Each pup was anesthetized with isoflurane via a 

small nose cone, the sclera was pierced with a sharp-tipped glass pipette, and excess vitreous 

was drained. Another pipette filled with the AAV solution was inserted into the hole made 

by the first pipette. The pipette containing the AAV was attached to a picospritzer and a 

volume of approximately 1 μl of solution was injected into the eye. The nose cone used to 

administer isoflurane was then removed and, once alert, the pup was returned to the cage 

containing the dam and littermates.
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Electron microscopy (V1, PBG and retinogeniculate terminal ultrastructure)

One week following BDA injections, two weeks following V1 or PBG virus injections, 

and two-three weeks after intravitreal injections, mice were transcardially perfused with 

2% paraformaldehyde and 2% glutaraldehyde in 0.1M phosphate buffer at pH 7.4 (PB). 

The brains were removed from the skull and placed in the fixative solution overnight 

at 4°C. The next day, the brains were cut using a vibratome into coronal sections at a 

thickness of 70 μm. Sections from virus-injected animals were reacted with nickel-enhanced 

diaminobenzidine (DAB) immediately after sections were cut to prevent loss of enzyme 

activity. Sections from BDA-injected animals were placed overnight in a solution of avidin 

and biotinylated horseradish peroxidase (ABC solution, Vector Laboratories). The following 

day, after rinsing in PB, the sections were reacted with nickel-enhanced DAB.

Sections that contained DAB-labeled axons and terminals were postfixed in 2% osmium 

tetroxide, dehydrated in an ethyl alcohol series, and flat embedded in Durcupan resin 

between two sheets of Aclar plastic (Ladd Research, Williston, VT). Durcupan–embedded 

sections were first examined with a light microscope to select areas for electron microscopic 

analysis. Selected areas were mounted on blocks, ultrathin sections (60–80 nm, silver-gray 

interference color) were cut using a diamond knife, and sections were collected on Formvar-

coated nickel slot grids. Selected sections were stained for the presence of GABA. A 

postembedding immunocytochemical protocol described previously (Bickford et al. 2010; 

Zhou et al. 2018; Masterson et al. 2019) was employed. Briefly, we used a 0.25 μg/ml 

concentration of a rabbit polyclonal antibody against GABA (Sigma-Aldrich, St. Louis, MO, 

catalogue #A2052, RRID:AB_477652, immunogen was GABA conjugated to bovine serum 

albumin using glutaraldehyde; the GABA antibody shows positive binding with GABA 

and GABA-keyhole limpet hemocyanin, but not bovine serum albumin, in dot blot assays; 

manufacturer’s product information). In mouse tissue, the GABA antibody stains most 

neurons in the thalamic reticular nucleus and a subset of neurons in the dorsal thalamus 

and cortex. This labeling pattern is consistent with other GABAergic markers used in 

a variety of species (Fitzpatrick et al., 1984; Houser et al., 1980; Montera & Zempel, 

1985; Montero & Singer, 1984). The GABA antibody was tagged with a goat-anti-rabbit 

antibody conjugated to 15-nm gold particles (BBI Solutions USA, Madison, WI, catalogue# 

GAR12/0.25, RRID:AB_1769132). The sections were air dried and stained with a 10% 

solution of uranyl acetate in methanol for 30 minutes before examination with an electron 

microscope.

Images of DAB-labeled terminals involved in synapses were collected and the areas of the 

presynaptic profiles were measured using ImageJ software (RRID: SCR_002285). Other 

ultrastructural features, such as the presence or absence of dendritic inclusions within 

terminals, were noted. For presentation of ultrastructural features, electron microscopic 

images were imported into Adobe Photoshop software (San Jose, CA), and the brightness 

and contrast were adjusted.

Confocal microscopy (tectogeniculate and cholinergic terminal distributions)

Two weeks following SC virus injections, mice were transcardially perfused with 4% 

paraformaldehyde in PB. The brains were removed from the skull and placed in the 
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fixative solution overnight at 4°C. The next day, the brains were cut using a vibratome into 

coronal sections at a thickness of 70 μm, mounted on slides, and imaged using a confocal 

microscope.

Cholinergic brainstem projections to the dLGN were labeled via immunohistochemistry 

using brain sections from mice prepared as described above. Selected sections were washed 

with 0.3% Triton X-100 and 10% normal donkey serum (NDS) in phosphate buffered 

saline (PBS; 0.01M phosphate buffer with 0.9% NaCl) for 1 h, and incubated overnight 

(12 h) in a 1:100 dilution of a rabbit polyclonal antibody against vesicular acectylcholine 

transporter (vAChT; Synaptic Systems Cat# 139103, RRID: 887864) in 1% NDS in PBS. 

The immunogen for this antibody was a recombinant protein corresponding to AA 475 

to 530 from rat VAChT. The neurons and boutons labeled with this antibody correspond 

to those labeled previously using choline acetyl transferase antibodies (Deichler et al., 

2020; Sokhadze et al., 2022; Steinkellner et al., 2019). Following incubation in the VAChT 

antibody, the next day sections were incubated in a 1:100 dilution of a donkey-anti-rabbit 

antibody directly conjugated to a fluorescent compound, Alexa Fluor 647 (Cat#A32849, 

RRID: AB_2762840) for 1 h. After three rinses with PB for 10 min each, the sections 

were mounted on slides and imaged using a confocal microscope. Confocal images of SC 

projections and VAChT labeling were imported into Adobe Photoshop and inverted. The 

brightness and contrast were adjusted, and bubbles or other imperfections were removed to 

optimize presentation.

Material collected in previous studies

Measurements of BDA-labeled corticogeniculate terminals labeled in C57BL/6J mice, and 

images of the distribution of tectogeniculate terminals and VAChT terminals in C57BL/6J 

mice were previously collected and published (Bickford et al., 2015; Sokhadze et al., 2022).

Statistical analysis

GraphPad Prism (RRID: SCR_002798) was used for statistical analysis. For all results 

involving comparisons of more than two groups, Kruskal-Wallis tests were used to 

determine whether terminal sizes were significantly different. All graphs featured in the 

figures of the results section were produced with GraphPad Prism.

Results

Electron microscopy was used to obtain images of virus- or tracer-labeled terminals in the 

dLGN that were involved in synaptic connections. Retinogeniculate terminals (in wild type 

mice with intact retinal ganglion cells) were identified as profiles in which all mitochondria 

were labeled with a dark reaction product (Figure 1a,b). For all other projections, the tracer 

or virus injections resulted in a dark reaction product that filled the cytoplasm of axons and 

synaptic terminals with a dark reaction product which surrounded synaptic vesicles (Figures 

2, 5 and 7).
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Retinogeniculate terminals in WT mice

As previously described (Bickford et al., 2010), mouse retinogeniculate terminals were 

large profiles that synapse on the nonGABAergic dendrites of relay cells (Figure 1a,b, 

green) and the GABAergic dendritic terminals of interneurons (F2 profiles; Figure 1b, red). 

Postsynaptic dendrites often protruded into the retinogeniculate terminals (Figure 1a,b). 

For measurements of retinogeniculate profiles, any dendritic protrusions enclosed within 

the terminal profile were included in the area measurements. We found no significant 

difference in the sizes of virus-labeled retinogeniculate terminals ipsilateral (n = 113 

synaptic terminals; 2.956 ± 1.868 μm2) or contralateral (n = 105 synaptic terminals; 

2.798 ± 2.028 μm2) to the injected eye (Figure 3; Kruskal-Wallis, p > 0.9999). There 

was also negligible differences in the proportion of synapses on relay cells (ipsilateral 

88%; contralateral 87%) and interneurons (ipsilateral 12%; contralateral 13%), or in 

the proportion of retinogeniculate terminals that contained dendritic protrusions (38.5% 

of ipsilateral terminals contained protrusions; 34% of contralateral terminals contained 

protrusions).

Corticogeniculate terminals in WT, math5−/−, RPB4-cre and RPB4-cre/math5−/− mice

Following perinatal monocular enucleation, cortical inputs to the dLGN arise exclusively 

from V1 (Giasafaki et al., 2022; Grant et al., 2016). Thus, we labeled corticogeniculate 

terminals via V1 BDA injections in wild type and math5−/− mice. Our injections 

encompassed all cortical layers to include layer VI neurons that are normally the exclusive 

source of cortical input to the dLGN (Augustinaite & Kuhn, 2020), as well as layer V 

neurons which have been reported to abberantly innervate the dLGN after early postnatal 

monocular enucleation (Giasafaki et al., 2022; Grant et al., 2016). As previously described 

(Bickford et al., 2015) in wild type mice, corticogeniculate terminals are small profiles (n = 

74 synaptic terminals; 0.178 ± 0.0847μm2) with densely-packed round vesicles (RS profiles; 

Figure 2a). In mice devoid of retinal input (math5−/−), corticogeniculate terminals labeled 

via V1 BDA injections were also found to be RS profiles (Figure 2b–d; n = 240 synaptic 

terminals; 0.238 ± 0.123 μm2) that were similar in size to WT corticogeniculate terminals 

(Figure 3; Kruskal-Wallis, p = 0.0542). In both WT and math5−/− mice, corticogeniculate 

terminals were found to be significantly smaller than retinogeniculate terminals in wild 

type mice (Figure 3; Kruskal-Wallis, p < 0.0001). We also found that corticogeniculate 

terminals in wild type and math5−/− mice contained no dendritic protrusions and dendrites 

postsynaptic to these terminals contained no detectable levels of GABA (Figure 2a–d; 

green).

In the Rbp4-cre line, cre-recombinase is expressed in most layer V cortical neurons, and 

a subset of layer VI cortical neurons (Adesnik, 2018; Grant et al., 2016; Gensat Brain 

Atlas, gensat.org). This line has been used to demonstrate changes in cortical innervation 

of the dLGN following perinatal monocular enucleation (Giasafaki et al., 2022; Grant et 

al., 2016).Therefore, we also labeled V1 corticogeniculate projections in Rbp4-cre mice 

and Rbp4-cre/math5−/− mice. We placed virus injections in V1 to induce the expression of 

peroxidase in a cre-dependent manner. These injections resulted in the labeling of a large 

number of layer V cortical neurons and a small number of layer VI neurons (Figure 4a,e). 

In the injected mice, we found that the majority of labeled profiles in the dLGN of both 

Whyland et al. Page 7

J Comp Neurol. Author manuscript; available in PMC 2023 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://gensat.org


Rbp4-cre mice and Rbp4-cre/math5−/− mice were myelinated axons that coursed through 

the dLGN (Figure 4b,f; Figure 5c,d). As previously described for monocularly enucleated 

mice (Grant et al., 2016), in the Rbp4-cre/math5−/− mice we found that many of these 

axons assumed a more dorsal position, occupying the region of the missing optic tract 

fibers (wild-type: Figure 4f arrow, 5a; math5−/−: Figure 4d arrow; 5b). In the Rbp4-cre and 

Rbp4-cre/math5−/− mice, in addition to labeled myelinated axons, we were able to detect a 

small number labeled terminals that displayed RS morphology (Figure 5e; Rbp4-cre n= 10; 

Rbp4-cre/math5−/− n = 4) as well as unmyelinated axons that contained vesicles (Figure 5f).

Tectogeniculate terminals in WT, math5−/−, Rpb4-cre, and Rpb4-cre/math5−/− mice

In the Rbp4-cre mouse line, cre-recombinase is also expressed in subsets of subcortical 

neurons, including areas such as the superior colliculus (SC; Grant et al., 2016; Gensat 

Brain Atlas, gensat.org) which projects to the shell region of the dLGN (Bickford et al., 

2015). The presence of cre-recombinase in SC neurons in Rpb4-cre mice could explain why 

terminals are detected in the shell of the dLGN in Rpb4-cre mice crossed with reporter 

mice (Giasafaki et al., 2022; Grant et al., 2016). To test this, we labeled tectogeniculate 

projections in Rbp4-cre mice and Rbp4-cre/math5−/− mice by placing virus injections in the 

SC to induce the expression of fluorescent proteins in a cre-dependent or non-cre-dependent 

manner.

Cre-dependent virus injections in the SC of Rpb4-cre mice resulted in the labeling of subsets 

of neurons in the SC (Figure 4c) and sparse axons and boutons in the shell of the dLGN 

(Figure 4d, arrow). In Rbp4-cre/math5−/− mice, cre-dependent injections in the SC also 

labeled subsets of neurons in the SC (Figure 4g) and sparse axons and boutons in the shell of 

the dLGN (Figure 4h, arrow) which were similar in position and density to those labeled in 

Rpb4-cre mice. Moreover, non-cre-dependent virus injections placed in the SC of Rbp4-cre/

math5−/− mice resulted in a band of labeled terminals confined to the shell of the dLGN 

(Figure 6b), as in wild-type animals (Figure 6a; Bickford et al., 2015).

These results indicate that the SC is one source of terminals labeled in the dLGN of 

Rbp4-cre mice crossed with reporter mice (Giasafaki et al., 2022; Grant et al., 2016). 

Tectogeniculate terminals are large “driver-like” terminals (Bickford et al., 2015) and 

therefore could account for some of the previously noted “retinogeniculate replacement 

terminals”. However, large terminals are not confined to the dLGN shell in math5−/− mice 

(El-Danaf et al., 2015), while we found that tectogeniculate terminals remain confined to the 

shell in math5−/− mice. Thus, additional sources of input likely contribute to the population 

of “retinogeniculate replacement terminals” observed in mice lacking retinal input.

Pedunculopontine tegmentum terminals in the dLGN of WT and math5−/− mice

Next, to examine the morphology and distribution of terminals that originate from the 

pedunculopontine tegmentum (PPT), we stained dLGN sections with antibodies against the 

vesicular acetylcholine transporter (VAChT), which we identified as a specific marker for 

this projection (Sokhadze et al., 2022). As illustrated in Figure 6 (c,d), in both wild type and 

math5−/− mice, the VAChT antibody labels diffusely distributed small puncta. Thus, the PPT 

is not a source of “retinogeniculate replacement terminals”.
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Parabigeminal terminals in the dLGN of WT and math5−/− mice

Finally, we explored the parabigeminal nucleus (PBG) as a source of “retinogeniculate 

replacement terminals” since previous studies of Chat-cre and Chat-cre/math5−/− mice 

indicate significant plasticity in the PBG-dLGN projection (Sokhadze et al., 2018). As 

described in detail in Sokhadze et al. (2018), virus injections in the PBG of WT mice 

primarily label terminals in the contralateral dLGN, where they are most densely distributed 

in the shell; terminals in the ipsilateral dLGN are extremely sparse and confined to a small 

dorsomedial patch. However, in math5−/− mice the PBG projection expands and both the 

contralateral and ipsilateral dLGN are filled with a dense distribution of terminals.

At the ultrastructural level, in both wild type and math5−/−mice, labeled PBG terminals 

engaged in synapses were generally large profiles that often contained dendritic protrusions 

(Figure 7a–c). Indeed, these terminals resembled the previously described “retinogeniculate 

replacement terminals” observed in anophthalmic, microphthalmic, enucleated, as well as 

math5−/− mice (Cullen & Kaiserman-Abramof, 1976; El-Danaf et al., 2015; Kaiserman-

Abramof, 1983; Winkelmann et al., 1985). In fact, labeled PBG terminals in both C57Blk6 

mice (Figure 7c, contralateral dLGN n = 321; 1.177±0.725 μm2) and math5−/− mice (Figure 

7a, ipsilateral dLGN n = 164; 1.812 ± 1.395 μm2, Figure 7b, contralateral dLGN n = 153; 

1.381 ± 0.893 μm2) were found to be significantly larger than corticogeniculate terminals in 

wild type and math5−/− mice (Kruskal-Wallis, p<.0001).

As a population, PBG terminals were significantly smaller than retinogenicuate terminals 

(Figure 8; Kruskal-Wallis, p <.0001). However, there was considerable overlap in the 

sizes of these terminal populations, with many PBG terminal profiles reaching the size 

of the largest retinogeniculate terminal profiles and/or exceeding the size of the smaller 

retinogeniculate terminal profiles. This was especially evident for PBG terminals in 

math5−/− mice (Figure 9, ipsilateral and contralateral measurements combined). In addition, 

a large proportion of PBG terminals in both wild type (35.8%) and math5−/− (55.5%) mice 

contained dendritic protrusions.

Although there was no significant difference in the sizes of contralateral PBG terminals 

in the dLGN of wild type versus math5−/− mice (Figure 10; Kruskal-dWallis, p=.1270), 

ipsilateral PBG terminals in the dLGN of math5−/− mice were found to be significantly 

larger than contralateral PBG terminals in the dLGN of wild type mice (Figure 10; Kruskal-

Wallis, p < 0.0001).

Discussion

To identify the source of “retinogeniculate replacement terminals”, we compared all sources 

of nonGABAergic input to the dLGN in mice with and without retinofugal input. While 

previous reports have suggested that layer V cortical neurons provide an anomolous 

source of input following monocular or binocular enucleation (Frangeul et al., 2016; 

Giasafaki et al., 2022; Grant et al., 2016), we found no differences in the ultrastructure 

of corticogeniculate terminals in wild type versus math5−/− mice. We also found no changes 

in overall pattern of tectogeniculate or PPT projections in wild type versus math5−/− mice. 

In contrast, terminals that originate from the PBG expand their innervation territory in the 
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dLGN of math5−/− mice (Sokhadze et al., 2018) and these terminals exhibit characteristics 

of retinal terminals in both wild type and math5−/− mice; i.e. synapses on dendrites that 

protrude into large terminals filled with round synaptic vesicles and multiple mitochondria. 

We conclude that projections from the PBG expand to fill the vacancies left by the lack 

of retinal ganglion cell input in the dLGN of math5−/− mice and are the likely source of 

“retinogeniculate replacement terminals” previously observed in this mouse line (El-Danaf 

et al, 2015).

Corticogeniculate input in the absence of retinogeniculate input

Previous studies in math5−/− mice have indicated that the lack of retinogeniculate input 

results in changes in the timing of corticogeniculate innervation (Brooks et al., 2013; 

Seabrook et al., 2013). Normally, corticogeniculate axons begin to innervate the dLGN 

at P3 and complete their innervation by the second postnatal week, the time of natural eye 

opening. However, in math5−/− mice, corticogeniculate innervation is accelerated, beginning 

at P0, with completion by the end of the first postnatal week. This effect has been 

shown to be regulated by the expression of the chondroitin sulfate proteoglycan (CSPG), 

aggrecan. Aggrecan, a repulsive CSPG, is transiently expressed in the developing dLGN, 

showing enriched levels at early postnal ages, and inhibiting cortical axons from prematurely 

entering. Postnatal loss of aggrecan from dLGN coincides with upregulation of aggrecanase 

expression and the age-related progression of corticogeniculate innervation. However, in the 

absence of retinal input aggrecan expression is low and aggreganases high, allowing for the 

accelerated innervation of corticogeniculate input.

Here we found that the change in the timing of corticogeniculate innervation in math5−/− 

mice does not result in any differences in the ultrastruture of corticogeniculate synapses, 

since we found no difference in the sizes of corticogeniculate teminals in wild-type versus 

math5−/− mice. Moreover, the only changes we observed in V1 projections labeled in a 

cre-dependent manner in RpB4-cre and Rpb4-cre/math5−/− mice was the change in the 

position of axons that course through the dLGN en route to other targets.

These results seem at odds with previous studies using RpB4-cre mice crossed with 

reporter lines to demonstrate changes in cortical innervation patterns following monocular 

enucleation (Giasafaki et al., 2022; Grant et al., 2016). Although a subset of tectogeniculate 

cells contain cre-recombinase in the Rpb4-cre line, we found no apparent expansion of 

tectogeniculate projections in math5−/− mice. Moreover, cre-dependent virus injections in 

V1 of RpB4-cre mice that received monocular or binocular enucleation have demonstrated 

changes in both V1 innervation of the dLGN and activation of dLGN neurons (Frangeul et 

al., 2016; Giasafaki et al., 2022; Grant et al., 2016). Thus, these discrepancies may pertain 

to the use of early postnatal enucleation versus the use of math5−/− mice as a means to 

achieve a genetic form of deafferentation. This suggests that changes in corticogeniculate 

innervation are not induced by the lack of retinal input per se, but may be caused by other 

mitigating factors. Indeed, inflammation brought about by retinal degeneration and/or the 

disruption of genes associated with axon guidance, neuronal migration, and synaptogenesis 

(Frangeul et al., 2016; Giasafaki et al., 2022) could produce changes in corticogeniculate 

innervation patterns that are not detected in math5−/− mice.
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Comparison of synaptic terminals that originate from the retina and the PBG

Besides their size and comparable synaptic arrangements, there are additional similarities 

between synaptic terminals that originate from the retina and the PBG. First, both 

projections are bilateral and enter the dLGN via the optic tract. In mice with intact 

retinofugal projections, the contralateral PBG projection reaches the dLGN via axons that 

travel rostrally, cross to the contralateral side in the supraoptic decussation, and enter the 

dLGN via the optic tract (Sokhadze et al., 2018; Watanabe & Kawana, 1979). The ipsilateral 

PBG projection similarly travels in the optic tract to innervate a small dorsomedial region 

of the dLGN. Therefore, although the ipsilateral projection from the PBG to the dLGN is 

normally quite restricted, pathways to access both the ipsilateral and contralateral dLGN 

are normally present in wild type mice. In math5−/− mice, the PBG axons follow a similar 

trajectory to cross the midline in the supraoptic decussation, but in the absence of an optic 

tract they traverse the thalamus to target the dLGN (Sokhadze et al., 2018).

PBG and retinal projections are also similar in that both PBG cells and retinal ganglion cells 

express the type 2 glutamate transporter (vGLUT2; Steinkellner et al., 2019). Therefore, 

like retinal terminals, PBG terminals probably release glutamate from the abundant round 

synaptic vesicles contained within them. PBG innervation may account for at least some 

of the vGLUT2-positive puncta in the dLGN that remain in math5−/− and enucleated 

mice (Bhandari et al., 2022; El-Danaf et al., 2015). PBG cells also express choline acetyl 

transferase (ChAT), but do not express the vesicular acetylcholine transporter (VAChT; 

Sokhadze et al., 2022). Similarly, VAChT mRNA is undetectable in a subdivision of the 

avian PBG homologue (nucleus isthmi parvocellularis) where ChAT mRNA is colocalized 

with vGLUT2 mRNA (González-Cabrera et al., 2015). Therefore, it is unclear whether PBG 

terminals co-release glutamate and acetylcholine.

Interestingly, we found no evidence for plasticity in other brainstem projections. 

Tectogeniculate projections normally form large “driver-like” terminals that converge with 

retinal terminals to innervate single neurons in the shell of the ipsilateral dLGN (Bickford 

et al., 2015). In math5−/− mice, tectogeniculate terminals remain confined to the dorsal and 

lateral regions of the ipsilateral dLGN and do not appear to expand their innervation territory 

to the dLGN core or the contralateral dLGN. Likewise, we found no differences in PPT 

projections labeled using immunocytochemistry in wild type and math5−/− mice. Thus, the 

plasticity of the PBG-dLGN projection appears to be unique.

Implications for retinal reinnervation of the dLGN

The mechanisms underlying the expansion of the PBG pathway are of potential interest 

for studies interrogating potential treatments for diseases or trauma that result in retinal 

degeneration. “Retinal replacement terminals” have been identified in mice enucleated as 

late as 20 days after birth (Cullen & Kaiserman-Abramof, 1976). Therefore, strategies 

to regenerate retinal innervation of the dLGN should consider potential competition from 

remodeled synaptic circuits. On the other hand, it is unknown whether “retinal replacement 

terminals” are present in other species. In most species, the PBG projections are segregated 

in discrete regions of dLGN (e.g., C-laminae of carnivores, koniocellular layers of primates; 
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Harting et al., 1991), and it is unclear whether these terminals can expand into other areas of 

the dLGN following the loss of retnal input.

Implications regarding cross modal plasticity

The function of the expanded PBG-dLGN projection in the absence of retinal input is 

currently unclear. Normally, the PBG receives all of its input from the visual layers of 

the superior colliculus (Deichler et al., 2020; Shang et al., 2015; Whyland et al., 2020), 

and PBG neurons respond to moving visual stimuli(Cui & Malpeli, 2003; Ma et al., 

2013; Reinhard et al., 2019). In the absence of retinal input, the superior colliculus could 

potentially transmit auditory or somatosensory signals to the PBG which could be relayed 

to the dLGN (Basso et al., 2021; Stevenson & Lund, 1982). The dLGN could then relay 

these other sensory modalities to the cortex. The transmission of anomalous inputs to the 

visual cortex in the absence of retinal input has been noted in several previous studies 

(Izraeli et al., 2002; Kahn & Krubitzer, 2002; Piché et al., 2007; Yaka et al., 2000), and 

the identification of the PBG as a source of “retinal replacement terminals” in the dLGN 

suggests that subcortical pathways may be involved in this transfer of nonvisual sensory 

signals to the visual cortex.
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Figure 1: Retinogeniculate terminals in WT mice.
Electron micrographs illustrate ipsilateral (a) and contralateral (b) retinogeniculate terminals 

(blue overlay) labeled via monocular virus injections in C57Blk6 mice that induced the 

expression of peroxidase in mitochondria (white asterisks). The tissue was stained to detect 

GABA with gold particles. Unlabeled retinogeniculate terminals contain pale mitochondria 

(black asterisks, a). Retinogeniculate terminals both contain and synapse (black arrows) on 

the dendrites of nonGABAergic thalamocortical cells (a, green overlay, identified by a low 

density of gold particles) that often protrude into the terminals. Retinogeniculate terminals 

also contact the dendritic terminals of GABAergic interneurons (b, F2 profiles, red overlay, 

GABA content identified by a high density of overlying gold particles). The illustrated F2 

profile synapses (black arrow) on a thalamocortical cell dendrite (green overlay, identified 

by a low density of overlying gold particles). Scale bar = 1 μm and applies to both panels.
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Figure 2: Corticogeniculate terminals in WT and math5−/− mice.
Electron micrographs illustrate corticogeniculate terminals labeled via V1 BDA injections 

in C57Blk6 (a) and math5−/− (b-d) mice. The tissue was stained to detect GABA with gold 

particles. In both WT and math5−/− mice, V1 terminals are small profiles that contain round 

synaptic vesicles (RS profiles) that synapse (white arrows) on thalamocortical cell dendrites 

(green overlay, low density of gold particles). In the electron micrograph illustrating the WT 

corticogeniculate terminal, an adjacent unlabeled retinal terminal (blue overaly, identified 

by its pale mitochondria, black asterisks) also contacts (black arrow) a thalamocortical cell 

dendrite (green overlay). Scale bar = 800nm and applies to all panels.
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Figure 3: 
Retinogeniculate terminals in C57Blk6 (WT) mice are significantly larger than 

corticogeniculate terminals in WT mice and math5−/− mice (**** p < 0.0001). There is 

no significant difference in the size of ipsilateral and contralateral retinogeniculate terminals 

in WT mice and no significant difference in the sizes of corticogeniculate terminals in WT 

and math5−/− mice (ns).
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Figure 4: Cre-dependent V1 and SC projections to the dLGN of Rpb4-cre and Rpb4-cre/
math5−/− mice.
Cre-dependent (cell-filling) virus injections in V1 in Rpb4-cre (a,b) and Rpb4-cre/ math5−/− 

mice (e,f) labeled a dense population of cells in layer V that extended dendrites into 

layers I-IV, a smaller population of cells in layer VI, dense population of terminals in the 

ipsilateral pulvinar (PUL) and ventral lateral geniculate nucleus (vLGN), and axons that 

course through the ipsilateral dorsal lateral geniculate nucleus (dLGN). In Rpb4-cre mice, 

most labeled axons avoid the optic tract (b, arrow). In Rbb4-cre/ math5−/− mice, the position 

of many of the labeled axons shifted dorsally to occupy the position of the missing optic 
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tract (f, arrow). Cre-dependent (cell-filling) virus injections in the SC of Rpb4-cre (c,d) 

and Rbb4-cre/math5−/− mice (g,h) labeled subpopulation of cells in the stratum griseum 

superficiale (SGS), stratum griseum intermediale (SGI) and stratum griseum profundum 

(SGP) and a sparse population of terminals in the ipsilateral dorsolateral shell of the dLGN 

(d,h arrows). Scale in a = 500 μm and also applies to e. Scale in h = 100 μm and also applies 

to b-d and f-g.
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Figure 5: 
Electron micrographs illustrate the ultrastructure of the dLGN in Rpb4-cre mice (a,c,e) and 

Rpb4-cre/Math5−/− mice (b,d,f) that received cre-dependent (cell-filling) virus injections 

in the ipsilateral V1. In Rpb4-cre mice, the optic tract at the dorsal surface of the dLGN 

is a thick layer of unlabeled myelinated axons (a). In Rpb4/math5−/− mice, the dorsal 

surface of the dLGN contains labeled axons in the location of the missing optic tract 

(b). Labeled axons course through the body of the dLGN in both Rpb4-cre (c) and 

Rpb4/math5−/− (d) mice. In both Rpb4-cre and Rpb4-cre/math5−/− mice, sparse labeled 

terminals that displayed RS morphology (e, white arrow indicates synapse, RPb4-cre) 

and unmyelinated fibers that contained vesicles (f, white arrow Rpb4-cre/math5−/−) were 

occasionally observed. Scale bars: a = 8 μm, b= 2 μm, c = 4 μm, d = 2 μm, e = 800 nm, f = 1 

μm.
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Figure 6: SC and PPT projections to the dLGN of WT and math5−\− mice.
Tectogeniculate projections labeled via virus injections in the ipsilateral SC innervate the 

dorsolateral shell of the dLGN in WT (a; from Bickford et al. 2015) and math5−\− mice (b). 

An antibody against the vesicular acetylcholine transporter labels small diffusely distributed 

terminals in both WT (c; from Sokhadze et al. 2022) and math5−\− mice (d). Scale in a = 100 

μm and also applies to b. Scale in c = 50 μm and also applies to d.
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Figure 7: PBG terminals in the dLGN of WT and math5−/− mice.
Electron micrographs illustrate the ulstrastructure of dLGN terminals labeled via unilateral 

PBG (cell-filling) virus injections in math5−/− (a, ipsilateral dLGN c, contralateral dLGN) 

and C57Blk6 mice (c, contralateral dLGN). PBG terminals in the dLGN are large profiles 

that often contain and synapse (white arrows) on dendrites (green overlay) that protrude into 

the labeled terminals. Scale bar = 800nm and applies to all panels.
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Figure 8: 
Retinogeniculate terminals in C57Blk6 (WT) mice are significantly larger than PBG-dLGN 

terminals in math5−\− mice (**** p < 0.0001). There is no significant difference in the 

size of ipsilateral and contralateral retinogeniculate terminals in WT mice (ns). Ipsilateral 

PBG-dLGN terminals are significantly larger than contralateral PBG-dLGN terminals in 

math5−\− mice (** p = 0.0083).
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Figure 9: 
There is little overlap in the sizes of retinogeniculate terminals in C75Blk6 mice (blue, 

ipsilateral and contralateral measurements combined) and corticogeniculate terminals 

in math5−\− mice (green). However, there is considerable overlap in the sizes of 

retinogeniculate terminals in C57Blk6 mice and PBG-dLGN terminals in math5−\− mice 

(red, ipsilateral and contralateral measurements combined).
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Figure 10: 
Ipsilateral PBG-dLGN terminals in math5−\− mice are significantly larger than contralateral 

PBG-dLGN terminals in both C57Blk6 (WT) and math5−\− mice (** p = 0.0038; **** p 

< 0.0001). There is no significant difference between contralateral PBG-dLGN terminals in 

WT mice and contralateral PBG-dLGN terminals in math5−\− mice (ns).
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