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In terms of mechanisms and roles of visual processing, primary visual cortex (V1) has been studied 

with more emphasis than subcortical areas. However, there are a lot of subcortical areas involved in visual 

processing, including other areas receiving direct retinal inputs, superior colliculus (SC; homologous to 

tectum in non-mammalians) and dorsolateral geniculate nucleus (dLGN), and the visual thalamic nuclei 

interconnecting the visual cortex and the SC/LGN, such as lateral posterior nucleus (LP) and thalamic 

reticular nucleus (TRN). Here, we focus on the two areas receiving the largest fraction of retinal input, i.e. 

SC and dLGN. 

Several key aspects of visual processing in V1, such as orientation selectivity, (orientation-selective) 

surround suppression and binocular integration and ocular dominance (OD) plasticity may already occur in 

subcortical areas. For the dLGN, this has already been shown for all these aspects, apart from OD plasticity. 

For superficial SC (SSC), there has been evidence for some of these aspects, like orientation selectivity and 

surround suppression. Both dLGN and SSC receive input from the deep layers of visual cortex and could 

thus inherit some of these features from V1. On the other hand, V1 may receive these features in the rodent 

from the dLGN or LP, and both these areas may receive these features from the SSC. 

In this thesis, we have studied the aforementioned aspects of visual processing in subcortical visual 

system of the mouse, a mammal with a neocortex, small but not simple. Although, there are differences 

between functional and structural features of visual circuits in mice and primates like humans, there are a 

lot of similarities between these two. Therefore, the study of one may help us to also understand visual 

processing in the other. 

 

 Structure and Connectivity of Early Visual System 
In order to understand the possible roles of the subcortical visual areas, we need to know the structure 

and connectivity within and between subcortical areas as well as their connections with cortical areas. 

The SC is located in the midbrain and the dLGN in thalamus. In rodents, both SSC and dLGN are the 

major direct target areas of retinal ganglion cells (RGCs). In primates, the superior colliculus may receive 

less input compared to dLGN, as it is smaller (relative to dLGN) in those species. In mice, in terms of the 

cell-types of the RGCs projecting to these two target areas, there is not a clear difference, meaning there is 

a high overlap between these two groups of the RGCs (Ellis, Gauvain, Sivyer, & Murphy, 2016). The SC 

also projects to the dLGN as well as to LP and these two areas project to the V1 and higher order visual 

areas. There are also feedbacks between these areas (i.e. SC, dLGN, LP and V1) making several loops in 

visual circuits: SC→LP→V1→SC, LP→V1→LP, dLGN→V1→dLGN, SC→dLGN→V1→SC. Figure 1 

demonstrates the schematic of the connections. 
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Figure 1 Retinal projections to SC and dLGN and the loops between the SC, dLGN, LP and V1. Double arrows 
indicate reciprocal connectivity. 

There are more of these kind of loops in the visual circuits and their role in visual processing and 

visual-guided behavior is not clear yet. Figure 2 depicts the complexity of the inter- and intra- hemispheric 

connections in the subcortical visual system, including areas receiving (sending) inputs from (to) SC or 

dLGN, which are the focus of this thesis. 
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Figure 2 Inputs and outputs of dLGN and SC. Double arrows indicate reciprocal connectivity (adapted 
from http://webvision.med.utah.edu/imageswv/SauveFig6.jpg). CG: central gray area of brainstem, dLGN: 
dorsolateral geniculate nucleus, DR: dorsal raphe nucleus, IGL: intergeniculate leaflet, LC: locus coeruleus, LP: 
lateral posterior thalamic nucleus, PBG: parabigeminal nucleus, Pn: pons, RTN: reticular thalamic nucleus, SC: 
superior colliculus, vLGN: ventrolateral geniculate nucleus. 

 

Elementary Visual Processing in V1 
Orientation/Direction Selectivity 

Neurons in the visual system may highly respond to edges with a specific orientation and less to other 

orientations, a phenomenon that Hubel and Wiesel discovered in V1, by extracellular recording of single-

units in anesthetized cats (Hubel & Wiesel, 1959). They also found some direction selective cells which 

had a higher response to one direction and less to the opposite one. After that many studies have found 

orientation and direction selective cells in V1 of other animals, including primates and rodents (Priebe, 

2016). 

Moreover, in V1 of primates and carnivores, the cells with the same preferred orientation (the 

orientation to which a neuron has the most response) are vertically and horizontally well-organized. Hubel 

and Wiesel discovered orientation columns in V1 of cats, which means that V1 neurons at the same 

http://webvision.med.utah.edu/imageswv/SauveFig6.jpg
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horizontal (i.e. tangential to the cortical surface) location, but at different depths have the same preferred 

orientation (Hubel & Wiesel, 1963). Later the same organization was also found in primates (Hubel & 

Wiesel, 1968). However, obtaining a horizontal map of orientation preference was not possible without 

high resolution in-vivo imaging of the visual cortex. Blasdel and Salama using voltage sensitive dye 

(merocyanine oxazolone) imaging discovered that V1 of monkeys contains multiple pinwheels where 

columns for all orientations come together in a single point, in way that one cycle of orientation preference 

gradually changes around each pinwheel (Blasdel & Salama, 1986). Later, using other imaging techniques, 

the multi-pinwheel structure of iso-orientation neurons was also reported in other primates (Yacoub, Harel, 

& Ugurbil, 2008), carnivores (Bonhoeffer & Grinvald, 1991; Weliky, Bosking, & Fitzpatrick, 1996) and 

tree shrew (Bosking, Zhang, Schofield, & Fitzpatrick, 1997). However, V1 of rodents lacks orientation 

columns and pinwheels (Kondo, Yoshida, & Ohki, 2016; Ohki, Chung, Ch’ng, Kara, & Reid, 2005; Van 

Hooser, Heimel, Chung, & Nelson, 2006) and indeed orientation preference appears to vary randomly 

across V1. 

 

Surround Suppression 
Surround suppression is a well-known phenomenon occurring across the visual system of primates 

(Jones, Grieve, Wang, & Sillito, 2001) and rodents (Self et al., 2014). Surround suppression means that 

visual response of a neuron to stimuli in its receptive field (RF) is suppressed when it is exposed to large 

size stimuli. Some of the surround suppression in V1 is generated by lateral inhibition of interneurons, 

especially somatostatin-expressing cells (Adesnik, Bruns, Taniguchi, Huang, & Scanziani, 2012). 

However, more needs to be known about the possible subcortical mechanisms of the surround suppression 

in V1. 

The amount of surround suppression also depends on how much the surround is different from the 

center. One of the features which can make the surround different from the center is the texture orientation. 

If the surround suppression varies by how much the orientation in the surround is different from that in the 

center, in a way that higher similarity between center and surround makes more suppression, the surround 

suppression is called, orientation-selective surround suppression. Indeed, some of the V1 neurons show 

orientation-selective surround suppression. When the orientation of gratings in the surround is orthogonal 

to the orientation of a grating in the center (cross-orientation), V1 neurons with the RF in the center are less 

suppressed, compared to when the gratings of surround and center have the same orientation (iso-

orientation), not only in carnivores and primates (Gilbert & Wiesel, 1990; Rossi, Desimone, & Ungerleider, 

2001; Schallmo, Grant, Burton, & Olman, 2016), but also in rodents (Self et al., 2014), which lack 

orientation columns. Psychophysical experiments have shown that this neuronal phenomenon matches the 

perception as well; i.e. when a center stimulus is embedded in a surround with similar features, it is hard to 

recognize. However, if the surround has features that are different from the center, then the center and its 

features are easier to recognize (Nguyen & McKendrick, 2016). 
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Binocular Integration and OD Plasticity 
Plasticity is the adjustment of neuronal connectivity. V1 is one of the most studied brain areas for the 

experience-dependent plasticity. Ocular dominance (OD) plasticity means the changes in preference of 

neuronal responses to input from one eye to the other. OD plasticity is one of the best studied examples of 

plasticity in V1. One of the reasons was the existence of binocular neurons (the neurons which respond to 

both eyes) and OD columns (columns that respond preferentially to input from one eye or the other) in V1 

of carnivores (Hubel & Wiesel, 1962) and primates (Adams, Sincich, & Horton, 2007; Cheng, Waggoner, 

& Tanaka, 2001; Hubel & Wiesel, 1968; Hubel, Wiesel, & LeVay, 1977). The other reason was the belief 

in lack of plasticity and binocular cells in dLGN of these animals (Chapman, Jacobson, Reiter, & Stryker, 

1986; Hubel & Wiesel, 1963), which restricted the potential mechanisms underlying V1 OD plasticity to 

the V1 cellular networks. 

Critical periods of plasticity are phases of enhanced plasticity with ease of learning. A critical period 

also exists for OD plasticity. This period varies between species, however (at least) in mammals it starts 

shortly after eye opening and after the beginning of visual experience. The opening and closure of the 

critical period of OD plasticity depends on the amount of GABAergic inhibition (Heimel, van Versendaal, 

& Levelt, 2011) and maturation of specific inhibitory circuits such as parvalbumin-expressing cells 

(Kuhlman et al., 2013; Sugiyama et al., 2008) and fast synaptic inhibition through GABAA α1-subunit 

containing receptors (Fagiolini, Pizzorusso, Berardi, Domenici, & Maffei, 1994) in V1 (Levelt & Hübener, 

2012). 

Monocular deprivation (MD) (by suturing eye-lids of one eye together) is a common way to induce 

OD plasticity. Hubel and Wiesel showed that in cats after long-term MD, the cells in V1 which normally 

respond more the deprived eye, show higher response to the underived eye (Hubel & Wiesel, 1963). This 

phenomena is called an OD shift. Later, Chapman et al. showed that patterned vision is not necessary for 

OD plasticity, but an imbalance between spontaneous activity of the two eyes is enough for an OD shift in 

V1 to occur (Chapman et al., 1986). The OD plasticity and OD shift caused by MD is not limited to primates 

and carnivores, but also occurs in rodents (Gordon & Stryker, 1996). 

 

Visual Processing and Plasticity in the dLGN 
It is commonly thought that the dLGN is just a thalamic nucleus receiving the retinal inputs and 

relaying the visual information to the VC for further processing (Sherman & Guillery, 2002). Recent 

studies, however, have shed light on the visual processing in the dLGN that goes beyond just relaying the 

information. For instance, in squirrel, some orientation selectivity (that was previously considered a V1 

property) already occurs in the dLGN (Zaltsman, Heimel, & Van Hooser, 2015). In mice, almost 40% of 

dLGN neurons have orientation selectivity which is independent from the cortical feedback (X. Zhao, Chen, 

Liu, & Cang, 2013). However, it seems that a part of orientation selectivity comes from retina and a part is 
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computed within the dLGN (X. Zhao, Chen, Liu, & Cang, 2013). Moreover, dLGN cells receiving inputs 

from direction selective RGCs, sharpen the retinal direction selectivity (Marshel, Kaye, Nauhaus, & 

Callaway, 2012) and deliver the direction- and orientation-tuned information to the superficial layers of the 

V1 (Cruz-Martín et al., 2014). Like many V1 neurons, dLGN neurons are also suppressed by large visual 

stimuli extending out of their receptive field (RF) (Erisken et al., 2014). RFs of dLGN neurons are in the 

same size range as RFs of the V1 (Durand et al., 2016; Roth et al., 2016). Moreover, there is integration of 

the input of the two eyes. Howarth et al. showed that most of the ipsilateral-eye responsive cells in mouse 

dLGN also respond to contralateral eye (Howarth, Walmsley, & Brown, 2014). The binocularity of dLGN 

cells is not restricted to rodents, but also exists in primates. Using multi-channel recordings of single units 

in the dLGN of anesthetized marmoset monkeys, Zeater et al. showed that in the koniocellular division of 

primate dLGN, cells are also binocular, i.e. they are responsive to both eyes (Zeater, Cheong, Solomon, 

Dreher, & Martin, 2015). Also very recently, by rabies injections in dLGN, the single-cell-initiated 

transsynaptic tracing showed dLGN cells with inputs from both eyes (Rompani et al., 2017). These findings 

are in contrast to the traditional beliefs of not having any interaction between the ipsilateral and contralateral 

eyes in the dLGN. Indeed, they open the possibility of having competition between the inputs of the two 

eyes in the dLGN, especially during the ocular dominance critical period and therefore existence of ocular 

dominance plasticity in the dLGN, which may even have an impact on ocular dominance plasticity in V1. 

 

Visual Processing and Plasticity in the SSC 
SC (called optic tectum in non-mammals) is an evolutionarily ancient midbrain area, well-known for 

target selection, orienting behavior and directing eye movements and has a key role in brain attentional 

networks (Syka & Radil-Weiss, 1971; White, Kan, Levy, Itti, & Munoz, 2017; Wurtz & Goldberg, 1972).  

In rodents, the medial part of the SC is more engaged in innate defensive behavior and the lateral part in 

approach behavior and hence, it is a vital brain region for survival (Comoli et al., 2012; Redgrave, 

Odekunle, & Dean, 1986; Savage, McQuade, & Thiele, 2017; Westby, Keay, Redgrave, Dean, & Bannister, 

1990). The role of SC in defensive behavior is not limited to rodents, but also has been reported in primates 

(DesJardin et al., 2013). 

The SC consists of three major parts: superficial SC (SSC) which is purely visually responsive, 

intermediate SC which is tactile, auditory and multisensory and deep SC which is more involved in motor 

commanding (Behan, Steinhacker, Jeffrey-Borger, & Meredith, 2002). There is a lot of inhibitory and 

excitatory feedback from the intermediate SC to the SSC (Phongphanphanee et al., 2014). As the SSC is 

most involved in visual processing, it is the focus of this thesis. The SSC consists of three layers, upper 

stratum griseum superficiale (uSGS), lower stratum griseum superficiale (lSGS) and optic tectum (OT) 

(although some studies consider the upper 50 µm of the uSGS as ZO and the rest as the uSGS) (May, 2006).  

There is a lot of GABAergic inhibition and GABAA, GABAB, and GABAC receptors are abundant (Behan 

et al., 2002; May, 2006). Also there is a huge glycinergic inhibitory network with a lot of glycinergic 
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receptors in the SSC (Iwamoto, Kaneko, Yoshida, & Shimazu, 2009; Pourcho, Goebel, Jojich, & Hazlett, 

1992). 

In terms of visual processing and feature-selectivity, there are some differences between the primates 

and rodents. In the rodent SSC, there are a lot of orientation/direction selective cells (Inayat et al., 2015; L. 

Wang, Sarnaik, Rangarajan, Liu, & Cang, 2010), whereas primates’ SSC does not show so much 

orientation/direction selectivity (Davidson & Bender, 1991; P. Schiller & Koerner, 1971) (although there 

is one report of relatively high direction selectivity in marmoset monkeys (Tailby, Cheong, Pietersen, 

Solomon, & Martin, 2012)). In the SSC of carnivores like cats there are also orientation/direction selective 

neurons. However, their selectivity is significantly weaker than that of V1 neurons (Li, Wang, Wang, & 

Diao, 1996). Surround suppression has been also studied in the SSC. In rodents, as in primates, SSC neurons 

show surround suppression, meaning that their activity is suppressed when they are exposed to large size 

stimuli (Davidson & Bender, 1991; Wang, Sarnaik, Rangarajan, Liu, & Cang, 2010). Interestingly, the cells 

in monkey SC are less suppressed if the surround has a different direction/orientation of movement 

(Davidson & Bender, 1991). 

The feature-selectivity in the rodents seems to be more similar to that in vertebrates without a 

neocortex (e.g birds and fish). Hunter et al. reported high orientation/direction selectivity in the superficial 

optic tectum of zebrafish (Hunter, Lowe, Thompson, & Meyer, 2013). A lesion in the optic tectum of 

chickens causes a loss of orientation discrimination in behavior (Knudsen, Schwarz, Knudsen, & Sridharan, 

2017). Surround suppression also has been reported in the optic tectum of both fish (Del Bene et al., 2010) 

and birds (Dutta, Wagner, & Gutfreund, 2016). 

There is a large binocular domain in the SSC receiving inputs from both eyes (P. Schiller & Koerner, 

1971; Zhang, Ackman, Xu, & Crair, 2011) and there are several reports of OD plasticity (Hoffmann & 

Cynader, 1977; Hoffmann & Sherman, 1974). Moreover, as the SSC of rats is involved in short-term 

memory for orienting behaviors (Kopec, Erlich, Brunton, Deisseroth, & Brody, 2015), there is a possibility 

that there is more experience-dependent plasticity in the SSC of rodents. 

However, about the mechanisms of the orientation/direction selectivity, surround suppression and 

orientation-selective surround suppression not much is known in mice. There are many questions to be 

answered. For instance, are there any orientation columns, and if so, then is there a horizontal iso-orientation 

map? How is the orientation/direction selectivity in the SSC formed and tuned? Where does the surround 

suppression come from and how it is affected by external inputs and internal inhibition? Is there an 

orientation-selective surround suppression and if so, what is the mechanism? 

 

Interdependence of Visual Processing in V1 and Subcortical Regions 
LP is more involved in multisensory processing and attentional modulation of sensory inputs than the 

dLGN is (Benarroch, 2015; Snow, Allen, Rafal, & Humphreys, 2009; Xuan et al., 2016). It is a complex 
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nucleus with visual, auditory and multisensory information connecting the SC to V1 and extrastriate cortical 

areas and getting feedback from them (Benarroch, 2015; Casanova & Molotchnikoff, 1993; Weyand & 

Swadlow, 1986). Experiments done in monkeys have shown that silencing LP by muscimol (agonist of 

GABAA receptors) silences V1 (Purushothaman, Marion, Li, & Casagrande, 2012). In a monkey study, a 

reduction (but not silencing) of V4 activity was seen by silencing the LP (Zhou, Schafer, & Desimone, 

2016). In another monkey study, LP inactivation by GABA increased visual responses in 39% of V2 cells 

and decreased visual responses in 27% of V2 cells (Soares, Diogo, Fiorani, Souza, & Gattass, 2004). 

Therefore, the gating of V1 activity by LP is not clear yet and not much is known about the role and 

functional importance of the reciprocal connection between the LP and the visual cortex. The LP nuclei 

relay information from layer 5 of one visual cortical area to another (Sherman & Guillery, 2002). However, 

the overall visual responsiveness of LP neurons is not affected by the early removal of visual cortex 

(Desautels & Casanova, 2001). Therefore, roles of the cortical feedback to LP, remain to be elucidated in 

future studies. 

It is clear that inactivation of dLGN diminishes the visual response in V1, which receives its main 

input from dLGN. The dLGN is considered a relay station through which retinal information flows to V1. 

It can also gate this information (Sherman & Guillery, 2002). In contrast, inactivation of V1 (using 

transcranial magnetic stimulation) and therefore silencing the corticothalamic feedback only suppresses the 

sustained component of visual responses in dLGN (De Labra et al., 2007). There is not much known about 

the role of this corticothalamic feedback. Recently, it has been shown that the reciprocal connection 

between V1 and dLGN contributes to retinogeniculate axon targeting (Diao et al., 2017). Another recent 

study showed that corticothalamic feedback can facilitate or suppress the visual responses of dLGN cells 

(W. Wang, Andolina, Lu, Jones, & Sillito, 2016). However, still much needs to be done in order to 

understand the complete functional contribution of the reciprocal connections between V1 and dLGN. 

Interestingly, the SSC (and more precisely, the uSGS) also innervates the dLGN. The SSC axons in 

dLGN terminate in the superficial part or shell closest to the optic tract (Bickford, Zhou, Krahe, Govindaiah, 

& Guido, 2015), where the direction selective RGCs’ axonal terminals are (Cruz-Martín et al., 2014), 

suggesting a possible role of the SSC in shaping direction/orientation selectivity of the dLGN and V1. lSC 

mainly projects to LP and, as mentioned before, LP projects to V1 and higher-order visual cortical areas. 

Therefore, looking at the pathways from the SSC to V1 raises the possibility of a functional impact of the 

SSC on responses in V1. However, little is known about this potential SSC impact on V1. Tohmi et al. 

showed that electrical lesion in the SSC decreases visual response in some of the higher-order visual cortical 

areas and V1 (Tohmi, Meguro, Tsukano, Hishida, & Shibuki, 2014). However, they did not show any 

functional effect (e.g. effects on properties and tuning of feature selectivity) of the SSC in V1 and whether 

the observed firing rate effect is through the dLGN or the LP. 

The primary and extrastriate visual cortical inputs innervate all layers of the SSC. However, the 

orientation-selective responses in the mouse SSC are not changed by cortical lesion or long-term visual 

deprivation of eyes (Wang, Sarnaik, Rangarajan, Liu, & Cang, 2010). The lack of effect of these two 
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manipulations is not unique to rodents, but is similar in primates. In anesthetized monkeys, ablation or 

cooling V1 induced only a subtle effect on OD and RF properties in the SSC (Schiller, Stryker, Cynader, 

& Berman, 1974). However, in awake mice, Zhao et al. found a gain modulation of the SSC visual responses 

by V1 (Xinyu Zhao, Liu, & Cang, 2014). But whether there is any functional modulation of the mouse SSC 

neurons by V1 remains to be seen. 

 

Scopes of the Thesis 
The work presented in this thesis aims at investigating visual processing in the two main recipient 

areas of retinal input, the dLGN in the thalamus, and the SSC in the midbrain. 

In chapter 2 we investigate orientation selectivity in the SSC and how orientation selective neurons 

are vertically and horizontally organized in the SSC. Vertically (in different depths), the neurons can have 

different orientation preferences or the same orientation preference. This latter organization is called an 

orientation column, and was discovered to be present in V1 of cats (Hubel & Wiesel, 1963) and later in V1 

of primates (Hubel & Wiesel, 1968). So far, two types of horizontal orientation map have been discovered, 

one is random structure, neurons with different preferred orientations are randomly scattered in visual brain 

areas such as V1 of rats (Ohki, Chung, Ch’ng, Kara, & Reid, 2005). The other one is a collection of many 

pinwheels (i.e. the preferred orientation of neurons gradually changes around each pinwheel in a way that 

each pinwheel covers all the preferred orientations from 0 to 180 degrees), discovered in monkeys (Blasdel 

& Salama, 1986). The pinwheel orientation map has been shown in V1 of carnivores as well (Bonhoeffer 

& Grinvald, 1991), but V1 of rodents lacks this pinwheel structure (Ohki et al., 2005). However, the 

organization of orientation preference in the SSC of rodents has not been studied. In this chapter, we see 

whether there are orientation columns in the SSC or not; whether the orientation-selective neurons are 

horizontally organized in pinwheels, they sit randomly, or there is another undiscovered structure. 

Moreover, how much the cortical input affects the orientation selectivity and its organization in the SSC, is 

another question that we are interested in. 

In chapter 3 we investigate surround suppression in the SSC and if there is also orientation-specific 

surround suppression as there is in V1. Furthermore, as V1 provides one of the main visual inputs into the 

SSC, here we study the V1 impact on the surround suppression and orientation-specific surround 

suppression in the sSC. 

As there is a high surround suppression in the SSC, it is possible that the SSC partially modulates the 

surround suppression in V1. Also, as the direction selective neurons in the dLGN are mostly in the shell, 

where the sSC input arrives, there is a possibility of modulation of the dLGN and therefore V1 

direction/orientation selectivity by the SSC. However, whether the SSC has any functional effect on V1 has 

not been well studied. In chapter 4, we aim to address this question and investigate the SSC effects on three 

functional properties of V1 neurons, surround suppression, orientation selectivity and direction selectivity. 
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Furthermore, using pharmacological and optogenetic tools, we show through which pathway(s) the 

functional effects occur. 

Traditionally, it is believed that ocular dominance plasticity is a cortical phenomenon and that 

thalamus has little role to play in this type of experience-dependent plasticity. Especially because in 

primates and carnivores there was no report of binocular dLGN cells (or just few number of binocular cells) 

in older literature and no plasticity was found in the dLGN of these animals (Chapman, Jacobson, Reiter, 

& Stryker, 1986; Hubel & Wiesel, 1963), the idea of ocular dominance plasticity occurring exclusively in 

V1 is the dominant belief. However, recently Howarth et al. showed that in mouse dLGN, most neurons 

responding to the ipsilateral eye also respond to the contralateral eye (Howarth, Walmsley, & Brown, 2014). 

This surprising presence of binocular responses in the mouse dLGN raised the possibility of having ocular 

dominance plasticity in the dLGN, which in turn may have consequences for the cortical plasticity. 

Therefore, in chapter 5 we investigate whether the mouse dLGN has ocular dominance plasticity or not and 

if there is how much it can influence the V1 plasticity. Furthermore, does the thalamic inhibition plays a 

role in the dLGN and cortical plasticity?  

The last chapter, chapter 6, presents a general discussion of all the chapters and the work that has been 

presented in this thesis. 
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Abstract 
The superior colliculus is a layered structure important for body and gaze orienting responses. Its superficial 

layer is a major target of retinal ganglion axons and is retinotopically organized. In the mouse, we found a 

precise organization of orientation selectivity in addition to this retinoscopy. Perpendicular to the tectal 

surface, neurons respond to the same visual location and prefer gratings of the same orientation. Calcium 

imaging and extracellular recording revealed that the preferred grating varied with retinotopic location, and 

was oriented parallel to the concentric circle around the center of vision through the receptive field. This 

implies that not all orientations are equally represented across the visual field.  



 Organization of Orientation Preference in Superior Colliculus  

29 

 

Introduction 
Cells in the primary visual cortex (V1) prefer edges or lines of a particular orientation. This is widely 

regarded as an essential step in visual processing and object recognition. In carnivores and primates, 

orientation tuning is organized such that cells within a vertical column of V1 generally prefer the same 

orientation (Hubel & Wiesel, 1977). Rodents lack this organization of their visual cortex (Ohki, Chung, 

Ch’ng, Kara, & Reid, 2005; Van Hooser, Heimel, Chung, Nelson, & Toth, 2005). The thalamocortical 

pathway, however, is not the only major visual pathway in rodents. In mice, a majority of retinal ganglion 

cells send projections to the superficial layer of the superior colliculus (sSC) (Hofbauer & Dräger, 1985). 

The sSC in rodents, primates and carnivores is retinotopically organized and almost exclusively visual in 

its responses. The deeper layers of the superior colliculus are multimodal, and show responses to visual, 

somatic and auditory stimuli. The superior colliculus contains eye and body-centered topographic 

representations of visual, auditory and somatic space (Drager & Hubel, 1975; Meredith, Wallace, & Stein, 

1992). These topographic maps are in remarkable register across layers, such that in one column 

perpendicular to the tectal surface, cells respond to different modalities providing sensory input to 

approximately the same parts of space. The primary role of the superior colliculus is to use this information 

to initiate downstream motor programs directing the sensory organs of the head towards objects of interest 

(May, 2006). In primates, the superior colliculus is particularly essential for the direction of gaze, and its 

virtual form of attention (Lovejoy & Krauzlis, 2010; Zénon & Krauzlis, 2012). 

The rodent superior colliculus, on the other hand, does not only play a role in orienting, but is also 

involved in avoidance and escape behavior (Dean, Redgrave, & Westby, 1989) and spatial navigation 

(Felsen & Mainen, 2008). Compared to primates, it is relatively large in comparison with visual cortex and 

therefore a larger role for the superior colliculus in visual processing is suspected in the rodent (Huberman 

& Niell, 2011). As circumstantial evidence for this, most neurons in the rodent sSC do not respond 

indiscriminately to any visual activity in their receptive field, but are selective to orientation (S V Girman 

& Lund, 2007; Prévost, Lepore, & Guillemot, 2007; L. Wang, Sarnaik, Rangarajan, Liu, & Cang, 2010). 

This has not been observed in primates and carnivores, although some direction-selectivity is present in the 

sSC of all these species (L. Wang et al., 2010). An organization of orientation preferences has not been 

reported in the sSC of any species. Certainly in the mouse sSC, one would expect a lack of spatial 

organization, because there is not even clustering of orientation preference in the rodent visual cortex (Ohki 

et al., 2005; Van Hooser et al., 2005). The recent discovery, however, that in mouse the axons of several 

groups of direction-selective retinal ganglion cells terminate in the sSC in a patchy fashion (Huberman et 

al., 2008; Rivlin-Etzion et al., 2011) suggests that there may be more organization of feature preference in 

the rodent sSC than previously recognized (Dhande & Huberman, 2014). For this reason, we were curious 

to investigate the functional organization in the rodent sSC.  
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Results 
Orientation columns 

We recorded the responses to full-screen square-wave drifting gratings in the sSC using extracellular 

recordings in anesthetized mice. In agreement with earlier findings (Drager & Hubel, 1975; L. Wang et al., 

2010), we found cells that are highly selective for orientation or direction and cells that respond 

indiscriminately to all directions (Fig. 1a). We made electrode penetrations using linear silicon electrodes 

inserted less than 15° from perpendicular to the tectal surface. On most penetrations, single and multi-units 

recorded at different depths preferred the same orientation, suggesting a columnar organization (Fig. 1b). 

This was surprising as orientation columns had not been reported in the sSC or optic tectum of other species. 

Furthermore, previous investigations, notably by Hubel who co-discovered orientation columns in the cat 

and primate visual cortex, did not find such columns in the mouse sSC (Drager & Hubel, 1975). Our 

findings with the silicon probes were confirmed by tungsten microelectrodes recordings (Fig. 1c). In one 

penetration we encountered enough single-units to confirm our finding with single-units alone. The 

orientation selectivity and the alignment of orientation preferences on the other penetrations was not an 

effect of combining the spikes of multiple neurons, as the mean orientation selectivity for the single units 

that we recorded in the sSC was higher than that of the combination of multi- and single-units (mean OI 

single-units = 0.87, n=19, Fig. 1d, mean OI all units = 0.49, n=270, p<0.001, Mann-Whitney U test). Also, 

the orientation preference of the 10 single-units that were recorded in any of the perpendicular penetrations 

with the high-impedance tungsten microelectrodes matched the mean preferred orientation of the complete 

penetration (Fig. 1e, see also Supplementary Fig. 1 for an example single unit). The same orientation 

preference continued until about 300 μm deep, where a clear drop in visual response per unit (from about 

9 Hz to 2 Hz, p < 10-7, Mann-Whitney U test) indicated the border between the superior and intermediate 

layers of the superior colliculus.  

One trivial way that vertical clustering of orientation would be observed, is if there were a strong 

orientation bias across the whole sSC. However, a previous study did not find such a bias (L. Wang et al., 

2010). We also found all orientations almost equally represented across all 57 penetrations (p = 0.11, 

Rayleigh test for circular non-uniformity, 14 mice, Fig. 1f). On 14 of our penetrations, we did not find a 

consistent orientation selectivity. To determine whether the low spread in orientation preference in the other 

penetrations could be due to chance, we computed the circular variance of preferred orientation for all 

penetrations and compared these to the distribution that we got when we 10,000x reshuffled the preferences 

of all the 270 recorded units over all penetrations (Fig. 1g). The median circular variance over the 

penetrations for all shuffles was higher than the real median, making it unlikely that the low spread in 

orientation preferences occurred by chance (p < 0.0001, Fig. 1h). Supplementary Figure 2a shows that 

the vertical similarity of orientation preference, as indicated by a low circular variance of preference across 

a penetration, is smaller 
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Figure 1 Vertical grouping of orientation preference in the superficial layer of the mouse superior colliculus. (a) 
Examples of orientation and direction tuning. (b) Orientation tuning across different channels on a laminar 
electrode with 50 μm spacing. Right panels show raster plot of spikes around the onset of all trials to the preferred 
and orthogonal orientations. (c) Example penetrations with tungsten microelectrodes, depths are 50 μm apart. 
(d) Orientation selectivity index of 19 high waveform-amplitude single units from horizontal and vertical 
penetrations (9 mice). Bar indicates mean. (e) Difference of the preferred orientation of the 10 single units (5 
mice) encountered on vertical penetrations to the mean preferred angle of all units on the penetration. (f) 
Histogram of the circular mean of the orientation preference for all 57 penetrations (14 mice). (g) Histogram of 
the circular variance of orientation preference in individual penetrations with a silicon probe (blue, n=20) or 
tungsten microelectrode (red, n=37), plotted on the probability distribution generated by shuffling all recorded 
preferences over all penetrations (gray). (h) Median circular variance for the real penetrations (arrow) lies far 
below medians for shuffled data. 
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at low and high spatial frequencies, but over the entire range of spatial frequencies, it is not significantly 

different within the bounds of our statistical power (p = 0.2, Kruskal-Wallis, 10 penetrations, 6 mice). The 

mean orientation index per penetration is different across the full range of spatial frequencies (p=0.0003, 

Kruskal-Wallis, 10 penetrations, 6 mice, Supplementary Fig. 2a), reflecting that the orientation selectivity 

is lower below 0.04 cpd, but there is no significant difference for the OI from 0.04 to 0.4 cpd (p=0.12, 

ANOVA, 10 penetrations, 6 mice). The preferred orientation is very similar when measured at either 0.08 

and 0.16 cpd, or 0.1 and 0.2 cpd (Supplementary. Fig 2b). The vertical similarity of orientation preference 

also does not change over a large range of temporal frequencies and contrasts (Supplementary Fig. 3). 

 

Organized independently of V1 
To check whether the orientation tuning and its vertical organization were dependent on the extensive 

connections from visual cortex to sSC (May, 2006; Q. Wang & Burkhalter, 2013), we optogenetically 

silenced visual cortex using an archaerhodopsin variant expressed by viral transfection. We recorded 

simultaneously in V1 and the sSC at retinotopically matching positions (Fig. 2a). Shining light on the visual 

cortex strongly reduced activity in V1, while activity levels in the sSC were not much affected (Fig. 2b). 

With reduced activity in the visual cortex, the vertical grouping of orientation preference was as clear as it 

was with an active cortex (Fig. 2c) and orientation selectivity was not reduced (p = 0.99, Wilcoxon signed 

rank sum test, n = 33, 6 mice, Fig. 2d). This finding is in agreement with a report that orientation selectivity 

in the mouse sSC is not reduced when visual cortex is aspirated (L. Wang et al., 2010). The mean circular 

variance along the penetrations was also not affected by silencing V1 optogenetically (p = 0.31, Wilcoxon 

signed rank sum test, n = 8, 6 mice, Fig. 2e). The same results were obtained by silencing V1 with muscimol 

(Supplementary Fig. 4). These findings indicate that in mature mice the vertical organization of orientation 

selectivity in the sSC is independent of cortical input. 

 

Horizontal organization 
To understand the organization of orientation preference along the tectal surface, we made a number 

of horizontal penetrations. These showed a remarkably slow change in optimal preferences. Rate of change 

was about 10 degrees per 100 micron with an occasional sharper turn (Supplementary Fig. 5). However, 

using this method it was difficult to develop an overall impression of the horizontal mapping of orientation. 

Therefore, we decided to also do macroscopic imaging of calcium responses (Chen et al., 2013) to oriented 

gratings after careful suction of the overlying cortex. Retinotopic mapping showed that we imaged 10% to 

45% of the total sSC surface (7 mice, Fig. 3a,b, and Suppl. Fig. 6a and 7). Next, we showed full screen 

gratings drifting along the horizontal, vertical and major oblique directions. The visible sSC responded 

strongly to all orientations (Suppl. Fig. 6b), but there were clear regional differences in the responses to 

the different orientations, which were very consistent across trials (Fig. 3c). Computation of a polar vector 

map where the hue of each pixel represents its average orientation, revealed a smooth map (Fig. 3d) which 
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was very different from the orientation pin-wheel map known from the visual cortex of other mammals 

(Gary G. Blasdel & Salama, 1986; Bonhoeffer & Grinvald, 1991b). Instead a single smooth circular 

progression through all angles is laid out over the retinotopic map. The responses  

 

Figure 2 Vertical grouping of orientation is independent of visual cortex. (a) Two recording probes are placed 
in matching retinotopic positions in V1 and the sSC, while a LED-coupled fibre was placed above V1. The 
middle panel shows the ON-response fields for one V1 site (red) and sSC site (blue) during a simultaneous 
recording. The right panel is an example of expression by viral transfection imaged by fluorescent microscope. 
The red lines indicate the estimated outline of V1 based on stereotactic coordinates. (b) Responses of multi-units 
in sSC and layer 5 of binocular V1 in the injected area of an example experiment (left and middle-down left) 
and visual evoked potential in layer 5 of V1 (middle-down right) during light-off condition (black) and light-on 
conditions (blue) show that V1 L5 is silenced, while sSC remains active. Error bars in tuning curves are mean 
+/- SEM. Time 0 s is the onset of the visual stimulus. The light was turned on 1 s before this. The middle-top 
panel is the corresponding raster plot of spikes in V1 L5 when the light is off (left) and on (right). The right 
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panel shows the effect of shining light on silencing all layers of V1 of 6 mice (n=29). (c) Example tuning curves 
from 4 depths in the sSC, separated by 50 μm, with V1 active (black) and silenced (blue). (d) Orientation tuning 
of units with V1 active (left) and silenced (right) is not changed (p = 0.99, Wilcoxon signed rank sum test, n = 
33, 6 mice). (e) Circular variances of 8 vertical penetrations in the sSC in light off (V1 active) and light on (V1 
silenced) conditions is not significantly changed (p = 0.31, Wilcoxon signed rank sum test, 6 mice). 

at sample locations (disks with a 40 micron radius) revealed that the polar map gives a good representation 

of the orientation preferences (Fig. 3d), although at the more anterior-medial visible part of the sSC, there 

was a clear preference for upward motion, rather than a preference for horizontal orientation (Fig. 3d, 

bottom right). 

 

Figure 3 Orientation preference is dependent on retinotopic position. (a) Image of GCaMP6 fluorescence in the 
sSC after neocortex has locally been aspirated. (b) Retinotopy in sSC. Each pixel is colored corresponding to the 
monitor patch to which it gave most response. Pixel saturation scales linearly with response strength. Maximum 
ΔF/F was 8%. A smooth mesh was drawn over the boundaries of the monitor patch representations. This mesh 
was added to the other panels only as a visual aid. Scale bar is 1 mm. (c) The difference of the average response 
for each set of orientations and the average response to all orientations shows regional differences, that are very 
consistent for the first set of 10 (left) and next set of 10 presentations (right). (d) Left top panel shows polar map 
of sSC, where each pixel is colored to its angular preference. Saturation scales linearly with response strength. 
Maximum ΔF/F was 7%. The map shows a smooth change covering all angles once. For the four indicated 
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locations (each disk with a radius of 40 micron, covering area of 40 pixels) at different corners of the responding 
region, the response to all directions are shown at the bottom. Error bars in tuning curves are mean +/- SEM. 
Right top panel shows the significance of the preference of each sSC pixel for any of the 4 orientations. P-values 
of the white pixels are less than 0.05. (e) For each patch in the retinotopy of (b), the preferred orientation is 
computed and shown on the equivalent part in visual space. This reveals a preference for concentric orientations. 

Preference for concentric orientations 
When we combined the retinotopy and orientation imaging, and plotted the computed preferred 

orientation for each part of the represented visual space (from the retinotopy in Fig. 3b), the structure of 

the organization became more apparent (Fig. 3e). What had not been directly apparent from our initial 

extracellular recordings, was that each column in the sSC responds to a specific retinotopic location and 

prefers gratings oriented perpendicular to the radial angle with respect to the nose of the animal, or, in other 

words, parallel to the concentric circle around the center of vision at the receptive field location. In the 

small representation of the very nasal ipsilateral visual hemifield that is present in the sSC, there was a 

preference for horizontal orientation. It is clear from this representation that, unlike the pinwheel orientation 

maps in carnivores and primates, there is no even representation of all preferred angles for each point of 

the visual space in the sSC. 

 

Figure 4 Concentric orientation preferences. (a) Retinotopic map of one example mouse captured by wide field 
calcium imaging. The area inside the computed convex hull of the center responses for all monitor patches is 
highlighted and used in the following analyses. (b) and (c) The retinotopic map of (a) recomputed in azimuth 
and elevation coordinates, respectively. (d) Map of the concentric angle (i.e. the angle orthogonal to the radial 
angle for the center of vision) reconstructed based on (b) and (c). (e) The corresponding imaged orientation map. 
(f) Preferred orientation of the pixels of orientation maps versus the concentric angles computed from the 
retinotopy for all mice (n=7). (g) Histogram of angular difference between preferred orientation and computed 
concentric angles of the pixels (7 mice). (h) Preferred orientation of penetrations (n=21, 3 mice), obtained by 
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extracellular recordings, shown at the corresponding receptive field positions. Different colors indicate different 
mice. (i) Concentric angles at receptive fields relative to the nose versus the corresponding preferred orientations 
based on the data shown in (h). Different colors indicate different mice. (j) Histogram of angular difference 
between preferred orientation and concentric angles of units shown in (h) and (i). 

We quantified this preference for concentric orientations by interpolating the representation of azimuth 

and elevation with respect to the nose from the retinotopic map (Fig. 4a-c) and calculating for each imaged 

pixel the ‘concentric angle’, i.e. the orientation perpendicular to the radial angle of the represented visual 

space. For the nasal ipsilateral representation, we selected the horizontal orientation. When we convolved 

this map with a 2D Gaussian to simulate the effects of retinotopic and light scatter, we obtained a map that 

was remarkably similar to the measured map for preferred orientation (Fig. 4d,e, see also partial maps in 

Supplementary Fig. 7). For the combination of the pixels of the maps from all mice, the measured 

preferred orientation was highly correlated to the inferred concentric orientation (circ. corr. coef = 0.92, p 

< 10⁻⁵, 7 mice, Fig. 4f) and the difference of preferred orientation and concentric angle (for pixels of the 

contralateral visual field) was centered close to zero (Fig. 4g). The imaged orientation preferences were 

similar for different spatial frequencies and insensitive to a 180 degree change in spatial phase. 

Supplementary Fig. 8a shows the vector angle difference of each pixel in response to drifting gratings 

with a difference of 180 degrees in their initial phase (1 mouse) and Supplementary Fig. 8b shows the 

vector angle difference of each pixel in response to drifting gratings with two different spatial frequencies 

(2 mice). When we used the same recording protocol as Fig. 4 for the visual cortex, no consistent functional 

organization beyond retinotopy became apparent (Supplementary Fig. 9) and no pixels had a significant 

(for α=0.05) preference for any orientation. 

We made a number of electrode penetrations in the sSC (21 penetrations, 3 mice) to confirm the lay-

out of this concentric orientation map (Fig. 4h). Like the imaged maps, the measured preferred orientation 

was almost identical to the concentric orientation (corr. coef = 0.98, p < 10⁻⁵, Fig. 4i) and the difference of 

preferred orientation and concentric angle was centered close to zero (Fig. 4j). 

 

Tuning for orientation, not motion-axis 
The mouse sSC receives input from direction-selective retinal ganglion cells (DSGCs) (Huberman et 

al., 2008; Kim, Zhang, Meister, & Sanes, 2010). In the part of the sSC responding to the inferior nasal visual 

field, we found a dominant preference for upward motion. This could be the direct result of clustering of 

input from DSGCs preferring upward motion. Apart from this region, however, locations in the sSC 

responded equally to both directions of the same orientation. Thus rather than sharing a preference for edge 

orientation, cells in each column could potentially share a motion axis preference, as recently found in a 

subset of mouse LGN neurons (Marshel, Kaye, Nauhaus, & Callaway, 2012). The functional organization 

possibly reflects an anatomical clustering of direction-selective retinal ganglion cell axons. The orientation 

selectivity that we recorded in our units could then result from single sSC cells receiving input from 

opposing DSGCs. Alternatively, it could result from pooling responses of multiple sSC cells with opposing 
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motion preferences caused by receiving input from one or more DSGCs with a single motion preference. 

In either case, the units would prefer motion along an axis, rather than the presence of an oriented edge. To 

distinguish motion axis from edge orientation preference, we performed additional electrophysiological 

recordings (Fig. 5a). We found that the orientation selectivity for drifting and static gratings was not 

different (p = 0.24, t-test, drifting n = 28 multi-units, static n = 26, Fig. 5b). To confirm that the tuning to  

 

Figure 5 Columns are organized by orientation not by direction. (a) Example penetration with tuning for drifting 
gratings, static gratings and moving dots. For static gratings, the results for any direction and its opposite are the 
same, and presented only for comparison. (b) Orientation selectivity for static and drifting gratings is similar (p 
= 0.24, t-test, drifting n = 28 multi-units, static n = 26, 5 mice) and is lower for moving dots (p = 0.01 for static, 
p = 0.046 for drifting, dots n = 25). Error bars are mean +/- SEM. (c) Mean responses during stimulus 
presentation are highest for drifting gratings, and similar for static gratings and move dot displays (p < 0.01 for 
moving dots compared to drifting and static gratings). (d) Histogram of circular variance of preferred orientation 
of each unit over different phases of static gratings (n=5 multi-units, 2 mice) (left) and firing rate of an example 
unit over different angles of the static gratings with three different phases. (e) Orientation preference for drifting 
and static gratings is similar (n=26, 5 mice). Size of the dots indicates the number of the units with the same 
preferred orientation. (f) Orientation preference for drifting gratings and moving dots is different (n = 25 multi-
units, 5 mice). (g) Direction-selective units (DSI>0.5, left hemisphere) prefer upward motion (p<10-5, Rayleigh 
test for circular non-uniformity, n = 72, 6 mice). 
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static gratings was independent of the spatial phase, we determined the preferred orientation for three 

different phases (for three recordings the phase was 0, 120, 240 degrees and for two it was 0, 90, 180 

degrees). The low circular variance of the preferred orientation for the different initial phases confirmed 

that the preferred orientation was independent of spatial phase (n = 5 multi-units, Fig. 5d). Multi-units 

preferring a particular orientation of a drifting grating were most often preferring a static grating of the 

same orientation (Fig. 5a,e). This suggested that cells have a consistent preference for an orientation, 

independent of the speed of the stimulus. For drifting gratings, motion direction and orientation are directly 

related and when using drifting grating it is thus difficult to study whether cells also would have a matching 

motion axis preference.  For this reason, we presented arrays of moving dots. Although there is no dominant 

oriented feature in the random arrays, one can still calculate the orientation selectivity index using the 

motion direction instead of the stimulus orientation. Units preferring a motion axis, i.e. motion to 

diametrically opposite directions, would have a high index. This 'orientation selectivity' when measured 

with moving dots was clearly lower (p < 0.05, t-test, gratings n = 28 multi-units, dots n = 25, Fig. 5b) than 

when measured with gratings, while the cells showed robust mean responses to all stimulus types (Fig. 5c). 

Also, the preferred orientation, defined as the orthogonal orientation to the preferred direction, for moving 

dots was generally different to the preferred grating orientation (Fig. 5a,f). We conclude that the selectivity 

is for orientation and not for motion axis. 

In our recordings across animals, there was a clear bias for upward motion in direction-selective cells 

(p<10-5, Rayleigh test for circular non-uniformity, n=72 multi-units, Fig. 5g). This was as previously 

reported in one study5 and attributed to retinal input (Kim et al., 2010), but not in another (L. Wang et al., 

2010). Our results show that the presence of this bias in the dataset depends on how many cells with a 

preference for the inferior nasal visual field were recorded. Outside this field, neurons display an orientation 

preference rather than a direction preference. In the nasal visual field, we observed a preference for 

horizontal gratings moving up or down, for the temporal visual field this is for vertical gratings moving 

sideways to the front or to the back. In general, cells have a strong concentric bias and prefer gratings that 

are orthogonal to the radial line from their receptive field position to the center of vision. One caveat is that 

our recordings were done with a large screen positioned directly in front of the mouse. The gratings had a 

homogeneous physical size across the screen. The perceived spatial frequency in the periphery was thus 

different from the spatial frequency in the center, and the spatial frequency in the receptive field of a neuron 

for a grating parallel to the concentric circle around the nose through the receptive field would be higher 

than for a grating parallel to the radial line from the nose to the receptive field (Supp. Fig. 10a,b). A 

calculation of the size of this effect (see supplementary text accompanying Supp. Fig. 10c,d), however, 

suggests that this distortion is unlikely to be the source of the bias. Furthermore, for a number of 

electrophysiological recordings we have first measured the orientation preference with the screen in our 

standard configuration, and then angled the screen, both horizontally and vertically, to be close to 

orthogonal to the radial line from the nose to the receptive field location. This had no little influence on the 

orientation preference (t-test, p = 0.30, 14 multi-units, 3 mice, Supp. Figure 10e).  
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Discussion 
Surprisingly, many combinations of retinotopic position and preferred orientation were not 

encountered, suggesting a different layout and origin than the orientation maps in V1 of carnivores and 

primates (Erwin, Obermayer, & Schulten, 1995; Koulakov, Chklovskii, & Jolla, 2001; Marshel et al., 2012; 

Paik & Ringach, 2011; L. E. White & Fitzpatrick, 2007). Neither we, nor any of the previous sSC imaging 

studies (Cang, Wang, Stryker, & Feldheim, 2008; Mrsic-Flogel, 2005) left much space for the possible 

existence of secondary retinotopic maps in the sSC that are sufficient in size to cover all other angles. 

Therefore it appears that uniform coverage for all angles and positions is absent in the sSC. This suggests 

that the mouse sSC is unsuited for translation-invariant object recognition. Rather than coding for all 

orientations and positions, the relationship between preferred orientation and direction, and retinotopy 

resembles a combination of an expanding and receding optic flow map, where for each retinotopic position 

the preferred orientation is one for which the corresponding orthogonal movements are straight towards 

and away from the nose. The computation of such a map may help in gaze orienting and smooth pursuit 

(Lisberger, Morris, & Tychsen, 1987), roles ascribed to the superior colliculus (Krauzlis, 2003). The neural 

tunings would help to gauge the optic flow caused by movement of the eyes, head or body. Interestingly, a 

similar, but considerably weaker bias for centrifugal or centripetal motion is present in the primate frontal 

eye field (Xiao, Barborica, & Ferrera, 2006), a cortical area involved in eye movement control. 

Apart from a role in smooth pursuit and gaze orienting, the observed lay-out of the sSC might also 

subserve avoidance and escape behavior, as the rodent superior colliculus plays a role in such 

behavior (Dean et al., 1989). The specialization for orientation for each part of the visual field may help to 

optimally detect predators or other animals that are approaching from the front or receding from that 

direction. In this way, the concentric orientation bias could be a heuristic for computing the need to initiate 

avoidance and escape maneuvers. Such dependence of escape maneuvers on visual field location has been 

observed in rats, which respond with immediate evasive action to drifting stimuli overhead, while they 

ignore gratings shown at nose level (Wallace et al., 2013).  

An open question is how much of the observed organization of the mouse superior colliculus is shared 

with other species. Some vertical grouping of direction selectivity has been described forty years ago in the 

ground squirrel, a diurnal rodent (Michael, 1972a). This suggests that rather than mouse specific, the 

organization of orientation may generalize across rodents, although there are no reports of such organization 

in the rat to date. The organization of orientation that we report here for the mouse, however, is unlikely to 

be present in the cat or the macaque. There has been extensive exploration of the superior colliculus in these 

species, in particular looking at the integration of different modalities across layers (Meredith et al., 1992; 

Stein & Rowland, 2011). Therefore it is highly unlikely that a similar organization of the superior colliculus 

in these species has remained undiscovered. In cat retina (Thibos & Levick, 1985) and dLGN (Shou & 

Leventhal, 1989), and in monkey (Bauer, Leferink, Eckhorn, & Jordan, 1991) and human (Raemaekers, 
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Lankheet, Moorman, Kourtzi, & Van Wezel, 2009) visual cortex there is a small overrepresentation of 

preferences for concentric orientations, and a much stronger bias for radial orientations, i.e. gratings parallel 

to the radial line connecting the center of vision to the receptive field location. These biases have not yet 

been reported for the mouse. 

There are a number of other differences between rodents and the other mammalian species mentioned 

above. Most conspicuous are the large fraction of retinal axons that project to the sSC, the large tectal 

volume compared to cerebral cortex size, and the strong direction and orientation selectivity in the rodent 

superficial lamina of the superior colliculus. These differences suggest a more important role for the 

superior colliculus in vision in the rodent, although it is not clear if this is causally related to its organization 

of orientation. 

Another species difference is the dependence of tectal response on the cortex. We found no reduction 

of orientation tuning in the sSC resulting from cortical silencing. This is consistent with other work in the 

mouse, where no difference in orientation selectivity was detected upon ablation of the visual cortex, and 

even a small increase in direction sensitivity was apparent (L. Wang et al., 2010). In the ground squirrel, 

the responses in the sSC were also not affected by cortical removal, and cells remained direction-selective 

(Michael, 1972b). In primate, where there is relatively little direction selectivity and visual feature 

selectivity, tuning was also not much affected (P. H. Schiller, Stryker, Cynader, & Berman, 1974). This is 

in contrast to the effects in the cat, where cortical cooling or ablation removed direction-selectivity almost 

completely (Wickelgren & Sterling, 1969), although topical silencing of visual cortex did not (Binns & 

Salt, 1996). This difference points to a different origin of the orientation and direction selectivity of the sSC 

in carnivores and rodents. 

The situation in the mouse superior colliculus resembles to some extent the situation in a species 

without a neocortex. In the tectum of zebrafish larvae, direction- and orientation-selective input from the 

retina is clustered by preference and shows strong retinotopic biases (Nikolaou et al., 2012). The orientation 

and direction selectivity in the tectal cells themselves match this input to a large degree (Hunter, Lowe, 

Thompson, & Meyer, 2013), but at least at the larval stage there is no simple mapping between retinotopy 

and preferred orientation (Niell & Smith, 2005). 

In the zebrafish, direction- and orientation-selectivity are both inherited from the retina as well as 

generated locally in the tectum (Hunter et al., 2013). It is not yet known whether the orientation selectivity 

in the mouse superior colliculus is inherited from the retina or computed locally. Orientation-selective 

retinal ganglion cells are present in the mouse retina (X. Zhao, Chen, Liu, & Cang, 2013). They have not 

yet been genetically isolated or filled with tracer to see if they project to the sSC, but given the large number 

of retinotectal projections it is likely that they do. The orientation-tuning in the sSC could also be achieved 

by grouping of inputs with opposing motion preferences from directionally-selective retinal ganglion cells 

(DSGCs). There are several subtypes of DSGCs that direct to the sSC and which have specific motion 

preferences and genetic identity (Kay et al., 2011; Kim et al., 2010). Clustering of their terminals in the 
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sSC could explain the orientation and direction anisotropies in the sSC. It is known that the projections of 

a number of retinal ganglion cells, such as the tOFF-alphaRGCs (Huberman et al., 2008) and the TRHR 

On-Off pDSGCs (Rivlin-Etzion et al., 2011) terminate in patches in the sSC. Moreover, existing 

anisotropies in the retinal distributions of ganglion cell subtypes (Bleckert, Schwartz, Turner, Rieke, & 

Wong, 2014) and the clustering of retinal input have been used to explain part of the anisotropy in the 

fraction of direction- and orientation-selective cells (Piscopo, El-Danaf, Huberman, & Niell, 2013) and in 

preferred direction (Cruz-Martín et al., 2014; Marshel et al., 2012) in the mouse dLGN (Marshel et al., 

2012; Piscopo et al., 2013; X. Zhao et al., 2013). Based on the axonal projections to the sSC, at least four 

parallel functional maps in different sublayers of the sSC were hypothesized to exist (Dhande & Huberman, 

2014). Imaging of activity in the sSC in mice with genetically labeled retinal ganglion cells will reveal how 

the maps of visual space are laid out in the superior colliculus and match with the observed functional map 

of collicular responses. 

In summary, we have found that in the rodent sSC orientation and direction preference are tightly 

coupled to receptive field location, and that there is no uniform coverage of all preferred angles over the 

full visual field. We expect that this link in visual position and orientation and the lack of coverage of all 

angles and positions will have behavioral consequences, but these remain to be discovered. 
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Online Methods 
C57BL/6JOlaHsd (Harlan) and C57BL/6J (Charles River) male mice of 6-12 weeks old were used for 

the experiments. Mice were housed in 12/12 dark/light cycle. All experiments were approved by the 

institutional animal care and use committee of the Royal Netherlands Academy of Arts and Sciences. All 

animals were either used for electrophysiology or imaging. 

 

Electrophysiology surgery 

Mice were anesthetized by an intraperitoneal injection of 1.2 g urethane per kg body weight, 

supplemented by a subcutaneous injection of 8 mg chlorprothixene per kg body weight (Heimel, Saiepour, 

Chakravarthy, Hermans, & Levelt, 2010). We injected atropine sulfate (0.1 mg per kg) and dexamethasone 

(4 mg per kg) subcutaneously to reduce mucous secretions and to prevent cortical edema, respectively. 

Additional doses of urethane were injected when a response to toe-pinch was observed. Mice were head 

fixed by ear and bite bars. Temperature was measured with a rectal probe and maintained by a feedback-

controlled heating pad set to 36.5 deg. A total of 14 mice were used to produce Figures 1f-h. This included 

the animals used for Figure 5. The 3 animals used for Figures 4h-j were not included in the 14 animals 

used for Figure 1. 

 

Electrophysiological recording 
Laminar silicon electrodes (A1×16-5mm-50-177-A16, 16 channels spaced 50 μm apart, Neuronexus) 

and tungsten in glass microelectrodes (Alpha-Omega) were used for extracellular recordings. For 

recordings perpendicular to the tectal surface, electrodes (37 tungsten microelectrode and 20 silicon probe 

penetrations) were inserted through a craniotomy 200-1200 µm lateral and 100-900 µm anterior and 1000-

1800 µm down from lambda. There was considerably less visual response 300 µm below the top of the 

sSC. This means usually around 7-8 channels of the laminar probe were within the sSC. We have no 

knowledge of the exact depth of our recording sites relative to the sublamina (zonal, upper and lower 

superficial gray, and optic layers) of the sSC. Horizontal recordings were made by inserting tungsten micro-

electrodes along the lateral-medial axis through a craniotomy 400-900 µm anterior to lambda. In these 

penetrations, orientation preference was determined at 30-50 μm intervals with 22.5 deg resolution. 

Recordings for directions vs orientation tests were done with tungsten microelectrodes. Laminar probe 

signals were amplified and filtered at 500 Hz - 10 kHz and digitized at 24 kHz using a Tucker-Davis 

Technologies RX5 pentusa. Tungsten microelectrode recordings were amplified (MCP Plus, Alpha 

Omega), filtered at 300 Hz - 10 kHz and digitized at 33 kHz (1401, Cambridge Electronics). Signals were 

thresholded at 3x standard deviation to isolate spikes, and spikes were sorted by custom-written Matlab 

(Mathworks) scripts, but single and multi-units were pulled together for this publication to increase the 
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number of orientation measurements on a single penetration. Minimum evoked visual response for a unit 

to be included was 2 Hz. 

 

Visual stimulation for electrophysiology 
Stimuli were projected by a gamma-corrected PLUS U2-X1130 DLP projector onto a backprojection 

screen (Macada Innovision), positioned 15 cm in front of the mouse. The full-screen, square wave, grating 

stimuli produced using Matlab Psychophysics Toolbox 3 (Kleiner et al., 2007) were 0.05 cycles per degree, 

90 % contrast  and covered a 75x57 cm area. The spatial frequencies of the stimuli were computed for the 

shortest distance of the screen to the animal, and the widths of the bars was constant across the screen. Drift 

speed was 2 Hz. For the static grating stimuli of Figure 5, we used a single phase except noted otherwise 

(Fig. 5d). The motion stimuli used for Figure 5 consisted of a display of square white dots (approx. 2 deg) 

randomly placed to cover approximately 30 % of the screen, all moving in the same direction at 

approximately 30 deg/s. Interstimulus time was 1s. Background luminance was 10 cd/m². To determine 

receptive field location, we presented a 5 minute movie (5 frames per second) of small white squares (5 

deg) in random positions with a black background (ratio of white to black area: 1/30). 

 

Optogenetics and drug delivery 
For silencing the visual cortex by optogenetics, six mice were anesthetized with isoflurane (5% 

induction, 1.5 - 2.5% maintenance) and 1 to 3 small craniotomies were made above the visual cortex in 

each of these. Using a Drummond Nanoject volume injector at each of five depths of visual cortex 18 - 54 

nl was injected of a solution of adeno-associated virus with an ArchT (Han et al., 2011) vector behind a 

CaMKII promoter to drive expression in excitatory neurons (AAV1.CAMKII.ArchT.GFP.WPRE.SV40, 

6.4×10¹² GC/ml, University of Pennsylvania Vector Core). The scalp was resutured and the vector was 

allowed to express for several weeks before acute electrophysiology. An orange (617 nm) fiber-coupled 

LED (Thorlabs) was used to activate the ArchT pump. Trials with light on were intermingled with trials 

with light off. In light on trials, the light was on 1s before stimulus onset until stimulus offset. In order to 

have a broader silencing of visual cortex, we injected 1 µl of 40 mM muscimol (an agonist of GABAA 

receptors) in V1 (2.9 mm lateral and 0.4 mm anterior to Lambda) by a Drummond Nanoject volume injector 

(with volume rate of 2.3 nl per second). This was done while laminar probes were present in the sSC and 

V1. 

 

Imaging surgery 
To prepare the mice for calcium imaging, a two-stage surgery was performed. First, using the same 

procedure described above in the optogenetics section, we injected a virus for expression of the calcium 

indicator GCaMP6s (AAV1.Syn.GCaMP6s.WPRE.SV40, 1.9×10¹³ GC/ml, University of Pennsylvania 
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Vector Core)  about 100 nl in 3-5 loci in the right sSC in 4 different depths. The surgery was performed 

under 1.5-2.5% isoflurane anesthesia. After the injections, we resutured the scalp and the animals recovered 

and were kept in the cages for 3-5 weeks to get sufficient expression of GCaMP6s. A second surgery was 

necessary directly before the imaging session to get access to the sSC and to implant a head ring and cranial 

window for calcium imaging. The mice were anesthetized by an intraperitoneal injection of 1.2 g urethane 

per kg body weight, supplemented by a subcutaneous injection of 8 mg chlorprothixene per kg body weight. 

We injected atropine sulfate (0.1 mg per kg) and dexamethasone (4 mg per kg) subcutaneously to reduce 

mucous secretions and to prevent cortical edema, respectively. Mice were head fixed by ear and bite bars. 

Temperature was measured with a rectal probe and maintained by a feedback-controlled heating pad set to 

36.5 deg. A metal ring of 15 mm outer diameter and 9 mm inner diameter was fixed on top of the skull with 

dental cement and glue for the purpose of head-fixation during imaging. After making a craniotomy of 4-5 

mm², we very carefully lifted and sucked away the cortex (around 1-2.5 mm²) above the sSC. We used 

ACSF to rinse any blood off the sSC surface. We filled the craniotomy by a solution of 1% agarose in 

ACSF and cemented a round glass (with diameter of 5 mm) on the skull on top of the craniotomy. After 

surgery, the mouse was kept anesthetized and quickly transferred to the wide field imaging setup. Surgery 

was started on 21 animals, but only 7 animals had expression, an undamaged sSC and survived to the stage 

of imaging. 

 

Wide field imaging 
To visualize the retinotopic map and the horizontal structure of the orientation domains, we imaged 

the changes of calcium levels in response to visual stimuli using GCaMP6s. We used a blue LED with a 

blue filter (482 ± 25 nm) for excitation and measured the calcium activity through a 495 nm dichroic mirror 

and a green band-pass emission filter (525 ± 45 nm). Images were collected using a CCD camera (Teli, 

11.04 μm per pixel) at 1.8 Hz acquisition rate through 1x macroscope lense assembly using VDAQ 

acquisition system (Optical Imaging Inc, http://www.opt-imaging.com). A large (42 inch) gamma-corrected 

M4210LG display screen (LG) was placed 29.5 cm in front of the mouse. We first obtained a coarse 

retinotopic map to see for which part of the visual field we were recording responses, by showing square-

wave gratings drifting in quickly alternating directions in different partitions of the display screen as 

described in detail previously (Heimel, Hartman, Hermans, & Levelt, 2007). Based on this coarse map, we 

sometimes repositioned the monitor to cover receptive fields of the responsive area, and started a finer 

retinotopic mapping. To get the horizontal structure of orientation preference, we showed full-screen 

grating drifting in 8 different directions. The spatial frequency, contrast, and drift speed were 0.05 cycles 

per degree, 90 %, and 2 Hz, respectively, except for the experiments shown in Supp. Fig. 8 where we also 

used 0.1 and 0.16 cpd. For retinotopic maps, at least 5 repetitions of all patches were shown, and for the 

orientation imaging at least 20. Stimulus duration was 3s and we used a minimum interstimulus interval of 

9s. 
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Data analysis 
Analysis was done using custom Matlab scripts, a fork from code written by Steve Van Hooser, and 

available online at https://github.com/heimel/InVivoTools. Circular mean of the preferred orientation of a 

penetration (i.e. a single probe insertion or tungsten track) was computed as half the angle of ∑pexp(2iφp), 

where φp is the preferred angle of recording position p for the tungsten microelectrode, or channel for the 

linear probe. The circular variance for a single penetration or track was computed as 1 - |∑pexp(2iφp)|/n, 

where n is the number of channels or positions recorded on the penetration. We then calculated the median 

circular variance for all penetrations. Next, 10,000x times all orientation preferences of all positions on all 

penetrations were randomly redistributed over all positions on all penetrations. The resulting distribution is 

shown in Figure 1g. The histogram of the median circular variance for all penetrations for each reshuffling 

is shown in Figure 1h. 

Orientation index was defined as OI = (RPref – ROrtho) / (RPref + ROrtho), where RPref is the average 

neuron’s response to the preferred orientation (i.e. two opposing direction for drifting gratings) and ROrtho 

is the average neuron’s response to the orientation orthogonal to the preferred orientation. Cells were called 

direction selective if their direction selectivity index (DSI) was larger than 0.5, where DSI = √((∑φR(φ) 

sin(φ))² + (∑φR(φ) cos(φ))²) / ∑φR(φ); where φ is the angle of the stimulus, R(φ) the neuron’s response to 

it, and ∑φ denotes the summation over all the represented angles. For Supplementary Figure 10e, the 

preferred orientations were computed from Von Mises function, exp( cos( 2(φ-φpreferred))-1), fits to the 

orientation tuning curves. 

For the macroscopy, the responses were the averages over all repetitions of the mean change in 

fluorescence from 0.3s after stimulus onset until 2s after stimulus offset divided by the mean 3s baseline 

fluorescence before the stimulus, i.e. response for repetition i of stimulus s, which lasts from t_onset to 

t_offset, was (Rs-R0)/R0, where Rs is the average image intensity over the region of interest  from t_onset 

+ 0.3 s to t_offset + 2 s and R0 is the the average image intensity over the region of interest from t_onset - 

3 s to t_onset + 0.3s. This response was divided by 1 plus the same response in a visually not responsive 

reference region, to correct for slow changes in fluorescence unrelated to neuronal activity. Maps were 

made by spatially filtering by a convolution with a 2D gaussian with sigma of 33 micron (3 pixels). For the 

retinotopic maps in Figures 3b and 4a, every pixel was colored with a hue assigned to the patch on the 

monitor to which it was most responsive. The saturation of the pixel was linearly scaled according to the 

level of the response, with the maximum saturation matching the maximum response. For the orientation 

maps shown in Figures 3d, 4e and Supp. Fig. 7, the mean response for each pixel to each of the 8 directions 

were computed as described above.  Next, for each pixel p, we computed R(φ,p) as the maximum response 

of each orientation φ to the two corresponding directions. Finally, we computed the angle of ∑θ R(φ,p) exp( 

2iφ ). This angle was used to determine the hue of each pixel. The saturation was scaled according to the 

level of the mean response of all stimuli. For the significance map in Figure 3d the p-value of the ANOVA 

across orientations for all repetitions was computed and thresholded. The single-condition maps in Figure 

3c show the mean response during the selected directions from which the mean response over all directions 
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is subtracted. Figure 3e was constructed by taking the ROI for each of the retinotopic patches in Figure 3b 

and computing the average tuning curve for all pixels in each region. The preferred orientation was then 

drawn in the corresponding patch on the monitor. The concentric angle maps in Figure 4 and Supp. Fig. 

7 were created by automatically detecting the center of response for each monitor patch by fitting the 

response with a 2D Gaussian, where we first subtracted 0.1% of the response to obtain better fits. For the 

fitting we used a matlab function adapted from http://jilawww.colorado.edu/bec/BEC_for_everyone. 

Patches with a fitted response of at least 0.4 % were included for calculation of retinotopic map. With aid 

of the matlab function TriScatteredInterp smooth maps of the corresponding receptive field locations on 

the monitor were constructed. The cut-out of these maps from the original full-image was done 

automatically by TriScatteredInterp which gives the results of a 2D interpolation. Occasionally, the 

Gaussian fits would produce a fold in the map, but the interpolation function removed these folds.  For each 

position on the sSC the corresponding position on monitor was computed in x,y,z coordinates with respect 

to the nose (with z the axis of the body of the animal, x to the right of the animal, and y above the animal). 

From these x,y,z coordinates, we computed the azimuth and elevation through a standard cartesian to 

spherical coordinate transform, where azimuth = arctan( x/z ), elevation = arctan( y / sqrt(x2 + z2) ) to 

produce Figures 4b,c and Supplementary Figure 7. The concentric angle map in Figure 4d and 

Supplementary Figure 7 was calculated by transforming the original cartesian x,y,z coordinates to 

cylindrical coordinates by as (π/2 - cart2pol(x,y))/π*180; where cart2pol is a Matlab function using the four 

quadrant arctangent of x and y. For some animals we had not recorded the exact pitch and roll of the head. 

For these animals we chose the values that best fitted the concentric map hypothesis. The results, however, 

are fairly independent of this, because when we replace all rolls by the mean roll for all experiments, the 

circular correlation coefficient of measured preferred orientation and computed concentric orientation only 

drops by 4% and thus remains high. Also if we change the pitch of all imaged animals by 10 degrees up or 

down, the circular correlation coefficient varies by maximally 20%. An optimal fit was achieved by further 

smoothing the radial angle map by convolving with a 2D Gaussian with a sigma of 132 micron. This spatial 

filtering simulates the scatter of retinotopic position and light scatter in the images. We chose its specific 

size because it made the computed concentric orientation map and measured orientation map of the animal 

shown in Figure 4d,e visually look most alike, but it is likely to overestimate the light scatter and rf position 

scatter. The quantification, however, is fairly independent of the spatial filter as the circular cross 

correlation only drops by 6% if no smoothing is used. For each of the pixels in the cut-out we could plot 

the calculated radial angle and measured orientation (Fig. 5f). For quantification of similarity in 

Supplementary Figure 8, a minimum mean response of 0.5 % was required for each condition. 

Two-sided Student’s t-tests were used to compare orientation selectivity for the static and drifting 

gratings, and the moving dots. Wilcoxon signed rank sum test was used as the non-parametric paired test 

to compare median of penetrations when cortex was optogenetically silenced versus when it was not, 

because the distribution of medians was bound from below and clearly not normal. The Mann-Whitney U 
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test was used for unpaired comparisons of orientation index and response levels, which were not normally 

distributed. An ANOVA was used if the data from all groups passed the Shapiro-Wilk normality test.  
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Supplementary Figures and Materials 
 

 

Supplementary Figure 1 Single-unit selection and orientation tuning. (a) An example of single-unit (green) and 
multi-unit (blue) wave forms recorded during presentation of drifting gratings. (b) The single-unit and multi-unit 
waveforms show two separate clusters in space of peak to peak voltage versus late slope. (c) Histogram of inter 
spike time intervals of the single-unit. (d) Firing rate (left) and orientation tuning (right) of the single-unit. 
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Supplementary Figure 2 Orientation columns in sSC can be observed over a range of spatial frequencies (SF). 
(a) Left panel shows responses of one example unit to different orientations when SF varies (0.02, 0.04, 0.08, 
0.16, and 0.32 cpd). Note that square wave gratings were used. Error bars are mean +/- SEM. Middle and right 
panels show for different SFs the circular variance (CV) of the orientation preferences of units for 10 vertical 
penetrations (i.e. 1 CV value per penetration, 6 mice) and the mean orientation index (OI) of the units on these 
penetrations. For 7 vertical penetrations (4 mice) the SF set is [0.02, 0.04, 0.08, 0.16, and 0.32 cpd] as well as 
the standard SF of 0.05 cpd and for 3 vertical penetrations (2 mice) the SF set is [0.01, 0.1, 0.2, and 0.4 cpd]. (b) 
Orientation preference shows little change when SF is changed from 0.08 to 1.6 cpd, or from 0.1 to 0.2 cpd 
(n=36 units, 6 mice). Size of the dots indicates the number of the units for each specific pair of preferred 
orientations. 
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Supplementary Figure 3 Orientation columns in the sSC can be observed over a large range of temporal 
frequencies (TF) and contrasts. (a) Left panel shows response of one example unit to different orientations when 
TF varies (0.5,1, 2, 4, and 8 Hz). Error bars are mean +/- SEM. Middle and right panels show circular variance 
(CV) of one vertical penetration and the orientation index (OI) of units on this penetration (1 mouse) over 
different TFs. (b) Left panel shows response of one example unit to different orientations when contrast varies 
(20, 40, 60, 80 and 100 %). Error bars are mean +/- SEM.  Middle and right panels show CV of one vertical 
penetration and the OI of units on this penetration (one mouse) over different contrasts. 
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Supplementary Figure 4 Silencing of visual cortex with muscimol does not affect vertical grouping of 
orientation. (a) Two recording probes are placed in matching retinotopic positions in V1 and the sSC, while an 
injection pipette was placed above V1. The right panel shows the ON-response fields for one V1 site (red) and 
sSC site (blue) during a simultaneous recording (1 mouse). (b) Responses of multi-units in the sSC (left; error 
bars are mean +/- SEM.) and visual evoked potential in all layers of V1 (right) before (black) and 5 minutes after 
(blue) injection of muscimol in V1. It shows that V1 is silenced, while sSC remains active (1 mouse). (c) 
Example tuning curves from 7 depths in the sSC, separated by 50 μm, before (left) and after (right) silencing 
V1. 

 

Supplementary Figure 5 Examples of orientation preferences (measured at 22.5 deg resolution) encountered 
during horizontal penetrations (123 units; 2 mice). Offsets are arbitrary. 
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Supplementary Figure 6 Single condition responses of macroscopic calcium imaging. (a) Single condition 
responses to retinotopically restricted stimuli, used to compute Figure 4b. Intensity bar shows the ΔF/F in 
percentage and scale bar is 1 mm. (b) Single condition responses of mouse of Figure 4 to orientation stimuli. 
Intensity bar shows the ΔF/F in percentage and scale bar is 1 mm. 
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Supplementary Figure 7 Partial orientation maps of 7 mice. From left to right, retinotopic map in azimuth axis 
and elevation axis, the concentric angle map reconstructed based on the retinotopic map in azimuth-elevation 
coordination, and the preferred orientation map. 

 

Supplementary Figure 8 Robustness of vector angle map to changes in phase or spatial frequency. (a) Left: 
difference of vector angle of each pixel in one mouse (mouse #2) in response to drifting gratings with two 
different phases (180 deg apart). Right: Histogram of vector angle difference of the maps shown in the left panel. 
(b) Left: difference of vector angle of each pixel in 2 individual mice in response to drifting gratings with two 
different spatial frequencies. The spatial frequencies for mouse #2 are 0.05 and 0.16 cpd and for mouse #6 are 
0.05 and 0.10 cpd. Right: Histogram of vector angle difference of both maps, together, shown in the left panel. 
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Supplementary Figure 9 Visual cortex lacks a consistent structure for orientation preference. (a) Images of the 
left primary visual cortex (left) and the associated retinotopy (right) (1 mouse). Each pixel is colored with a hue 
corresponding to the monitor patch to which it gave most response. Pixel saturation scales with response strength. 
Maximum ∆F/F response was 3%. Scale bar is 1 mm. (b) The difference of the average response for each set of 
orientations and the average response to all orientations shows regional differences, that are not consistent for 
the first set of 10 (left) and next set of 10 presentations (right) (1 mouse). Saturation scales with response strength. 
Maximum ∆F/F response was 2.5%. 
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Supplementary Figure 10 Schematic of distortion due to presenting gratings on a flat screen. (a,b) When 
presenting gratings with a fixed physical spacing on a screen, the perceived spatial frequency of the grating 
closer to the observer is lower than in the periphery. Vertical gratings on the horizontal meridian have a higher 
spatial frequency in the meridian than horizontal gratings. The blue bars are presented for the reader and have 
the same physical size on paper. (c) The visual angle φc of a vertical grating at the horizontal meridian at azimuth 
θ with cycle width w is φc = arctan(tan(θ) + w/(2z)) -  arctan(tan(θ) - w/(2z)). (d) The visual angle φc of a 
horizontal grating at the horizontal meridian at azimuth θ with the same width w is φr = 2 arctan( w cos(θ) / (2z) 
). (e) Mean difference between the preferred orientation of units with the standard configuration of the screen 
(in front of the nose) and with the angled screen (orthogonal to the receptive field location) was not different 
from 0 (p = 0.30, t-test, 14 multi-units, 3 mice). 
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Supplementary information on distortion 
For our electrophysiological recordings, stimuli were presented on a large flat screen positioned 

directly in front of the animal. The physical width w of the gratings was determined by the spatial frequency 

sf measured directly in front of the animal, and was set by tan( 1/(2 sf) ) = w/(2z). Supplementary Figure 

10a,b show that while the horizontal and vertical black and white bars are as wide as the blue bar close to 

the mouse, they are smaller at the far right further away from the mouse. The horizontal black and white 

bars are about half the size of the blue bar, while the vertical bars are only about of a third of the size.  

This means that at the horizontal meridian the spatial frequency of the vertical grating is higher 

temporally than it is nasally. A cell with an unoriented, center-surround, receptive field with a center field 

of half the size of the blue bar would thus respond more vigorously to the horizontal grating than to the 

vertical. For all higher spatial frequencies, the preference for the horizontal gratings would remain until 

there is no response for either of the two orientations. The same would happen along the vertical meridian, 

where high above the observer the horizontal grating would have a higher spatial frequency than the 

vertical, and thus the vertical grating would evoke most response. A cell with an unoriented, center-

surround, receptive field temporally on the horizontal meridian, with a smaller center field of only a third 

of the size of the blue bar, however, would respond more vigorously to the vertical than to the horizontal 

grating. With increasing spatial frequency this preference reverses, and again the horizontal grating will 

evoke more response.  

To calculate the size of the distortion, consider Supplementary Figure 10c,d which show the 

placement of the screen, and where we consider a receptive field on the horizontal meridian at azimuth θ. 

In this figure, z is the shortest distance of the mouse to the screen, w is the fixed width of one cycle of the 

grating on the screen and φc and φc angular width of one cycle of grating at the receptive field location. A 

little trigonometry shows that for the concentric case, the angular width is given by 

    φc     = arctan(tan(θ) + w/(2z)) -  arctan(tan(θ) - w/(2z))  

= arctan(tan(θ) + tan(1/(2sf))) -  arctan(tan(θ) - tan(1/(2sf))) 

while for the radial grating the angular width is 

    φr     = 2 arctan( w cos(θ) / (2z) ) 

= 2 arctan( cos(θ) tan(1/(2sf)) ) 

We see that for a given angle θ the angular widths are thus independent of the distance of the screen, 

only of the screen placement and the spatial frequency.   

The base spatial frequency which was used for most of our recordings was 0.05 cycles per degree. Let 

us consider what this would mean for a typical example receptive field location from Figure 4h at about 

20 degrees lateral on the horizontal meridian. We find that the angular width of a concentric grating is φc 
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= 17.8 degrees, and for the radial grating φr = 18.8 degrees. The concentric and radial spatial frequencies 

at this position are then 1/17.8 = 0.056 cpd and 0.053 cpd. This difference of 5% is unlikely to have much 

influence on the orientation tuning of the neuron as spatial frequency tuning is usually 2 octaves broad (at 

least in visual cortex).  

Further out, the distortion becomes much stronger. At 50 degrees for example, φc has shrunk to 8.4 

degrees, and  φr  to 12.9 degrees, corresponding to a 35% difference in local spatial frequency. However, 

at this eccentricity the minimum of these two spatial frequencies already corresponds to 0.08 cpd. Most of 

the sSC neurons have a preferred spatial frequency of 0.08 cpd or lower (Wang et al. J. Neurosci 2010) and 

would thus show less response to the concentric grating with the higher spatial frequency, if they were 

untuned. Therefore, just based on theoretical grounds, it is unlikely that the distortion underlies the observed 

concentric bias. See also the main text and Supplemental Figure 10e for recordings when distortion is 

ruled out as an issue. 
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Abstract 
We detect objects more readily if they differ from their surroundings in motion, color, or texture. This 

increased saliency is thought to be related to increased responses in the visual cortex. The superior colliculus 

is another brain area involved in vision and especially in directing gaze and attention. In this study, we 

show that differences in texture orientation also increase responses in the superficial layers of the superior 

colliculus that receive retinal and cortical input. We found that gratings evoke more neural response when 

surrounded by orthogonal gratings than when surrounded by parallel gratings, particularly in the awake 

mouse. This pop-out is not originating from the visual cortex, and silencing visual cortex increased the 

relative difference in response. A model shows that this can result from retinotopically matched excitation 

from visual cortex to the superior colliculus. We suggest that the perceptual saliency of a stimulus differing 

from its surround in a low-level feature like grating orientation could depend on visual processing in the 

superior colliculus.  
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Introduction 
Visual features that differ from their surround catch our attention. The odd feature could signal a 

predator lurking in the bushes, or a prey trying to avoid capture. This perceptual pop-out also occurs if an 

oriented grating is presented on a background grating of another orientation (Joseph and Optican, 1996; 

Parkhurst and Niebur, 2004). In the primary visual cortex, the response to a grating surrounded by a similar 

orientation is smaller than when it is surrounded by a grating of an orthogonal orientation, in cats 

(Blakemore and Tobin, 1972), monkeys (Knierim and van Essen, 1992; Shushruth et al., 2013), humans 

(Vanegas et al., 2015), and rodents (Girman et al., 1999; Self et al., 2014). This cortical response pop-out 

effect is often assumed to be the source for the perceptual pop-out (Parkhurst and Niebur, 2004; Boehler et 

al., 2009; Zhang et al., 2012; Melloni et al., 2012; Shushruth et al., 2013; Schmid and Victor, 2014). The 

superior colliculus, however, is another brain structure involved in processing of visual information and is 

strongly involved in directing attention (Knudsen, 2007; Zénon and Krauzlis, 2012). Indeed, recently, 

neural pop-out effects have been found in the homologous optic tectum of archer fish and barn owls which 

both lack cerebral cortex (Zahar et al., 2012; Ben-Tov et al., 2015). The perceptual pop-out in mammals 

could thus also depend on visual processing in the superior colliculus if the response pop-out would be 

present there. 

Neurons in the visually driven superficial layers of the superior colliculus (sSC) in rodents, like in 

primates, often have an optimal stimulus size, and stimuli larger than this size evoke smaller responses 

(Binns and Salt, 1997; Girman and Lund, 2007; Wang et al., 2010; Gale and Murphy, 2014, Kasai and Isa, 

2016). The reduction of response to a center grating can depend on the orientation of the surround grating 

in a way similar to the response pop-out seen in cortex (Girman and Lund, 2007). It is clear that both retinal 

input and local GABA-ergic inhibition (Binns and Salt, 1997; Kaneda and Isa, 2013) contribute to surround 

suppression in the sSC, but it is unclear where this orientation dependence originates. Surround modulation 

in the sSC could also partially result from processing in the visual cortex. More than the superior colliculus, 

the visual cortex is thought to be involved in complex image analysis and it projects to the sSC. Any pop-

out effect could be computed in visual cortex and imposed on the sSC through projections from V1 or 

higher visual areas (Itti and Koch, 2001). The effect of V1 inactivation on the basic response properties in 

the sSC in the anesthetized animal is weak (Wang et al., 2010; Ahmadlou and Heimel, 2015), but in the 

awake animal silencing V1 decreases the response gain to looming stimuli in the sSC (Zhao et al., 2014). 

The effect of corticotectal input on responses to center-surround grating stimuli in the awake sSC is 

unknown. 

In this study, we used laminar extracellular recordings in the mouse sSC to characterize responses to 

gratings in the presence and absence of stimulus surrounds and the influence of visual cortex on this 

modulation. We find that under anesthesia iso-oriented surround suppression is stronger in the upper sSC 

than in the lower sSC. There is much less reduction for surrounding gratings with an orthogonal orientation, 

especially in the awake animal. The relative response difference is larger in the sSC than in V1 and cortical 

silencing in awake mice increases the relative strength of response in the sSC to an orthogonal surround 
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compared to that of a parallel surround. We model the input of cortex to the sSC by retinotopically matched 

excitatory connections and this captures the influence of visual cortex on the orientation specificity of the 

surround suppression. The cortical input will influence which stimuli lead to a behavioral response through 

the collicular pathway. Its function can be interpreted as a reduction of the animal’s reliance on low-level 

image features to compute saliency. 
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Materials and Methods 
C57BL/6JOlaHsd (Harlan) mice of 1.5 to 4 months old were used for the experiments. Mice were 

housed in a 12/12 hour dark/light cycle and experiments were carried out during the light phase. All 

experiments were approved by the institutional animal care and use committee of the Royal Netherlands 

Academy of Arts and Sciences. 

 

Surgery for anesthetized recording 
Mice were anesthetized by an intraperitoneal injection of 1.2 g urethane per kg body weight, 

supplemented by a subcutaneous injection of 8 mg chlorprothixene per kg body weight. We injected 

atropine sulfate (0.1 mg per kg) and dexamethasone (4 mg per kg) subcutaneously to reduce mucous 

secretions and to prevent cortical edema, respectively. Additional doses of urethane were injected when a 

toe-pinch response was observed. Mice were head fixed by ear and bite bars. Small craniotomies for 

recording were made by dental drill. Temperature was measured with a rectal probe and maintained by a 

feedback-controlled heating pad set to 36.5℃. Animals were euthanised at the end of the recording session 

by an overdose of urethane and spinal dislocation, or, when used for perfusion, by an overdose of 

pentobarbital (100 mg/kg i.p.). 

 

Surgery for awake recording 
For awake recordings, mice were first anesthetized with isoflurane (5% induction, 1.2-1.5% 

maintenance) in oxygen (0.8 L/min flow rate). Rectal temperature was maintained at 36.5℃. The eyes were 

protected from light by black stickers and from drying by Cavasan eye ointment. During their surgery, mice 

were administered the analgesic Metacam (1 mg/kg s.c.) to reduce pain during the recovery. Mice were 

head fixed and the scalp and soft tissue overlying the skull were incised to expose the skull. A metal ring 

(5 mm inner diameter) was attached to the skull with glue and dental cement. Small craniotomies for 

recording were made by dental drill. Next, the head was fixed to a stand through a handle attached to the 

ring. Animals recovered for two hours before the recordings started. The animals were given water and 

milk in the first hour after recovery, while they were restrained. Animals were euthanised at the end of the 

recording session by an overdose of pentobarbital (100 mg/kg i.p.). 

 

Electrophysiological recording 
Laminar silicon electrodes (A1×16-5mm-50-177, 16 channels spaced 50 μm apart, Neuronexus) were 

used for extracellular recordings. For recordings in the superior colliculus, electrodes were inserted 

vertically through a craniotomy 500-1000 µm lateral and 300-900 µm anterior to the Lambda cranial 

landmark. The literature (Cang et al., 2008; Wang et al., 2010; Ahmadlou and Heimel, 2015) and our 

measurements of receptive field positions showed that this is the binocular region of the sSC. The surface 
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of the sSC was determined by the first visual response. There was considerably less visual responsiveness 

350-400 µm after the first visual response, matching the thickness of the sSC described in the literature 

(Wang et al., 2010; Ahmadlou and Heimel, 2015) and the mouse brain atlas (Allen Brain Institute; 

http://mouse.brain-map.org/static/atlas). This meant that seven or eight channels of the laminar probe were 

in the sSC. In the case of seven channels, we labeled the top two as uSGS, the middle three as lSGS and 

the bottom two as SO. For eight channels, these numbers were three, two, three. The CSD analysis 

confirmed the channels of SO, as it showed a sink consistent with the strong retinal input (Zhao et al., 

2014). For the experiments on the influence of visual cortex on the sSC, we used a second laminar silicon 

electrode (the same type as used in the sSC) and simultaneously recorded from the binocular region of V1 

(2900-3000 µm lateral and 300-500 µm anterior to Lambda). The signals were digitized at 24 kHz and 

bandpass filtered between 500 Hz - 10 kHz using a Tucker-Davis Technologies RX5 pentusa. Signals were 

thresholded at 5x standard deviation to isolate spikes, and spikes were sorted into single-units by custom-

written Matlab (Mathworks) scripts using the first set of principal components of the spike wave forms and 

k-means based clustering. Resulting clusters and wave forms were checked visually for the goodness of 

isolation. For most of the analysis in the manuscript, however, single and multi-units were pooled together 

to increase the number of measurements, unless otherwise stated. Minimum evoked visual response for a 

unit to be included was 1.5 Hz. 

 

Histology 
When needed to ascertain the location of a DiI-coated electrode, or to measure the extent of the 

fluorescent muscimol diffusion, we transcardially perfused the mice with 4% paraformaldehyde (PFA) in 

phosphate buffered saline (PBS), and post-fixated the brains for 2 hours in PFA at 4°C before moving the 

brain to a PBS solution. Later, we cut the brains in coronal slices of 50 µm thickness on a vibratome. We 

mounted the sections using Vectashield mounting medium containing DAPI. The slides were imaged on an 

Axioplan 2 Zeiss fluorescence microscope using a 5x objective with 546 nm excitation light to visualize 

DiI and fluorescent muscimol and 365 nm light for DAPI. 

 

Visual stimulation for electrophysiology 

Stimuli were projected by a gamma-corrected PLUS U2-X1130 DLP projector onto a back 

projection screen (Macada Innovision, covering a 75x57 cm area), positioned 17.5 cm in front of 

the mouse. Gamma-correction was done using a Minolta LS-100 luminance meter and custom 

Matlab scripts using the PsychToolbox gamma-fitting routines. Background luminance was 100 

cd/m² at the center of the screen in the direction of the mouse. To determine receptive field 

location, we presented a 5 minute movie (5 frames per second) of small white squares (5 deg) in 

random positions on a black background (ratio of white to black area: 1/30, Heimel et al., 2010). 
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The visual stimuli were produced using Psychophysics Toolbox 3 (Kleiner et al., 2007). To 

measure size tuning and the surround suppression index, we showed circular patches of drifting, 

square wave, gratings, centered at the receptive field location. The diameters of the patches were 

15, 25, 40, 60, 90 and 120 deg when presented directly in front of the animal. The same physical 

sizes were also used on the other positions centered on the receptive field of the recording site. For 

computing the optimal diameter, we later computed the real visual angle based on the stimulus 

location relative to the mouse. Outside the stimulus patch the monitor remained an equiluminant 

grey. The gratings were drifting in 8 or 16 different directions (with steps of 22.5-45 deg) with 

0.05 cpd (in front of the mouse) at 95% contrast. The same physical grating spacing was used for 

the entire screen. No correction was made to adjust for the distance on the projection screen to the 

mouse. For the range of receptive field centers that we encountered in this study, the maximal 

apparent spatial frequency would be 0.07 cpd (for the calculation, see Ahmadlou and Heimel, 

2015). Drift speed was 2 Hz. The stimuli used for measuring cross-orientation facilitation consisted 

of the same drifting gratings in a circular patch with a diameter that was the preferred size plus 10 

deg (called center), surrounded by an annulus with a grating drifting in the same direction as the 

center grating (called iso-oriented surround) or drifting at an orthogonal direction (called cross-

oriented surround). The outer diameter of the annulus was 110 degrees. We also showed the 

surrounding annulus (parallel to the iso-oriented surround) without a center grating. These four 

different stimuli were shown for all 16 or 8 directions of the center stimulus. The stimulus and 

interstimulus duration were both 1 s. The stimuli were presented pseudorandomly, and at least 5 

repetitions of each unique stimulus were used to compute responses. 

 

Silencing visual cortex 
For measuring the influence of the visual cortex on the sSC, where we required broad reduction of 

activity in the visual cortex, we injected 100-150 nl of 2 mM fluorescent muscimol (BODIPY TMR-X 

conjugate, Life Technologies), an agonist of GABAA receptors, in binocular V1 at two depths (300 and 

500 µm below dura) using a Drummond Nanoject2 volume injector (with volume rate of 2.3 nl per second). 

This was done while laminar probes were present in the binocular sSC and V1. The recording location in 

V1 was the same location (within 0.1mm) in which muscimol was injected. The histology showed this 

amount of muscimol was enough to cover most of V1. 

 

Pupil tracking 
A headpost was attached under isoflurane surgery, similar to the method described in the section on 

surgery for awake recording. After full recovery, the awake animal was head fixed in the electrophysiology 
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setup. The mouse was presented with a series of stimuli (center grating, center plus iso-oriented surround, 

center plus cross-oriented surround, annulus) with sizes and stimulus center locations similar to those used 

for the electrophysiological recordings. One eye was illuminated with an IR-led and continuously video 

recorded with a Basler acA640-90um infrared-sensitive monochrome CCD camera throughout the session. 

The pupil position and dilation were automatically determined from the video by a custom-written C-

program (available at github.com/heimel/InVivoTools/Physiology). 

Pupils position and radius were measured in camera pixels and converted to estimated mouse viewing 

angles. The estimate was done by making the approximations that the eye is spherical and that an eye 

movement is a rotation around the center of the eye, and by estimating the radius of the eye from the image, 

aided by previous experience with enucleation. The x and y axis are arbitrary and do not correspond with 

horizontal and vertical view directions. For the analysis, we computed the displacement as the absolute 

difference in viewing angles (in degrees) from the median pupil position over the entire session. This is 

invariant under a rotation in x and y. For each stimulus, the change in displacement or radius was calculated 

as the mean displacement or radius over the entire 1 s duration of a stimulus minus the mean displacement 

or radius in the last 0.25 s before stimulus onset. Per test session, we computed the mean change in radius 

and displacement of each stimulus type (center, center+iso-surround, center+cross-surround and annulus) 

over all directions. 

To compare the distribution of pupil positions and speeds across animals, we rotated the camera x-y 

plane from the image to the horizontal and vertical viewing directions of the animals. We did this by rotating 

the x-y distribution, which was always clearly elongated in one direction, such that the longest distribution-

axis became the horizontal axis. We computed the distribution of pupil positions in the horizontal-vertical 

plane during the stimulus presentation, relatively to the position in the last 0.25 s before stimulus onset. 

These distributions we compared for the different stimulus types, at different timepoints after stimulus 

onset. Using the horizontal and vertical pupil positions, we computed for each imaged frame the horizontal 

and vertical speeds as the difference in position compared to the previous frame in degrees per second. We 

compared the distribution of speeds at different timepoints after stimulus onset. 

 

Data analysis 
Analysis was done using Matlab scripts available online at https://github.com/heimel/InVivoTools, a 

fork from code written by Steve Van Hooser. Current source density (CSD) analysis was used for the 

laminar probe records to illustrate the current flow at different depths of the sSC. The local field potentials 

(LFPs) of i’th channel in response to visual stimuli were averaged across all trials, and indicated by Li. 

Then the CSD profile was derived by computing the second spatial derivative across the channels. The CSD 

of the i’th channel is (2Li - Li-1 - Li+1) / Δ2, where Δ is the distance between two neighboring channels. For 

all the analysis of spiking activity, the responses were averaged over all directions of the center grating, but 

the results were not qualitatively different when the optimal direction or orientation was used. The rate was 



  Pop-Out in Superior Colliculus 

73 

 

the average firing rate during the entire interval that the stimulus lasted (1 s). Whenever we use the word 

response, we refer to the rate minus the spontaneous rate. The spontaneous rate was defined as the mean 

rate in the 0.5 s before stimulus onset. The surround suppression index (SSI) was defined as (Rpref - Rlargest 

) / Rpref, where Rpref is maximum response and Rlargest is the response to the largest stimulus. The orientation-

specific suppression index (OSSI) was calculated as (Rcross - Riso) / (Rcross + Riso), where Rcross is the mean 

response to the stimulus of center with a cross-oriented surround, and Riso that of a stimulus with an iso-

oriented surround. Analogous to the SSI (but opposite in sign), we defined a cross-orientation facilitation 

index (COFI) as (Rcross - Rpref ) / Rpref. The SSI and OSSI are not normally distributed, because responses 

are mostly positive and these indices are thus soft-limited between 0 and 1 (SSI) and -1 and 1 (OSSI). For 

this reason, all statistical tests involving these indices are non-parametric Mann-Whitney U tests when two 

independent groups were compared, or Kruskal-Wallis when three or more groups were compared. For 

comparison of laminar differences, we first used a Kruskal-Wallis test, followed by Bonferroni corrected 

tests for all layers versus each other. When the same units were compared in two conditions, the paired 

non-parametric signed rank test was used. For the visual presentation of medians, we computed the 

bootstrapped standard error in the medians. This was done by recomputing the median n times by 

resampling with reuse from the original samples and computing the standard deviation of the result, where 

n is the smallest integer larger than 100,000 / sample size. 

 

Model 
The model is a phenomenological description of a population of rate-based sSC neurons, which get 

excitatory input from the retina and other sSC neurons, inhibitory input from other sSC neurons, and 

excitatory input from the visual cortex.  

The response in the stationary state of neuron i to visual stimulus stim is given by 

    R(i,stim) = E(i,stim) - I(i,stim) + F(i,stim), 

where E(i,stim) is the stimulus-dependent excitatory input, I(i,stim) the inhibitory input, and the 

response fluctuation term F(i,stim) is a normal random variable with mean 0 and standard deviation σ. The 

visual stimulus stim could be either center, iso or cross, where we take center to mean a central patch of 

drifting grating, iso the same center patch with an iso-oriented surround and cross the center patch with a 

cross-oriented surround. The receptive field of the model neurons is not explicitly modeled, but we assume 

that it matches the extent of the center stimulus. 

The excitation has two components, E(i,stim) = Ers(i,stim) + Ectx(stim), where Ers is excitatory retinal 

and local input and Ectx is the corticotectal input. The excitatory retinal and local input Ers of neuron i  to 

the center stimulus in its receptive field is an exponentially distributed random variable D: 

Ers(i,center) = D(i) 

The excitatory retinal and local input to the iso and cross stimuli are:   
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Ers(i,iso) = Ers(i,center) ( 1 - SSIrs) N(i,iso) 

Ers(i,cross) = Ers(i,center) ( 1 - SSIrs) (1 + OSSIrs)/(1-OSSIrs) N(i,cross) 

where N(i,iso) and N(i,cross) are normally distributed random variables with mean 1 and standard 

deviation V.  By choosing the input like this, we ensure that 

    SSIrs = (MErs(center) - MErs(iso)) / MErs(center)  

    OSSIrs = (MErs(cross) - MErs(iso)) / (MErs(cross) + MErs(iso)), 

where MErs(stim) = 1/N ∑ i Ers(i,stim) and N is the number of cells in the sSC. 

Cortical input is retinotopically matched and is given by 

    Ectx(center) = εctx MErs  

Ectx(iso) =  Ectx(center) (1 - SSIctx) 

Ectx(cross) = Ectx(iso) (1 + OSSIrs)/(1-OSSIrs), 

such that the SSI and OSSI of the cortical excitation in the model matches the SSI and OSSI that we 

measured in V1. 

The local inhibition Isc in the model is purely a surround inhibition. It is absent for the center stimulus 

and is activated by stimuli in the surround of the center stimulus. It can thus be thought of as activated by 

the responses of neurons with receptive fields that are neighboring the modeled population. The inhibition 

scales in proportion to the activation of the modeled neurons, using the assumption that the neuronal 

populations with receptive fields covering the surrounds of the iso and cross stimuli are activated in the 

same manner as the model neurons: 

    Isc(i,center) = 0 

    Isc(i,iso) = ιsc E(i,iso) 

    Isc(i,cross) = ιsc E(i,cross) 

Finally, cells with a maximum response for all stimuli below 1.5 Hz are removed from the sample to 

comply with our treatment of the recorded cells. This does not influence the model results. 

In the model the SSI and OSSI of V1 are taken as given. The free parameters of the model are the SSI 

and OSSI of the retinal and local excitatory input (SSIrs, OSSIrs), the relative strength of local inhibition ιsc, 

the strength of cortical input εctx, the distribution width of excitatory input strength D, the variability in the 

mean response properties of individual neurons V,  and the response variability σ.  The values for the free 

parameters in the model used for the figure in the manuscript are SSIrs = 0.4, OSSIrs = 0.51, ιsc = 0.38, εctx 

= 0.28, D = 9, V = 0.3, σ = 0.15. These values could not be derived from the literature but were chosen to 

reproduce the measurements and found by minimization (using Matlab fminsearch and a loop over different 

initial conditions) of the sum squared difference of the mean and standard deviations of SSI, OSSI and 
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responses for the iso-oriented surround in the superior colliculus with and without visual cortex in the model 

and the measurements (Table 1). To compute the values in Table 1 and the probability distribution in 

Figure 4, the model was computed with 1,000,000 cells, but the results are independent of the number of 

cells if it is sufficiently large.  
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Results 
Laminar profile of surround suppression in the sSC 

First, we wanted to characterize the surround modulation across the superficial layers of the superior 

colliculus. We performed extracellular recordings with linear silicon probes spanning the entire sSC in 

head-fixed anesthetized mice and mice that had awoken from anesthesia (Fig. 1A). Current source density 

plots (Fig. 1B) show an early sink which indicates the stratum opticum (SO), the sublayer of the sSC where 

the retinal axons enter (Zhao et al., 2014). The layer above the SO is the stratum griseum superficiale (SGS). 

The visual evoked activity in the anesthetized animal usually extended over about 300 μm. Recordings in 

the lowest (ventral) 100 μm with visual activity we assigned to the SO. The top 100 μm was very likely in 

the SGS and we assigned to the upper SGS (uSGS). The middle 100 μm could not be assigned with certainty 

to either the SO or SGS, and we labeled recording contacts at these depths as lower SGS (lSGS). We started 

by mapping the receptive field center for the single and multi-units on all the recording sites by showing a 

sparse random distribution of white squares on a black background. The patch evoking the maximum ON 

or OFF response was considered the receptive field center. Usually the RFs were centered at the same 

spatial location for all recording sites of a probe that were within the sSC, but when this was not the case 

we either selected one and ignored the other sites for the subsequent analysis, or showed the stimuli multiple 

times centered at the different RF centers. Next, we showed circular patches of a range of diameters with 

drifting gratings, centered at the receptive field center. Many neurons in mouse sSC respond well to gratings 

and show orientation selectivity (Wang et al., 2010; Feinberg and Meister, 2015; Ahmadlou et al., 2015). 

Across the sSC, we often found strong reduction of responses for larger stimulus sizes, both in the awake 

and anesthetized animal (Fig. 1C-D). We found that under anesthesia the strength of surround suppression, 

as quantified by the surround suppression index (SSI, Fig. 1C), was different in the different layers of the 

sSC (p = 0.00004, Kruskal-Wallis test, uSGS:86, lSGS:85, SO:86 units, 14 mice, Fig. 1D), with more 

surround suppression in the uSGS than in the SO and lSGS. This laminar profile disappeared when the 

animal was awake (p = 0.18, Kruskal-Wallis test, uSGS:58, lSGS:49, SO:58 units, 12 mice, Fig. 1D). 

Median optimal grating diameter was lower in the uSGS than in the SO both under anesthesia and in the 

awake animal (Supplementary Fig. 1). Over all layers together, the amount of surround suppression in the 

awake animal was higher than in the anesthetized condition (anesthetized: SSI = 0.58 ± 0.02, awake: SSI = 

0.62 ± 0.02, median ± bootstrapped error, p = 0.01, Mann-Whitney U-test). This higher SSI in the awake 

was due to an increase in suppression and not due to an increased center response, which was slightly lower 

in the awake animal (anesthetized: 17.7 ± 2.6 Hz, median ± bootstrapped error, awake: 12.2 ± 1.5 Hz, p = 

0.02, Mann-Whitney U test). The spontaneous rate was slightly increased in wakefulness (anesthetized: 1.0 

± 0.2 Hz, awake: 1.6 ± 0.4 Hz median ± bootstrapped error, p = 0.004, Mann-Whitney U test). To compare, 

we also recorded in V1. In accordance with previous studies in awake mice, we found surround suppression 

in V1 (Adesnik et al., 2012; Vaiceliunaite et al., 2013; Pecka et al., 2014), but it was weaker than in the 

sSC (sSC: SSI = 0.62 ± 0.02, V1: SSI = 0.40 ± 0.04, median ± bootstrapped error, p < 0.000001, Mann-

Whitney U test, 34 cortical units, 5 mice, Fig. 1E). 
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Figure 1 The laminar profile of surround suppression in the sSC. A) Example of a laminar probe track, visible 
with red DiI in the sSC. Blue is DAPI. Scale bar indicates 0.5 mm. White dots give an impression of the channel 
spacing of the recording laminar probe (distance between sequential channels is 50 µm). B) Example of current 
source density plot in sSC showing an initial current sink in the SO (blue) and a source in the upper layer of the 
sSC. Scale bar is 100 μm. C) Examples of size tuning in the sSC in anesthetized and awake mice. Dashed lines 
show level of spontaneous firing. Error bars show mean over 16 directions and intertrial SEM (5 repetitions per 
direction). D) Laminar profile of surround suppression index (SSI) in the sSC of anesthetized (left) and awake 
(right) mice. Error bars show population median and bootstrapped error. Dashed lines show the mean SSI over 
the entire sSC. *** denotes p < 0.001 for both comparisons to other layers. E) SSI in the sSC and V1 of awake 
mice. Error bars show population median and bootstrapped error. *** denotes p < 0.001. 

 

Pop-out of cross-oriented gratings 
Once we had determined the size tuning profiles, we selected the diameter that was optimal for most 

of the recording sites that shared a receptive field center on the penetration. Next, we showed gratings of 

this optimal diameter plus 10 degrees, surrounded by background gray, or an iso-oriented (parallel) or cross-

oriented (orthogonal) grating annulus with a 110 degree outer diameter (Fig. 2A). In addition, we showed 

an annulus grating without any center grating. The surrounding annulus by itself generally caused little 

response. Most cells showed a strong reduction when the center grating was surrounded by an iso-oriented 

grating as indicated before, but only very little reduction or even an increase if surrounded by an orthogonal 

grating (Fig. 2B-C). The response to stimuli of a center with an orthogonal surround was slightly larger 

than the response to center alone (difference 0.57 ± 0.20 Hz, mean ± SEM, p = 0.0006, Wilcoxon signed 

rank test). The difference in rates between the parallel and orthogonal surround develops at the same time 

as the surround suppression and starts from the beginning of the stimulus response (Fig. 2B inset). We 

quantified the pop-out effect of a center grating with a cross-oriented surround compared to an iso-oriented  
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Figure 2 Orientation dependence of surround suppression in the sSC. A) Left: Example responses to center only, 
center with an iso-oriented surround, center with a cross-oriented surround, and surround without center stimuli 
in awake sSC. Gray foreground bars show mean rates averaged over 16 directions. Green bars show mean rate 
for the two directions of the optimal orientation for the center-only stimulus. Rates are mean firing rates during 
entire stimulus presentation. Dashed black line shows spontaneous firing. Error bars show SEM (5 repetitions 
per direction). Right: peri-stimulus spikes and spike histogram for the same neuron. Stimuli were shown 
randomized, but trials are here sorted by stimulus direction, which underlies the apparent rhythmic fluctuations 
in stimulus responses over trials. Highlighted in green are the two directions of the optimal orientation. B) 
Population average peri-stimulus time spike histograms for the four conditions, averaged over all directions, in 
the awake mouse. Line and shading represent mean ± SEM. Dashed line shows the average spontaneous rate. 
The inset shows the time evolution of the difference between in rate between center and iso-condition and cross- 
and iso-condition. C) Evoked responses for stimuli with a cross-oriented surround are larger than with an iso-
oriented surround, in anesthetized (light coloured squares) and awake (saturated coloured disks) conditions. D) 
Orientation-specific suppression index (OSSI) of sSC by layer, in anesthetized (light colours) and awake 
(saturated colours) conditions. Error bars show population median and bootstrapped error in median. Dashed 
lines represent median OSSI across layers for awake (black) and anesthetized (gray) conditions. Only laminar 
differences were in awake mice (**: p<0.01, ***: p<0.001 for comparisons with both other layers). E) OSSI in 
the sSC and V1 of awake mice. Error bars show population median and bootstrapped error in the median. *** 
denotes p < 0.001. The inset shows the development of the response difference between the iso- and cross-
conditions in V1 and the sSC. Line and shading represent mean ± SEM. 
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surround with an orientation-specific suppression index (OSSI, Fig. 2A). In the awake mouse the difference 

in response between gratings with a cross-oriented surround and an iso-oriented surround was even more 

pronounced than under anesthesia (p < 0.001, Mann-Whitney U-test, Fig. 2D). This difference in responses 

was not due to the presence of eye movements in the awake animals, because for each stimulus condition 

average pupil position per trial did not deviate further from the median pupil position than just before 

stimulus onset (Supplementary Fig. 2-4 and Supplementary Movie). The mean displacement and the 

speed did not change after onset of any of the visual stimuli (p > 0.05 for all stimuli, Supplementary Fig. 

2F-G). In addition, the distributions of pupil positions and pupil velocity were not different for the different 

stimulus conditions after stimulus onset (Supplementary Fig. 3-4). Compared to the other layers, the OSSI 

was lower in the uSGS in the awake (p = 0.0027, Kruskal-Wallis, uSGS:33, lSGS:39, SO:33 units, 13 mice, 

Fig. 2D) but there was no difference between the layers in the anesthetized condition (p = 0.95, Kruskal-

Wallis, uSGS:25, lSGS:23, SO:25 units, 6 mice, Fig. 2D).  

We also showed the same stimuli in the primary visual cortex of awake mice. Although the difference 

between a cross- and an iso-oriented surround is present there, as was also previously reported (Self et al., 

2014), the relative difference is much higher in the sSC (OSSI sSC: 0.45 ± 0.02, V1: 0.22 ± 0.05, median 

± bootstrapped error, p < 0.001, Mann-Whitney U-test, Fig. 2E). This is unlikely to be due to a different 

pooling of single-unit responses into multi-units, because for isolated single units in the sSC we do not find 

a lower SSI (single units: 0.71 ± 0.05, median ± bootstrapped error, p=0.96, Mann-Whitney U-test, 20 

single units) and the OSSI is even higher for single than for multi-units (single-units: 0.62 ± 0.05, median 

± bootstrapped error, p=0.03,  Mann-Whitney U-test, Supplementary Fig. 5). The differences in absolute 

rates between cross- and iso-oriented surrounds appear in V1 and sSC at about the same time (Fig. 2E 

inset). 

 

Cortical input decreases pop-out of cross-oriented stimulus 
Previously, we and others have shown that there is little influence of the visual cortex on responses in 

the sSC in the anesthetized mouse (Wang et al., 2010; Ahmadlou and Heimel, 2015). Under anesthesia, 

cortical ablation did not change contextual modulation in the rat uSGS (Girman and Lund, 2007). In the 

awake mouse, however, silencing of visual cortex reduced the gain of sSC responses to looming stimuli, 

without changing the speed tuning (Zhao et al., 2014), and surround suppression can be dependent on the 

state of the animal, at least in V1 (Ayaz et al., 2013). Therefore, we wanted to understand the influence of 

the corticotectal projection on more complicated stimuli in the awake animal. We measured surround 

modulation in the sSC and V1 in awake mice, and subsequently silenced the visual cortex by injecting the 

GABAA receptor agonist muscimol (fluorescently conjugated) in V1 (Fig. 3A-B). Muscimol reduced V1 

responses by 99 % (p = 0.00001, Wilcoxon signed rank test, 27 units, 6 animals, Fig. 3C). We did not check 

if the entirety of V1 was silenced, but the fluorescent muscimol had spread across V1 (Fig. 3B) and 

receptive fields of the silenced V1 neurons and the recorded sSC units were in the vicinity of each other for 

each experiment (Fig. 3D). Cortical silencing changed responses in the sSC in a manner depending on the 



  Pop-Out in Superior Colliculus 

80 

 

unit and stimulus (Fig. 3E). On average, it reduced the sSC responses to the center and both surround 

stimuli (center: before muscimol: 9.2 ± 1.2 Hz, after muscimol: 7.1 ± 1.3 Hz, mean ± SEM, p = 0.0004, 

Wilcoxon signed rank test, 57 units, 9 mice; iso: 3.8 ± 0.6 Hz before muscimol, 2.9 ± 0.5 Hz after muscimol, 

p = 0.018, Wilcoxon signed rank test, 57 units, 9 mice; cross: before muscimol: 9.5 ± 1.2 Hz, after 

muscimol: 8.1 ± 1.2 Hz, p = 0.03, Wilcoxon signed rank test, 45 units, 8 mice, Fig. 3F). Relative to each 

other, the response to the center grating and to a center grating with an iso-oriented surround were equally 

affected by cortical silencing. The iso-oriented surround suppression was thus unchanged (SSI before 

muscimol: 0.62 ± 0.03, after muscimol: 0.62 ± 0.04, mean ± SEM, p = 0.4, Wilcoxon signed rank test, 57 

units, 9 mice, Fig. 3G). This shows that surround suppression is not inherited from the visual cortex, and 

input from visual cortex possibly only changes the gain (Zhao et al., 2014). The response to a center grating 

with an iso-oriented surround were proportionally more reduced by cortical silencing than the responses to 

the cross-oriented surround (iso/cross response before muscimol: 0.42 ± 0.03, mean ± SEM; after 

muscimol: 0.35 ± 0.03; p = 0.0025, Wilcoxon signed rank test, Supplementary Fig. 6A-B). The absolute 

difference in response is not changed (p = 0.29, Supplementary Fig. 6C), but the effect is that the 

orientation-specific suppression index increased upon cortical silencing (0.42 ± 0.03 before muscimol, 0.52 

± 0.05 after muscimol, mean ± SEM, p = 0.003, Wilcoxon signed rank test, 45 units, 8 mice, Fig. 3H). This 

does not depend on the two units with OSSI>1.2 after muscimol injection (before muscimol: 0.42 ± 0.02, 

after muscimol: 0.48 ± 0.03, mean ± SEM, p = 0.009, Wilcoxon signed rank test, when these two units are 

removed). Responses to gratings with a cross-oriented surround were less reduced than the responses to the 

center grating alone (Supplementary Fig. 7). When we define a cross-orientation facilitation index (COFI), 

analogous to the iso-orientation surround suppression, as the difference in response to a center stimulus 

with and without a cross-oriented surround divided by the response to the center stimulus alone, we see that 

this is increased by cortical silencing (before: 0.17 ± 0.07, mean ± SEM; after 0.59 ± 0.12; p = 8 x 10-7, 

Wilcoxon signed rank test, Supplementary Fig. 7A). 

Overall, we conclude that in the awake mouse, input from the visual cortex reduced the difference in 

response induced by orthogonally oriented surrounding gratings compared to parallel oriented surrounding 

gratings and enhanced the difference between center-alone and with an orthogonal surround. For these 

stimuli, the influence of cortex is thus not only changing the gain, but also changing the response strengths 

relative to each other. The same recordings and manipulations using a saline control injection instead of 

muscimol did not reveal any significant differences before and after injection (response: p = 0.75; SSI: p = 

0.10; OSSI: p = 0.23, 24 units, 4 mice, all Wilcoxon signed rank test, Fig. 3I-J). 
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Figure 3 Silencing visual cortex does not affect iso-orientation suppression, but increases orientation-specific 
suppression index. A) Schematic of a coronal brain section with probes in sSC and V1 and injection of 
fluorescent muscimol in V1 of awake mice. B) Example spread of 100 nl of fluorescent muscimol in V1. Scale 
bar indicates 1 mm. C) Responses in V1 before and after muscimol. Bars show mean. *** indicate p<0.001. D) 
Dominant receptive field centers in V1 (non-filled circles) and sSC (filled circles) for recordings from different 
mice. Different colors correspond to different mice. E) Three examples of cell PSTHs in response to center 
(blue), iso (green) and cross (red) stimuli. F) Responses to the center, iso and cross stimuli, from top to bottom 
respectively, in the sSC are reduced by cortical silencing. G) Surround suppression index (for the iso-oriented 
surround) in the sSC is not affected by cortical silencing. H) Orientation-specific suppression index in the sSC 
increases by cortical silencing. ** denotes p<0.01. (without points with OSSI>1.2, p = 0.009). I) Surround 
suppression index in the sSC before and after saline injection in V1. J) Orientation-specific suppression index in 
the sSC before and after saline injection in V1. 
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Phenomenological model 
Although the effect of the corticotectal connections is to change the relative responses in the sSC, this 

does not automatically imply that there is very specific wiring between V1 and other cortical visual areas 

and the sSC. Indeed, our model shows that even retinotopically matched excitatory connections from V1 

to all neurons in the sSC can account for the data. The model consists of a phenomenological description 

of a population of sSC neurons receiving retinotopically matched excitatory connections from the retina 

and V1 to the sSC, combined with surround inhibition in the sSC (see Methods, Fig. 4A). The model does 

not include a description of the wiring within the sSC, except for an inhibition that is activated by 

surrounding stimuli. In the model, the non-cortical excitatory input to the sSC cells has an iso-oriented 

surround suppression profile that is similar to the measured surround suppression profile in visual cortex. 

The orientation specificity of the surround suppression of the non-cortical excitatory input, however, is 

higher than it is in visual cortex. Silencing visual cortex reduces the input for center and surrounds (Fig. 

4B), but because it does not alter the ratio between center and iso-oriented surround, the mean SSI is not 

affected. The ratio between the input to parallel and orthogonal surrounds is changed by silencing cortex 

because it will more resemble the ratio of the combination of the retinal input and local excitatory 

connections, which is higher than the ratio in visual cortex. The model parameters were chosen such that 

the mean observables of the model match the experimental data within one standard error (Table 1). A 

random sample drawn from the model distribution gives an insignificant change in SSI (p = 0.4, Wilcoxon 

signed rank test, 45 units, Fig. 4C), while the change in OSSI is significant (p = 0.01, Wilcoxon signed 

rank test, 45 units, Fig. 4D), matching the measured data (Fig. 3F-G). 

 
Table 1 Match of model observables to experimental averages. Model results are averages over 1,000,000 cells. 
Experimental data are mean ± SEM. 

  
Silenced visual cortex 

 
Model Experimental data Model Experimental data 

Response to grating with iso-oriented surround 3.7 Hz 3.8 ± 0.6 Hz 2.9 Hz 2.9 ± 0.5 Hz 

SSI 0.62 0.62 ± 0.03 0.62 0.62 ± 0.04 

OSSI 0.41 0.42 ± 0.02 0.49 0.48 ± 0.03 
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Figure 4 Simple model captures influence of visual cortex on sSC. A) Input from visual cortex is retinotopically 
matched and excitatory. Orientation-unspecific lateral inhibition is operating in the sSC. B-D) Density plots 
(gradients) of response, SSI and OSSI with and without visual cortex input into the model sSC. Arrowheads 
indicate the mean of the distributions. The dots are a randomly drawn sample of 45 cells, like the experimental 
data in Figure 3. For this sample, OSSI is shifted by silencing cortex (p = 0.01, Wilcoxon signed rank test), while 
SSI is not (p = 0.4). 
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Discussion 
We found strong surround suppression in the superficial layers of the mouse superior colliculus. 

Especially in the awake mouse, a grating evokes more response when it is surrounded by an orthogonally 

oriented grating than when it is surrounded by a parallel grating. The difference is larger than the response 

pop-out seen for these stimuli in the visual cortex. Silencing the visual cortex increased the difference 

between the responses to the grating with a parallel and orthogonal surround, showing that the existence of 

response pop-out in the sSC is not dependent on input from the visual cortex. On the contrary, collicular 

pop-out is reduced by cortical input. 

 

Origin of surround suppression in the sSC 
Previously, it was shown that neurons in the sSC of anesthetized animals show surround suppression 

(Sterling and Wickelgren, 1969; Girman and Lund, 2007; Gale and Murphy, 2014), but we have shown that 

this is not homogenous across its depth in the anesthetized animal. We found that the SO layer of the sSC 

exhibits less surround suppression than the uSGS and has a larger optimal stimulus diameter. Retinal 

ganglion cells show center-surround organization in which a stimulus in the surround suppresses responses 

to the center stimulus (Barlow, 1953), and in the mouse project to different sublamina of the sSC depending 

on their type (Hofbauer and Dräger, 1985; Dhande and Huberman, 2014). Retinal ganglion cell classes 

projecting to different layers show different optimal sizes, with cell types terminating in the contralateral 

top half of the sSC (W3, J and BD) on average preferring smaller sized stimuli than the W7 class terminating 

in the SO (Kim et al., 2010). Although a systematic review of the surround suppression of these cells is not 

available, the examples given in the study of Kim and colleagues suggest that the laminar differences in the 

amount of surround suppression in the retinal input to the sSC match that of the output. This poses the 

question how much surround suppression is inherited from the retina. Surround suppression in the optic 

tectum in zebrafish also matches its retinal input (Preuss et al., 2014), but this surround suppression, 

especially in the deeper layers, is not completely inherited from its retina (Del Bene et al., 2010). The 

orientation specificity that we found in the surround suppression also is suggestive of a post-retinal origin, 

as orientation selectivity is commonly seen as a property emerging further down the visual pathway. Some 

orientation selectivity, however, is already present in many mouse retinal ganglion cell responses (Zhao et 

al., 2013), and a surrounding grating drifting in the same direction as a center grating strongly reduces 

responses in some retinal ganglion cells in the vertebrate retina (Ölveczky et al., 2003). Furthermore, a 

study using stimuli similar to ours found qualitatively the same orientation dependence in the surround 

suppression of rat retinal ganglion cells as the modulation we found in the sSC (Girman and Lund, 2010). 

It is thus likely that part of the surround modulation in the sSC is inherited from the retina. Another part of 

the surround modulation comes from local GABAergic activity in the superior colliculus (Kaneda and Isa, 

2013). Application of GABAA receptor antagonist bicuculline enhanced responses in the anesthetized rat 

sSC and increased the relative responses to large disks compared to that of smaller sizes (Binns and Salt, 

1997). Previously, surround suppression in awake mouse V1 was shown to depend partially on inhibition 
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from local somatostatin-positive interneurons that have large optimal stimulus sizes (Adesnik et al., 2012). 

The categories of inhibitory neurons in the sSC are not well established, but in general GABAergic neurons 

in the sSC are horizontal cells with large optimal sizes (Gale and Murphy, 2014). Iso-orientation surround 

suppression in V1 and sSC may thus have a common mechanism. However, two-photon calcium imaging 

recently showed that size tuning in the full population of GABAergic neurons is identical to the size tuning 

of excitatory neurons (Kasai and Isa, 2016). This suggests that long-range axons from inhibitory neurons 

are more likely to cause the surround suppression in the sSC than short-range axons from local interneurons 

with large optimal sizes, but this remains an open question. 

 

Cortical influence on the sSC 
One possible alternative source of surround modulation of activity in the sSC is the visual cortex. The 

sSC receives input from layer 5 V1 pyramidal neurons. This corticotectal input is strong enough to directly 

induce behavior (Liang et al., 2015) and the response differences for the cross- and iso-oriented surrounds 

appear in the visual cortex not after they appear in the sSC. Apart from input from V1, the SC also receives 

input from the other visual areas (Wang and Burkhalter, 2013). Size tuning in the sSC, however, was similar 

with and without visual cortex in anesthetized cat (Wickelgren and Sterling, 1969). Also, in anesthetized 

rat the surround modulation in the uSGS was unaffected by ablation of the visual cortex (Girman and Lund, 

2007). The latter finding was interpreted as being due to the lack of direct cortical input into the uSGS, but 

recently it was shown that the influence of cortex is severely reduced by anesthesia. In anesthetized mice, 

silencing visual cortex made no difference in the collicular responses to looming disks, while in the awake 

animal sSC responses were strongly reduced when cortex was transiently silenced (Zhao et al., 2014). The 

speed tuning to stimuli was unaffected, suggesting that the visual cortex does not affect sSC feature 

selectivity but causes a gain enhancement. In contrast to only modulating the sSC gain, we found that cortex 

can change the responses to different stimuli relative to each other. Silencing visual cortex in the awake 

mouse reduced the responses in the sSC. The ratio of responses of a center grating and a grating with an 

iso-oriented surround was not changed. For gratings of one orientation, size tuning is thus not affected, but 

the relative responses to stimuli with a parallel or an orthogonal surround were influenced by the visual 

cortex. The effect of cortical input is to pull the OSSI towards its own level while leaving the SSI 

unchanged. It may seem a conundrum how the excitatory retinotopic connections from visual cortex can 

change the OSSI but not the SSI in the sSC. A simple phenomenological rate-based model was however 

enough to match the data. The main ingredients of the model are retinotopically matched excitatory 

corticotectal inputs, local inhibition in the sSC causing surround suppression and either local or retinal 

facilitation of cross-oriented surrounds. Of course, it is likely that there is more specificity in the 

corticotectal connections, which target both excitatory and inhibitory neurons but possibly not in equal 

proportion (Zingg et al., Neuron 2017), but this is not necessary to explain the data presented here. 
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Function of surround modulation in the sSC 
The model explains the effect of visual cortical silencing on the orientation specificity of surround 

suppression, but it does not explain the mechanism or the reason behind the strong surround modulation in 

the superior colliculus and its specific orientation profile. Several functions have been suggested for 

surround suppression in the visual system. One suggestion is that suppression reduces the correlations in 

neuronal responses, leading to sparser coding (Barlow, 1972; Vinje and Gallant, 2000). A second is that it 

may mediate detection of orientation discontinuities or weak signals in noise (Levitt and Lund, 1997). A 

third is that it may help to segregate objects in the foreground from the background (Roelfsema, 2006). The 

fourth suggestion may be the most relevant to the superior colliculus. Attention will be drawn by local 

differences in orientation and movement (Joseph and Optican, 1996), because they may indicate a 

behaviorally relevant object or animal in a visual scene. Surround suppression, and in particular the 

difference between iso-orientation and cross-orientation suppression, may represent a pop-out mechanism 

for detection (Knierim and van Essen, 1992). The response pop-out seen in the primary visual cortex to 

cross-oriented stimuli is assumed to be the source of the increased saliency of these stimuli (Parkhurst and 

Niebur, 2004;  Boehler et al., 2009; Zhang et al., 2012; Melloni et al., 2012;  Shushruth et al., 2013; Schmid 

and Victor, 2014), but modulations in the superior colliculus could thus also underlie the perceptual pop-

out, like in the homologous fish optic tectum (Ben-Tov et al., 2015). The mammalian superior colliculus is 

a key structure in directing an animal’s attention (Knudsen, 2007; Zénon and Krauzlis, 2012), but it is 

thought to have lost its prerogative on form and object vision to the visual cortex, which may make a more 

high-level assessment of which stimuli are relevant. In the rodent, the superior colliculus is important in 

deciding whether to attend, capture, freeze or escape (Dean et al., 1989, Wei et al., 2015; Shang et al., 

2015). It is unclear if freezing and escape in the primate can be directly initiated by visual input to the 

superior colliculus, but the superior colliculus is certainly important for target selection in the primate 

(McPeek and Keller, 2004).  

We might interpret our finding that silencing visual cortex in the awake animal increases the difference 

between an orthogonal and a parallel surround, as increasing the importance of low-level stimulus 

incongruencies in determining stimulus saliency. The perceptual pop-out of the odd-one-out may have a 

neural correlate in superior colliculus, which is not dependent on, but even in spite of cortical input. 
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Supplementary Figures and Materials 
 

 

Supplementary Figure 1 Optimal grating diameter per layer. A) Optimal grating diameter varies over the three 
layers in the anesthetized mouse (p<0.00001, Kruskal-Wallis test; n = 87, 83, 87 units for uSGS, lSGS and SO). 
Optimal diameter in uSGS is lower than in SO (p<0.001, Bonferroni corrected Mann-Whitney test) and then in 
lSGS (p=0.003). Bars show median and bootstrapped error in the median. Dashed line shows the median over 
all layers (26.7 ± 0.5 deg, bootstrapped error). B) Optimal grating diameter also varies over layers in the awake 
mouse (p=0.003, Kruskal-Wallis test; n = 53, 50, 53 units for uSGS, lSGS and SO). Optimal diameter in uSGS 
is lower than in SO (p=0.0003, Bonferroni corrected Mann-Whitney test). Bars show median and bootstrapped 
error. Dashed line shows the median over all layers (21.5 ± 3.6 deg, bootstrapped error). Optimal size in the 
awake condition is lower than in the anesthetized condition (Mann-Whitney U-test, p = 0.00006). 
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Supplementary Figure 2 Pupil movements are not induced by the center-surround stimuli. A) Eye recording 
with automated pupil measurement. B) Example pupil radius and position during 10 min recording session with 
visual stimulation. C) First 40 s of recording of B. Bars in the background indicate the type of visual stimulus. 
The stimuli have different drifting directions, which are not indicated here. D) The mean pupil radius, speed and 
displacements around stimulus onsets, for the example recording session of B and C. Mean is over all different 
presentations. Displacement is the absolute difference from the median pupil position over the entire session. E) 
The pupil very slightly contracts when the larger stimuli are presented (center: p = 0.28, iso: p = 0.008, cross: p 
= 0.013, annulus: p = 0.016, all Bonferroni-corrected t-test, 5 sessions, 2 mice).  F) No change in pupil 
displacement induced by stimulus presentation (center: p = 1, iso: p = 0.68, cross: p = 1, annulus: p = 1, all 
Bonferroni-corrected t-test). G) No change in pupil speed induced by stimulus presentation (center: p = 1, iso: p 
= 1, cross: p = 1, annulus: p = 1, all Bonferroni-corrected t-test). 
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Supplementary Figure 3 Distribution of relative pupil positions is not different from any of the stimulus types. 
A) Distribution of pupil positions during stimulus presentation, relative to position in the 0.25 s before stimulus 
onset, for one example drift direction of the stimulus center, which is upward-nasal motion. The different plots 
show the data for the different stimulus types. B) Cumulative distribution for horizontal pupil positions. Colors 
as in A. Horizontal pupil positions are equally distributed at 0.5 s after stimulus onset (p = 0.32, Kruskal-Wallis, 
d.o.f. = 116) and at the end of the stimulus (p = 0.24). C) Vertical pupil positions are equally distributed at 0.5 s 
after stimulus onset (p = 0.58, Kruskal-Wallis, d.o.f. = 116) and at the end of the stimulus (p = 0.19). D) 
Distribution of pupil positions during visual stimulation for all drift directions of the stimulus center. E) 
Cumulative distribution for horizontal pupil positions. Horizontal pupil positions are equally distributed at 0.5 s 
after stimulus onset (p = 0.94, Kruskal-Wallis, d.o.f. = 1238) and at the end of the stimulus (p = 0.88). F) Vertical 
positions are equally distributed at 0.5 s after stimulus onset (p = 0.07, Kruskal-Wallis, d.o.f. = 1238) and at the 
end of the stimulus (p = 0.16). 
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Supplementary Figure 4 Distribution of pupil speeds is not different from any of the stimulus types. A) 
Distribution of pupil speeds during stimulus presentation for one example drift direction of the stimulus center, 
which is upward-nasal motion. The different plots show the data for the different stimulus types. B) Cumulative 
distribution for horizontal pupil speeds. Colors as in A. Horizontal pupil speeds are equally distributed at 0.5 s 
after stimulus onset (p = 0.43, Kruskal-Wallis, d.o.f. = 116) and at the end of the stimulus (p = 0.10). C) Vertical 
pupil speeds are equally distributed at 0.5 s after stimulus onset (p = 0.70, Kruskal-Wallis, d.o.f. = 116) and at 
the end of the stimulus (p = 0.71). D) Distribution of pupil speeds during visual stimulation for all drift directions 
of the stimulus center. E) Cumulative distribution for horizontal pupil speeds. Horizontal pupil speeds are equally 
distributed at 0.5 s after stimulus onset (p = 0.46, Kruskal-Wallis, d.o.f. = 1238) and at the end of the stimulus 
(p = 0.37). F) Vertical speeds are equally distributed at 0.5 s after stimulus onset (p = 0.60, Kruskal-Wallis, d.o.f. 
= 1238) and at the end of the stimulus (p = 0.74). 
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Supplementary Figure 5 Single units show orientation-selective surround suppression in awake mice. A) 
Example single-unit isolation based on the first two principal component of the spike shapes. In green the single-
unit, in black non-sorted thresholded spikes. Inset shows average spike shapes of the same clusters. B) Mean 
firing rates of the single-unit in A in response to the different stimuli, averaged over all orientations. Dashed line 
shows spontaneous rate. Error bars indicate mean and SEM. C) For all 20 isolated single-units, responses to a 
grating with a cross-oriented surround are higher than to that with an iso-oriented surround. D) Surround 
suppression index (0.71 ± 0.05, median ± bootstrapped error) and orientation-selective suppression index (0.62 
± 0.05) for all single-units. 

 

Supplementary Figure 6 Response in sSC to a center stimulus with an iso-oriented surround is relatively more 
reduced by silencing of visual cortex than the response to a center with a cross-oriented surround. A) The ratio 
of the response to a center with an iso-oriented surround divided by the response to a center with a cross-oriented 
surround is lower after injection of muscimol in V1 (before: 0.42 ± 0.03, mean ± SEM; after: 0.35 ± 0.03; p = 
0.0025, Wilcoxon signed rank test, n=43). *** indicates p<0.001. B) The responses after muscimol injection 
relative to before the injection are lower for a center stimulus with an iso-oriented surround than to a center with 
a cross-oriented surround (cross ratio: 0.89 ± 0.08, iso ratio: 0.74 ± 0.09, p = 0.02,  Wilcoxon signed rank test). 
* indicates p<0.05. C) Response to center with cross-surround minus response to center with iso-surround is 
unchanged after muscimol (before: 5.1 ± 0.6 Hz, after: 4.7 ± 0.7 Hz, p = 0.29, Wilcoxon signed rank test). 
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Supplementary Figure 7 Responses in sSC to a center stimulus are more reduced by silencing of visual cortex 
than the responses to a center stimulus with a cross-oriented surround. A) The cross-oriented surround facilitation 
index (COFI) in the sSC was higher after muscimol injection in V1 than before (before: 0.17 ± 0.07, mean ± 
SEM; after 0.59 ± 0.12; p = 8 x 10-7, Wilcoxon signed rank test, n = 43). *** indicates p<0.001. B) The responses 
after V1 muscimol injection relative to before the injection are lower for the center stimulus than for the center 
plus cross-oriented surround (cross ratio: 0.89 ± 0.08; center ratio: 0.74 ± 0.07; p = 1.2 x 10-7, Wilcoxon signed 
rank test). C) Response in sSC to center with cross-surround stimulus minus response to center alone is increased 
after muscimol injection in V1 (before: 0.3 ± 0.3 Hz, mean ± SEM, after: 1.1 ± 0.4 Hz, p = 0.0035, Wilcoxon 
signed rank test). ** indicates p<0.01. 
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Abstract 
The two largest targets of retinal input in the mammal are the dorsal lateral geniculate nucleus, a relay to 

the visual cortex, and the superior colliculus.  Visual recognition is primarily thought to take place in the 

visual cortex, while superior colliculus is important to direct attention and gaze. Primary visual cortex (V1) 

innervates and influences the superior colliculus. Here we found, using electrophysiological recordings and 

optogenetics, that, in turn, superior colliculus modulates responses of mouse V1. Surround suppression, 

which is the suppression of responses when an optimal visual stimulus is surrounded by other stimuli, is 

reduced in V1 when the superior colliculus is optogenetically inhibited. There are two thalamic pathways 

from superior colliculus to V1, one through the lateral posterior nucleus (LP) and another through the 

dorsolateral geniculate nucleus (dLGN). We pharmacologically silenced LP, while activity in superior 

colliculus was optogenetically inhibited. Surprisingly, the modulation of the primary visual cortex by the 

superior colliculus did not occur through LP. The observed effect is indeed through a gain modulation of 

visual responses in the dLGN by the superior colliculus. This study shows a new role of the superior 

colliculus as a functional modulator of V1 and the importance of the tecto-geniculate pathway in cortical 

responses. 
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Introduction 
In mammals, visual information flows from the retina to the dorsal geniculate nucleus (dLGN) where 

it is relayed to the primary visual cortex (V1). A large number of axons for retinal ganglion cells (RGCs), 

however, also terminate in the superior colliculus, or the optic tectum as it is called in non-mammalian 

vertebrates. As much as 85-90% of the RGCs project to the superficial layers of the superior colliculus 

(sSC) in the mouse (Ellis et al., 2016). The mouse sSC shows feature selectivity for orientation and direction 

(Wang et al. 2010; Ahmadlou & Heimel, 2015, Feinberg & Meister, 2015), which in part is inherited from 

the RGCs (Shi et al., 2017). The superficial layers also receive input from V1 (May, 2006). Through these 

connections, V1 influences visual responses in the sSC in awake mice (Zhao et al., 2014; Ahmadlou et al., 

2017). The superior colliculus itself also projects to the visual thalamus and could in turn influence 

processing in the visual cortex. Indeed, lesioning of the superior colliculus affects velocity tuning in higher 

visual cortical areas (Tohmi et al. 2014). This effect is thought to be mediated by the strong connection for 

the superior colliculus to the lateral posterior (LP) nuclei, homologous to the primate pulvinar areas, in the 

visual thalamus. The superior colliculus could potentially also influence the input to the primary visual 

cortex through its projection to the dLGN (Bickford et al., 2015). This tectogeniculate projection is present 

in all studied mammals (Harting et al., 1991), but its functional effect on visual processing in 

thalamocortical pathway is still completely unknown. We hypothesized that it may influence the contextual 

modulation in V1 responses, in particular surround suppression. Surround suppression is the effect that 

neurons respond less to an optimal visual stimulus when it is surrounded by similar stimuli. Surround 

suppression is present in mouse V1 (Van den Bergh et al., 2010; Adesnik et al. 2012; Vaiceliunaite et al. 

2013; Self et al., 2014) and in mouse sSC (Ahmadlou et al., 2017). Surround suppression in V1 of primates 

is modulated by spatial attention (Roberts et al. 2007). Superior colliculus, and its homologue the optic 

tectum, is a key area in the attentional network of vertebrates (Knudsen, 2007; Krauzlis et al, 2013). 

Although evidence for visual spatial attention has remained elusive in the mouse, we wanted to investigate 

whether even in a situation where attention does not play any role, the superior colliculus may influence 

surround suppression in V1. 

Here, by electrophysiological recordings with optogenetic and pharmacologic approaches, we have 

thus looked at the effects of superior colliculus on the surround suppression in the V1 neurons, through 

both geniculate and non-geniculate thalamic pathways. Surprisingly, LP does not influence the surround 

suppression in V1. We show that a part of the surround suppression in V1 is manipulated by the direct 

tecto-geniculate pathway through a gain modulation in the dLGN. 
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Results 
Functional modulation of V1 responses by sSC 

In order to look at the influence of sSC on V1, we reduced activity in the excitatory neurons in the sSC 

by optogenetically activating the inhibitory neurons. For this reason, we expressed Channelrhodopsin2 

(ChR2, Nagel et al., 2003) through a Cre-dependent virus, AAV2/9-EF1a-DIO-ChR2-eYFP, in the sSC of 

gad2-cre driver line mice (Taniguchi et al., 2011). The optogenetic and electrophysiology experiment was 

done through simultaneous recordings in the sSC and V1 by two laminar micro-electrodes, while the laser-

coupled light fiber was kept above sSC (Fig. 1A-B). Care was taken to have similar receptive field (RF) 

positions in the sSC and the V1 recordings, which were in front of the animal (mean distance from the main 

body axis sSC: 6.67.2 deg vs V1: 17.96.5 deg, meansem; 14 mice, 38 sSC RFs and 45 V1 RFs, Fig. 1C). 

Optogenetic activation of the inhibitory network of GAD2-positive neurons by blue light decreased the 

visual response in the sSC (laser off: 17.41.2 Hz vs laser on: 11.60.9 Hz, meansem, p < 0.00001, Wilcoxon 

signed rank test, 14 mice, 182 units, Fig. 1D). We showed disks with drifting gratings of different sizes 

centered at the V1 RFs to measure the surround suppression of the neurons in V1, while we optogenetically 

silenced the sSC every other trial. The surround suppression in V1, quantified by the surround suppression 

index (SSI), was decreased by suppressing sSC activity (laser off: 0.3890.016 vs laser on: 0.3180.017, 

meansem, p < 0.00001, Wilcoxon signed rank test, 14 mice, 160 units, Fig. 1E). This change is not through 

a direct effect of the light on the tissue or retina, as the control experiments with the same light on the sSC 

of mice without ChR2 expression did not show any effect on the SSI of V1 units (laser off: 0.3740.029 vs 

laser on: 0.3770.029m meansem; p = 0.76, Wilcoxon signed rank test; 5 mice, 52 units, Fig. 1F). The 

change in surround suppression was not associated with an overall reduction in responses (Fig. 1G). There 

was no significant decrease of the visual response to the largest size visual stimulus (laser off: 20.0 1.7 Hz 

vs laser on: 19.71.7 Hz, meansem; p = 0.06, Wilcoxon signed rank test; 14 mice, 160 units, Fig. S1A). On 

average, only V1 responses to middle-sized stimuli were decreased by sSC silencing (Size 1: p = 0.25, size 

2: p < 10-7, size 3: p < 10-8, size 4: p <  10-5, size 5: p <  10-5, size 6: p = 0.41, Wilcoxon signed rank test, 

Fig. 1H). Spontaneous activity in V1 was not reduced by sSC silencing (laser off: 3.77 0.34 Hz, laser on: 

4.14 0.39, mean sem, p = 0.37, Wilcoxon signed rank test, 14 mice, 160 units). The surround suppression 

decrease in the V1 units was proportional to amount of the sSC suppression (Pearson ρ = 0.95, p = 0.0004, 

non-zero slope test, Fig. S1B). We also measured the effect of the sSC on the V1 orientation and direction 

selectivity by showing full screen gratings drifting in different directions. There was no significant change 

direction selectivity index (laser off: 0.08610.0094 vs laser on: 0.08340.0099, meansem, p = 0.89, Wilcoxon 

signed rank test; 15 mice, 38 single-units, Fig. S1C) or orientation selectivity index (laser off: 0.2020.024 

vs laser on: 0.2090.023, meansem, p = 0.39, Wilcoxon signed rank test; 15 mice, 38 single-units, Fig. S1D) 

in V1 induced by suppressing the sSC. 
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Figure 1. Silencing sSC reduces surround suppression in V1. (A) Laminar recording electrodes in the sSC and 
V1 of anesthetized gad2-cre mouse, expressing channelrhodopsin2 in the sSC, with a laser-coupled fiber placed 
above the sSC. Screen was positioned 17.5 cm in front of the mouse. (B) Coronal slice showing ChR2-eYFP 
expression (green) in the sSC and the diI (red) trace of the V1 recording electrode. DAPI in blue. Scale bar is 1 
mm. (C) Distribution of recorded receptive field location of 38 sSC and 45 V1 units (14 mice). Receptive field 
sizes are not indicated. (D) Responses to full screen gratings in the sSC are reduced by optogenetic activation of 
the gad2-cells (p < 0.00001, Wilcoxon signed rank test,182 units, 14 mice). (E) Surround suppression index in 
V1 is reduced by silencing sSC (160 units, 14 mice, p < 0.00001, Wilcoxon signed rank test). (F) Surround 
suppression in V1 is not changed by laser in wild-type control mice (p = 0.76, Wilcoxon signed rank test, 5 mice, 
52 units). (G) Spike rastergrams from an example V1 unit for optimal size and large size gratings, without and 
with (blue) optogenetic inhibition of the sSC. Different lines in the rastergram show subsequent trials with 
different drifting directions. (H) Population average size tuning in V1 without (black) and with optogenetic 
inhibition of sSC. Size is relative to the smallest size presented within a recording. Error bars represent SEM. 

Tectal influence on V1 surround suppression is not through LP 
We found an influence of sSC on V1, but there is no direct projection from the sSC to V1. There is an 

indirect projection from the sSC to V1 via LP (tectopulvinar) and via the dLGN (tectogeniculate pathway). 

Compared to the dLGN, the LP receives more inputs from the sSC. We first assessed the impact of this 
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connection on LP responses. We again optogenetically suppressed sSC activity, but now while recording 

from LP (Fig. 2A-B). The visual response in LP was strongly reduced, when sSC was suppressed (laser 

off: 6.12.5 Hz vs laser on: 1.40.3 Hz, meansem; p = 0.0078, Wilcoxon signed rank test; 3 mice, 8 units; 

Fig. 2C). Next, we again optogenetically suppressed sSC activity but now while also recording from V1, 

before and after injection of fluorescent muscimol in LP (Fig. 2D). This way we could determine whether 

silencing LP removes the influence of sSC on surround suppression in V1. To make sure that we silenced 

LP, we also recorded in LP, before and after the muscimol injection. The RFs in all these LP, sSC and V1 

recordings were in front of the mouse, within 30 degrees from the main body axis, and retinotopically 

matched (Fig. 2E). As has been reported before, LP RFs were large (Roth et al., 2016). It is difficult to 

inject muscimol in LP without leakage into the neighboring dLGN. Therefore, we used a fluorescence 

conjugated muscimol in order to determine the spread of the muscimol after each experiment and reach the 

optimum location and amount of the injection. Figure 2F shows an example of the muscimol diffusion in 

LP. The recordings from the LP by laminar probes showed the high efficiency of the muscimol in silencing 

the LP (before muscimol: 7.511.30 Hz vs after muscimol: 0.250.03 Hz, meansem; p = 8.310-6, Wilcoxon 

signed rank test; 5 mice, 26 units; Fig. 2G). Before LP muscimol injection, again, optogenetically 

suppressing the sSC decreased the surround suppression in V1 (SSI laser off: 0.473 0.042 vs laser on 0.403 

0.026, meansem; p = 9.310-9, paired t-test; 5 mice, 42 units; Fig. 2H). After silencing LP, the effect of SSI 

reduction by sSC silencing continued to occur (laser off: 0.4820.025 vs laser on: 0.4120.020; meansem; p 

= 3.410-5, paired t-test; 5 mice, 49 units; Fig. 2I). The amount of SSI reduction in V1 was unaffected by 

silencing LP (before muscimol: 14.52.4% vs after muscimol: 13.93.1%, meansem; p = 0.92, Mann-Whitney 

U test; Fig. 2J). This result shows that the sSC modulation of the surround suppression in V1 is not through 

the tectopulvinar pathway. Moreover, in order to see if the LP has any effect on the V1 activity and/or V1’s 

SSI, we also used another strategy. The calcium-binding protein Calretinin is expressed in many excitatory 

cells of the LP (Lein et al. 2007) and not in the dLGN cells at all (Fig. S2A). Therefore, we injected a virus 

with a cre-dependent archaerhodopsin vector (Chow et al., 2010) in the LP of Calretinin-cre mice (Fig. 

S2B) to later optogenetically reduce LP activity (Fig. S2C). While LP activity was indeed reduced by laser 

light (laser off: 18.0 2.6 Hz vs laser on: 14.0 2.4 Hz, mean sem; p = 0.003, paired t-test; 2 mice, 7 units; 

Fig. S2C), there was no effect on mean V1 responses (laser off: 13.3 3.0 Hz vs laser on: 13.3 3.1 Hz, mean 

sem; p = 0.88, Mann-Whitney U test; 2 mice, 13 units; Fig. S2D) or V1 surround suppression (SSI, laser 

off: 0.38 0.04 vs laser on: 0.41 0.04 mean SEM; p = 0.22, paired t-test; 2 mice, 13 units; Fig. S2E-F). 

 

Reducing sSC activity reduces visual response in dLGN 
The other disynaptic pathway connecting sSC to V1 is via the dLGN. Earlier work indicated that a 

large fraction of dLGN neurons receive inhibitory input from the mouse sSC (Gale & Murphy, 2014). 

However, later work found less than 5% of the neurons retrogradely labeled by CTB to be GABAergic 

(Bickford et al., 2015). 
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Figure 2. Effect of sSC on V1 surround suppression is not mediated by LP/Pulvinar. (A) Laminar recording 
electrodes in LP and the sSC of anesthetized gad2-cre mouse, expressing channelrhodopsin2 in the sSC, with a 
laser-coupled fiber placed above the sSC. Screen was positioned in front of the mouse. (B) Coronal slice showing 
a DiI trace of the recording electrode in LP. DAPI in blue. Scale bar is 0.5 mm. (C) Optogenetic inhibition of 
sSC strongly reduced visual responses to full screen gratings in LP (p = 0.0078, Wilcoxon signed rank test, 3 
mice, 8 units). (D) Laminar recording electrodes in V1 and the sSC, and in LP before and after injection of 
fluorescent muscimol in LP. (E) Receptive field centers of recorded units in sSC, LP and V1 in this set of 
experiments. Shapes indicate brain areas. Colours represent the different experiments. Receptive field sizes are 
not indicated. (F) Example of one muscimol injection shown in a few coronal slices. LP outline is indicated by 
yellow dashed line. (G) Muscimol effectively silenced LP (5 mice, 26 units). (H) V1 SSI is reduced by 
optogenetic inhibition of sSC, before LP silencing (p = 9.310-9, paired t-test; 5 mice, 42 units). (I) V1 SSI is 
reduced by optogenetic inhibition of sSC, also after LP silencing (p = 3.410-5, paired t-test; 5 mice, 49 units). (J) 
No difference in the amount of SSI reduction by optogenetic inhibition of the sSC, before and after LP silencing 
(p = 0.92, Mann-Whitney U test) 
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Figure 3. The sSC increases dLGN gain via excitatory projection. (A) Top left, coronal slice of dLGN of a Gad2 
x Ai14 tdTomato reporter mouse (inhibitory neurons in red) transfected with a retrograde CAV2 virus with a 
ZsGreen (green) expressing vector.  DAPI in blue. Scale bar is 205 micron. Top right, coronal slice of sSC in 
the same experiment showing retrogradely labeled neurons (green) and inhibitory neurons (red). Scale bar is 100 
micron. Bottom left, 1 and 2 show magnifications of labeled cells indicated at top right. Scale bar is 10 micron. 
Bottom right, all 28 labeled cells were gad2-cre negative. (B) Top, coronal slice of SC injected medially with 
AAV expressing GFP (green) and more laterally with AAV expressing  tdTOM (red). DAPI in blue. Scale bar 
is 500 micron. Bottom, coronal slice from the same experiment showing sSC innervation of the dLGN. Dashed 
lines show outline of dLGN (left) and LP (right). Scale bar is 250 micron. (C) Laminar recording electrodes in 
the dLGN and sSC of anesthetized gad2-cre mouse, expressing channelrhodopsin2 in the sSC, with a laser-
coupled fiber placed above the sSC. (D) Example trace of DiI (red) left in the dLGN by recording electrode. 
DAPI in blue. Scale bar is 500 micron. (E) Distribution of receptive field centers for this set of experiments. 
Colours indicate the different experiments. Receptive field sizes are not indicated. (F) Surround suppression in 
dLGN is unchanged by optogenetic inhibition of sSC (p = 0.95, Wilcoxon signed rank test, 6 mice, 26 units). 
(G) Optogenetic inhibition of sSC reduced visual responses in the dLGN (p = 0.0008, Friedman’s test, 6 mice, 
26 units). Size is the rank of the stimulus size in a recording, counted from the preferred stimulus in that 
recording. Error bars indicate SEM. (H) Optogenetic inhibition reduced responses to full screen gratings in the 
shell of the dLGN (p = 0.0004, paired t-test, 6 mice, 18 units) and not the core (p = 0.59, paired t-test, 6 mice, 
19 units). Inset shows mean and sem of the response when the laser was on, relative to when it was off. 
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To get an independent estimate of the relative fraction of the inhibitory sSC neurons projecting to the 

dLGN, we injected a retrograde CAV2 virus in the dLGN to express ZsGreen in neurons projecting to the 

location of the injection. We made the injections in mice from a cross of the Gad2-cre driver line and the 

Ai14 reporter line, expressing tdTomato in all GABAergic cells (Fig. 3A). All of the 28 cells retrogradely 

labeled in the sSC were non-GABAergic. A crude upper bound of the fraction of GABAergic cells of the 

cells projecting from the sSC to the dLGN is thus 4%.  We expect therefore expect that the activation of 

GABAergic cells in the sSC primarily results in a reduction of glutamatergic input from the sSC to the 

dLGN. Injection of two AAV viruses for expressing different colours in the sSC showed that the projection 

from sSC to dLGN is retinotopically organized (Fig. 3B). To determine if the dLGN mediates the effect of 

SC silencing on V1, it is not informative to silence dLGN, because it would also silence V1. Still, we should 

see changes in dLGN activity if the influence of sSC on V1 is mediated by the dLGN. Therefore, in order 

to see the influence of sSC on dLGN, we inserted a laminar probe in the dLGN, while we again 

optogenetically reduced activity in the sSC (Fig. 3C-D). The RFs were matched and within 30 degrees from 

the central body axis (Fig. 3E).  

Surround suppression in the dLGN was not changed (SSI laser off: 0.251 0.053 vs laser on: 0.217 

0.069 mean sem; p = 0.95; Wilcoxon signed rank test; 6 mice, 26 units; Fig. 3F). Instead, suppressing sSC 

activity reduced visual responses of dLGN neurons (p = 0.0008; Friedman’s test, 6 mice, 26 units; Fig. 

3G), and in equal proportion in all stimulus sizes (p = 0.84, Kruskal-Wallis test). Silencing the sSC thus 

reduced the gain of dLGN. The response reduction was significant at the most dorsal 150 µm of the dLGN, 

presumably the dLGN shell (laser off: 10.31.5 Hz vs laser on: 7.21.7 Hz; p = 0.004, paired t-test; 6 mice, 

18 units; Fig. 3H) and was not significant at the more ventral part of the dLGN (laser off: 15.62.4 Hz vs 

laser on: 15.32.5 Hz; p = 0.59, paired t-test; 6 mice, 19 units; Fig. 3H).  The spontaneous activity in the 

dLGN was not changed by sSC silencing (laser off: 7.92 1.0 Hz, laser on: 8.33 1.2 Hz, mean sem, p = 0.38, 

Wilcoxon signed rank test). 

 

Modulation of V1 surround suppression is through the direct tecto-geniculate pathway 
The retrograde CAV2 virus injections also suggested a potential alternative route from the sSC to the 

dLGN. We found cells in the contra- and ipsilateral parabigeminal nucleus (PBG) that project to the dLGN 

(Fig. S3). The PBG is a small cholinergic midbrain nucleus that receives its main input from the sSC (May, 

2006). It could thus be possible that the sSC effect on the V1 is through the sSC-PBG-dLGN pathway and 

not through the direct sSC-dLGN pathway. Using stereotactic coordinates in combination with auditory 

and visual responses, we guided a electrode to record in the PBG (see Supplementary Methods). Figure 4A 

shows an example of the laminar microelectrode trace (coated by DiI) and a cell’s visual response in the 

PBG. As expected, optogenetically silencing the sSC via activating the inhibitory cells, strongly reduced 
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visual responses in the PBG (laser off: 9.51 1.6 Hz vs laser on: 3.73 1.0 Hz, mean sem; p = 410-5; Wilcoxon 

signed rank test; 4 mice, 22 units; Fig. 4A). 

 

Figure 4. Effect of sSC on V1 surround suppression is not mediated by PBG. (A) Laminar recording electrode 
in the PBG of anesthetized gad2-cre mouse, expressing channelrhodopsin2 in the sSC, with a laser-coupled fiber 
placed above the sSC. DAPI in blue. Scale bar is 0.5 mm. (B) Coronal slice showing trace of DiI (red) from 
recording electrode in PBG. (C) Example peristimulus time spike histogram in in the PBG, without and with 
optogenetic inhibition of the sSC. (D) Maximum response to full screen gratings in PBG is reduced by 
optogenetic inhibition of the sSC (p = 410-5, Wilcoxon signed rank test, 4 mice, 22 units). (E) Laminar recording 
electrodes in V1 and the PBG, before and after injection of fluorescent muscimol in the PBG. (F) Receptive field 
centers of recorded units in V1 and the PBG for this set of experiments. Colours represent the different 
experiments. Receptive field sizes are not indicated. (G) Coronal slice showing fluorescent muscimol in the 
PBG. DAPI in blue. (H) Muscimol silenced the PBG (p = 0.002, Wilcoxon signed rank test; 4 mice, 10 units). 
(I) Surround suppression in V1 was not changed by PBG silencing (p = 0.27, paired t-test; 4 mice, 43 units). 
Error bars indicate SEM. (J) Visual responses in V1 are not changed by PBG silencing (p = 0.57, two-way 
ANOVA). Size is the rank of the stimulus size in a recording, counted from the preferred stimulus in that 
recording. 
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To check the whether sSC’s modulation of V1 was mediated by the PBG, we silenced the PBG with 

an injection of fluorescent muscimol in wild-type animals while recording in the PBG and V1 (Fig. 4C). 

The large RFs of the PBG had a high overlap with the RFs of V1 (Fig. 4D). Figure 4E shows an example 

of the spread of the fluorescent muscimol covering the PBG. Electrophysiological recordings confirmed 

that the PBG was silenced (before muscimol: 7.37 1.30 Hz vs after muscimol: 0.06 0.22 Hz, mean SEM; p 

= 0.002, Wilcoxon signed rank test; 4 mice, 10 units; Fig. 4F). However, surround suppression in V1 is not 

affected by silencing the PBG (SSI before muscimol: 0.233 0.018 vs after muscimol: 0.242 0.015, mean 

SEM; p = 0.27, paired t-test; 4 mice, 43 units, Fig. 4G). Figure 4H shows V1 responses to different visual 

stimuli sizes, normalized by peak responses before silencing the PBG. It shows there is no difference in V1 

responses before and after silencing the PBG (p = 0.57, two-way ANOVA). Therefore, the effect of the 

sSC on V1 surround suppression is not through the indirect pathway via the PBG to the dLGN, but directly 

through the dLGN. 

 

Gain modulation in dLGN by the sSC changes surround suppression in V1 
Optogenetic silencing of the sSC caused a significant decrease of the dLGN responses to the visual 

stimuli of all different sizes. The resulting decrease in SSI in V1 is thus not a direct effect of a decrease of 

geniculate surround suppression. The reduction in cortical surround suppression could perhaps be an effect 

of a lower gain in dLGN. The effect of silencing sSC on the dLGN appeared similar to a reduction of 

stimulus contrast. For this reason, we measured the contrast response curve for the stimulus size that was 

most optimal for the whole population, with and without optical inhibition of sSC. We then chose the 

highest contrast at which the light caused a reduction of about 15% in response (Fig. 5A).  From the contrast 

response curve in the laser off condition, we then picked a lower contrast which gave approximately the 

same amount of response reduction as inhibiting the sSC gave. At this lower contrast, we measured the 

tuning curve again (Fig. 5B). We found that the surround suppression in V1 for these lower contrast stimuli 

is indeed lower than for the high contrast stimuli (high contrast SSI: 0.197 0.017 vs lower contrast: 0.147 

0.016, mean SEM; p = 3.410-7, Wilcoxon signed rank test; 5 mice, 63 units; Fig. 5B-C), just as had been 

the effect of optical inhibition of the sSC. The population size tuning curve measured at the lower contrast 

with an active sSC resembled the size tuning curve measured at high contrast and silenced sSC (Fig. 5D). 

Optogenetically inhibiting sSC activity suppressed the surround suppression for the lower contrast stimuli 

even further (Fig. 5E). Figure 5F shows that inactivating sSC and lowering the contrast decreased V1 SSI 

to a similar extent (change by inactivating sSC, p = 0.00019; change by lowering contrast p = 0.041; 

difference between inactivated sSC condition and lower contrast: p = 0.19, all Bonferroni-corrected Mann-

Whitney U-tests). 
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Figure 5. Lowering contrast reduces V1 surround suppression like optogenetically inhibiting sSC. (A) Contrast 
tuning in V1 is measured for an optimal size stimulus, without (black) and with (blue) optical inhibition of the 
sSC. The highest contrast at which the population response shows a reduction of approx. 15% is set as high 
contrast level. The contrast level at which the population gives a roughly equal response without sSC silencing 
is set as lower contrast level. Inset, equal tuning curve for one V1 unit. (B) Example rastergram of V1 neuron 
for gratings shown at two sizes at high (90%) and lower (70%) contrast. Different lines show different trials with 
different drifting directions. Stimulus started at time 0. (C) Surround suppression is lower at lower contrast (p = 
3.410-7, Wilcoxon signed rank test; 5 mice, 63 units). (D) Population average size tuning curves for lower contrast 
resemble the size tuning curve at high contrast with optogenetic inhibition of the sSC. All responses are 
normalized to the response of the preferred stimulus at high contrast, without optogenetic inhibition of the sSC. 
Error bars indicate SEM. (E) Optogenetic inhibition of the sSC reduces V1 surround suppression for high and 
lower contrasts. Error bars indicate SEM. (F) Surround suppression for high contrast without and with 
optogenetic inhibition of sSC and for lower contrast without optogenetic inhibition of the sSC (change by 
inactivating sSC, p = 0.00019; change by lowering contrast p = 0.041; difference between inactivated sSC 
condition and lower contrast: p = 0.19, all Bonferroni-corrected Mann-Whitney U-tests). Bars indicate mean and 
SEM. 
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Discussion 
We investigated the influence of superior colliculus on the visual responses in the mouse primary 

visual cortex. We found that silencing the superior colliculus reduced the gain in the dLGN. The reduced 

dLGN response led to a reduction of response in V1, except for very large stimuli, effectively reducing 

cortical surround suppression. This response change was similar to the effect of a reduction in contrast. The 

LP/Pulvinar did not play a role in this collicular modulation of V1 responses. 

 

Previous reports on influence of SC on visual cortex 
Previous studies have primarily studied the influence of superior colliculus on extrastriate cortex. In 

macaque, silencing superior colliculus alone has only a weak effect on responses of extrastriate visual 

cortex (Zénon & Krauzlis, 2012), but it can have a strong effect when V1 was already inactivated (Bruce 

et al. 1986; Rodman et al. J Neurosci 1990). Superior colliculus inactivation leads to a loss of response to 

high stimulus velocities (50-75 deg/s) in higher order visual cortical areas of cat and mouse (Ogino & 

Ohtsuka, 2000; Tohmi et al. 2014). In mouse, lesioning superior colliculus reduces response in V1 across 

velocities (Tohmi et al. 2014). The visual stimuli used for this latter study were about 40 degrees in 

diameter. This agrees with our finding that in our range of intermediate stimulus sizes, silencing sSC 

reduces V1 response. 

 

Pathway 
It has long been known that there is a projection from the superior colliculus to the dLGN across 

species (Harting et al. 1991), but the contribution of this tectogeniculate pathway to response properties in 

the dLGN has remained unknown (May, 2006). We confirmed that the large majority of the cells in the sSC 

projecting to the dLGN is not GABAergic. A very large sample of such cells contained less than 5% 

GABAergic neurons (Bickford et al. 2015). In our, smaller, sample we did not find any GABAergic neurons 

projecting to the dLGN, but there are some inhibitory neurons projecting to the dLGN (Gale & Murphy, 

2014). Our dual-color viral injections, also confirmed that the sSC to dLGN projection is retinotopic in the 

mouse (Bickford et al. 2015). Mouse sSC axons terminate mostly go to the dLGN shell (Grubb & 

Thompson, 2004; Bickford et al. 2015). In agreement with this we found that only the most dorsal channels 

in our dLGN recordings were modulated by silencing the sSC. Another possibility that we considered for 

explaining the modulation of the neurons in the dLGN is a pathway going through the parabigeminal 

nucleus (PBG), a cholinergic area homologous to the nucleus isthmii pars parvocellularis in non-

mammalian vertebrates. The PBG is visually responsive, and gets its visual input via a topographic 

projection of the ipsilateral sSC (May, 2006; Shang et al. 2015). The PBG projects primarily back to the 

ipsi- and collateral SC, but also to the dLGN. In rat, this projection is primarily to the contralateral dLGN 

(Sefton & Martin, 1984), but this is species-dependent. In the cat the projection is bilateral, and in the 

primate it is primarily ipsilateral (Harting et al. 1991b). Our injections of retrogradely labeling virus in the 
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dLGN showed projecting cells both in the ipsi- and contralateral PBG. Silencing the PBG, however, did 

not change surround suppression in ipsilateral V1. This excludes the SC-PBG-dLGN pathway as an option 

for conveying the collicular influence on V1 surround suppression. 

The pathway previously thought to be responsible for changes in visual responses in the cerebral cortex 

following silencing superior colliculus passes the lateral posterior (LP) / pulvinar nuclei (Tohmi et al., 

2014). There is a large projection from the SC to pulvinar in all mammals (May, 2006), These could be 

considered as driver input (Wurtz et al. 2005), but SC lesions have surprisingly little impact on activity the 

monkey pulvinar (Bender, 1983). This is probably species-specific or dependent on subarea of pulvinar. In 

mice, the activation of the projection from SC to LP is enough to induce freezing (Wei et al. 2015). And 

just like we here found in mice, silencing the sSC in rabbits causes a sharp attenuation of visual response 

in majority of rabbit LP neurons (Casanova & Molotchnikoff, 1990). We found, however, that silencing LP 

does not remove the effects of silencing sSC, and that in anesthetized mice, there is little change in visual 

response in V1 when LP is silenced. Although it is difficult to silence LP without silencing dLGN, our 

recordings in LP and the post hoc imaging of the extent of the fluorescent muscimol diffusion convinced 

us that we had indeed sufficiently silenced LP. Furthermore, reducing thalamic activity optogenetically by 

using a genetic restriction to LP showed also a lack of change in the response to these stimuli in V1 of 

anesthetized mice. This seems different from the situation in anesthetized monkeys. In galago monkeys, 

V1 was silenced by silencing pulvinar (Purushothaman et al., 2012), although deactivation pulvinar had 

only mixed effects on activity in V2 of anesthetized Cebus monkeys (Soares et al. 2004) and caused 

reduction, but not silencing, of V4 activity in awake rhesus monkeys (Zhou et al. 2016). Compared to 

primates, rodents have a relatively small LP / pulvinar complex (Chalfin et al. 2007) and the influence on 

V1 activity of LP in rodents may less than it is in primates. 

 

Gain and saliency 
Silencing sSC decreased the responses in the dLGN, but not the relative size tuning profile. We believe 

that the reduced surround suppression in V1 is a direct effect of the reduced responses in the dLGN. The 

size tuning of primate V1 neurons differs depending on the stimulus contrast and there is more spatial 

summation for lower contrast stimuli (Sceniak et al., 1999). We have confirmed earlier reports that also in 

mouse V1, surround suppression is higher for higher stimulus contrasts (Ayaz et al. 2013; Nienborg et al., 

2013). The changes in dLGN and V1 responses resulting from sSC silencing were not distinguishable from 

a change in stimulus contrast, or a dLGN gain change. This effect of gain change on surround suppression 

can be explained by the V1 normalization model (Carandini & Heeger, 2011), previously shown also to fit 

mouse V1 response properties (Heimel et al., 2010). The superior colliculus has a well-established role in 

orienting and directing attention in response to external stimuli (Krauzlis et al., 2013, Basso and May, 

2017). The basis for this may be the computation of a saliency map in the sSC (White et al., 2017), where 

stimulus features with a higher saliency have a higher neural response. In the mouse, we have found that 
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these higher firing rates in the sSC will result in an increased gain in the shell of the dLGN at the matching 

retinotopic location. The increased response in dLGN for the feature location leads to an increased response 

in V1. Firing rates in primate V1 correlate with perceptual saliency (Knierim and Van Essen, 1992; 

Shushruth et al., 2013; Zhang et al., 2012), and these increased responses may lead to faster behavioral 

responses, lower detection threshold and more accurate processing. In primate, perceptual saliency seems 

to depend on neural processing in V1 (Li, 2002) and in sSC (White et al., 2017). The neural response signal 

correlating to saliency in the sSC is partially resulting from bottom-up retinal input and local computation 

and partially from top-down input from the visual cortex and possibly other brain regions, like the PBG. 

The computation of stimulus saliency in V1 may have become more explicit in the primary visual cortex 

during primate evolution (Zhaoping, 2016). This may explain why we and others observe changes in visual 

cortex responses after silencing SC in the mouse (Tohmi et al., 2014), but there is no change in attentional 

modulation in MT and MST if SC is inactivated in the primate (Zénon and Krauzlis, 2012). Still, also in 

monkey there is input from the SC to the dLGN (Wilson et al., 1995) and there thus may remain a similar 

dLGN gain modulation by the SC in the primate. 
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Online Methods 
C57BL/6JOlaHsd (Harlan) and C57BL/6J (Janvier) mice, GAD2-Cre+ mice (Taniguchi et al., 2011), 

Calb2-Cre+ mice (Taniguchi et al., 2011) and GAD2-Cre+ crossed to Ai14 tdTOM reporter line (Madisen 

et al., 2010) mice of 2-5 months old were used for the experiments. Male and female mice were used. Mice 

were housed in 12h/12h dark/light cycle with access to food and water ad libitum. All experiments were 

approved by the institutional animal care and use committee of the Royal Netherlands Academy of Arts 

and Sciences. 

 

Electrophysiology surgery 
Mice were anesthetized by an intraperitoneal (IP) injection of 1.2 g urethane per kg body weight, 

supplemented by an IP injection of 8 mg chlorprothixene per kg body weight. We injected atropine sulfate 

(0.1 mg per kg) and dexamethasone (4 mg per kg) subcutaneously to reduce mucous secretions and to 

prevent cortical edema, respectively. Additional doses of urethane were injected when a response to toe-

pinch was observed. Mice were head fixed by ear and bite bars. Temperature was measured with a rectal 

probe and maintained by a feedback-controlled heating pad set to 36.5 deg. 

 

Electrophysiological recording and analysis 
Laminar silicon electrodes (A1×16-5mm-50-177-A16, 16 channels spaced 50 μm apart, Neuronexus) 

were used for all the extracellular recordings from sSC, V1, LP, dLGN and PBG. For recordings in the sSC, 

electrodes were inserted through a craniotomy 600-800 µm lateral and 600-800 µm anterior and 1000-1800 

µm down from Lambda. There was considerably less visual response below 300 µm from surface of the 

sSC (where the first visual response is observed). This means usually around 7-8 channels of the laminar 

probe were within the sSC. For recordings in V1, electrodes were inserted through a craniotomy 2900-3000 

µm lateral and 300-500 µm anterior to lambda and 0-800 µm down from the cortical surface. For recordings 

in dLGN, electrodes were inserted through a craniotomy 2050-2200 µm lateral and 2450-2550 µm posterior 

to Bregma and 2200-3000 µm down from the cortical surface. For LP recordings, electrodes were inserted 

through a craniotomy 1700-1800 µm lateral and 2200-2350 µm posterior to Bregma and 2100-2900 µm 

down from the cortical surface. PBG is a very small midbrain nucleus located at the most lateral side of the 

midbrain, and targeting the laminar probe only based on the stereotactic coordinates had a low success rate. 

Therefore, in order to increase the success rate, we developed a sensory guided method together with the 

stereotactic coordinates to target the PBG. Hence, for the PBG recordings, a craniotomy 1900-2100 µm 

lateral and 50 µm posterior to 100 µm anterior to Lambda was made and the electrode was sent down 

through the craniotomy, while waving a hand in front of the eyes to produce a visual response (as the 

craniotomy is above monocular V1) till 700-800 µm down from the cortical surface. If the electrode is in 

the correct location in the craniotomy, starting at depth of 1900-2000 µm, sounds in frequency range of 1-

3 kHz (at higher than 50 dB) should produce an auditory evoked potential (the location is in a part of 
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external nucleus of inferior colliculus (ICe) sensitive to this specific sound, based on our experience). 

Getting this evoked potential earlier than 1900 µm deep, meant that the probe should be relocated more 

lateral and having the evoked potential only below 2000 µm, meant that the probe should be relocated more 

medial within the craniotomy. 

 

Visual stimulation for electrophysiology 
Stimuli were projected by a gamma-corrected PLUS U2-X1130 DLP projector onto a backprojection 

screen (Macada Innovision), positioned 17.5 cm in front of the mouse. Full screen size was 60 x 42 cm. 

Matlab Psychophysics Toolbox 3 (Kleiner et al., 2007) was used to generate the visual stimuli (code 

available at github.com/heimel/InVivoTools. In order to find receptive field (RF) position of the sSC, V1 

and dLGN neurons, we presented a 5 minute movie (5 frames per second) of small white squares (5 deg) 

in random positions with black background (ratio of white to black area: 1/30). As the PBG RFs are large, 

larger white squares were presented (15 deg) to find the RF positions of the PBG neurons. Presenting these 

stimuli were not sufficient to determine RFs of the LP neurons, as the LP RFs are large and probably the 

LP neurons are not most activated by static flash. Therefore, in order to determine the LP RFs, we presented 

drifting gratings of 0.05 cycles per degree (cpd) in large square patches (15 degrees) with 25% overlap 

between the positions (10 times repetitions for each position). In order to measure size tuning and surround 

suppression index, disks of square wave gratings drifting in different directions (0-330 with steps of 30 

degrees) centered at the RF positions with fixed diameters corresponding to 10, 25, 40, 60, 90 and 120 

degrees of visual angle when shown directly in front of the mouse. For some penetrations, the RF positions 

for deeper V1 layers were different from the top layers. In these cases, the series of size tuning stimuli was 

run twice with different centers, and only the data from the layers with an RF close to the presented stimulus 

center were included. The gratings were 0.05 cycles per degree and 95% contrast. The physical spacing of 

the grating was fixed across the screen and the spatial frequency was computed at the center of the screen. 

The temporal frequency was 2 Hz. Stimulus duration and interstimulus time were both 1s. Background 

luminance was 10 cd/m². For comparing the effects of reducing contrast and optogenetic inhibition of the 

sSC, we determined the size that gave, on average, the best response for all simultaneously recorded V1 

units. At this size, we then measured contrast tuning by showing the gratings at 5, 20, 35, 50, 65, 80 and 95 

% contrast, with and without optogenetic inhibition of the sSC. From these curves, we determined the 

highest contrast at which the laser caused a roughly 15% response reduction (Fig. 5A). We then picked as 

the lower contrast, a contrast at which the response with the laser off  was roughly similar to the response 

at high contrast with the laser on. For 3 penetrations, this meant a high contrast of 90% and a lower contrast 

of 70%, for one penetration, this was 95% versus 65%, and for one penetration this was 75% versus 65%. 
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Analysis of electrophysiology data 
Laminar probe signals were amplified and filtered at 500 Hz - 10 kHz and digitized at 24 kHz using a 

Tucker-Davis Technologies RX5 pentusa. Signals were thresholded at 3x standard deviation to isolate 

spikes, and spikes were sorted by custom-written Matlab (Mathworks) scripts, but single and multi-units 

were pooled together for this publication to increase the number of measurements, except for Figures S1C-

D which only contain single-units. When we write response for the extracellular recordings, we mean the 

evoked visual response, averaged over the duration of the stimulus, minus the spontaneous rate. The 

spontaneous rate was defined as the mean rate in the last 0.5 s before stimulus onset. Minimum response 

for a unit to be included was 2 Hz. We quantified surround suppression by a surround suppression index 

(SSI), defined as (Rpref - Rlarge) / Rpref, where Rpref is the response to the preferred stimulus size, averaged 

over all directions, and Rlarge is the response to the largest size, averaged over all directions. For calculation 

of any effects on surround suppression, we excluded the cells that were not surround suppressed (SSI = 0) 

in the laser off condition, because a change in the relative response between optimal and large stimuli may 

not induce a change in the SSI of a cell that is not suppressed. This was primarily done to make sure that 

we did not miss a change in surround suppression in the dLGN when silencing sSC. For the dLGN recording 

shown in Figure 3F, it meant excluding 11 of the 37 cells, because there is much less surround suppression 

in the dLGN. The effect remains not significant when we include these cells (p = 0.48, Wilcoxon signed 

rank, 37 units). For the V1 recording shown in Figure 1E, we have done the same for consistency, but it 

meant excluding only 5 of the 165 cells. The decrease in SSI is also significant when we include these cells 

(p = 6.3 x 10-11, Wilcoxon signed rank, 165 units). The orientation selectivity index (OSI) was defined as 

OSI = √(∑R(φ) sin(2φ)² + ∑R(φ) cos(2φ)²) / ∑R(φ), where φ is the direction of the stimulus and R(φ) the 

neuron’s response. This is equal to 1 - circular variance. Direction selectivity index (DSI) was defined by 

DSI = √(∑R(φ) sin(φ)² + ∑R(φ) cos(φ)²) /∑R(φ). 

 

Optogenetics and drug delivery 
For silencing the sSC by optogenetics, GAD2-Cre+ mice were anesthetized with isoflurane (5% 

induction, 1.5 - 2.5% maintenance) and three small craniotomies were made above the sSC. Using a 

Drummond Nanoject volume injector at two depths of the sSC 46 nl (in each) was injected of a solution of 

cre-dependent adeno-associated virus with a ChR2 vector with Ef1a promoter 

(AAV9.Ef1a.DIO.hChR2(H134R)-eYFP.WPRE.hGH, 1.5 x 1013 GC/ml, University of Pennsylvania 

Vector Core). The scalp was resutured and the vector was allowed to express for 4-5 weeks before acute 

electrophysiology. A blue fiber-coupled laser (473 nm, DPSS Laser T3, Shanghai Laser & Optics Co.) was 

used to activate the ChR2. The fiber ended in the craniotomy over retrosplenial cortex above the sSC. Trials 

with laser on were intermingled with trials with laser off. In laser-on trials, the laser was on 1s before 

stimulus onset until stimulus offset. In order to have a broad silencing of LP or PBG, we injected about 100 

nl or 70 nl (respectively) of 2.5 mM fluorescent-conjugated muscimol (an agonist of GABAA receptors; 
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Life Technologies) in these brain regions by a Drummond Nanoject volume injector (with volume rate of 

2.3 nl per second). The targeting of these areas followed the targeting of the recording electrodes. 

For optogenetically decreasing the LP activity in Figure S2, Calb2-Cre+ mice were injected by cre-

dependent AAV with an Arch vector (AAV1.Flex.CBA.Arch-GFP.WPRE.SV40, 1.1 x 1013 GC/ml, 

University of Pennsylvania Vector Core) in 2 depths in LP (about 180 nl). The scalp was resutured and the 

vector was allowed to express for 4-5 weeks before acute electrophysiology. A green fiber-coupled laser 

(532 nm, DPSS Laser T3, Shanghai Laser & Optics Co.) was used to activate the Arch. The fiber was 

inserted in the brain but kept 1.5 mm above the LP to cover the whole LP by laser light. Trials with laser 

on were intermingled with trials with laser off. In laser-on trials, the laser was on 1s before stimulus onset 

until stimulus offset. 

 

Statistics 
For significance testing, we first tested if the data from all groups was normally distributed using the 

Shapiro-Wilk at the 5% rejection level. If all data was normally distributed, we used parametric testing, and 

otherwise we used nonparametric testing. For pairwise comparisons, we used the parametric paired t-test, 

and the nonparametric Wilcoxon signed rank test. For unpaired testing, we used the parametric t-test and 

nonparametric Mann-Whitney tests for two groups, and ANOVA and Kruskal-Wallis for comparing 

multiple groups. For testing if the laser had a significant effect over a range of tested stimuli, we used the 

nonparametric repeated measures Friedman test. 

 

Generation of CAV2-ZsGreen 
pCAV2-ZsGreen was generated by subcloning ZsGreen cDNA (Clontech) into pTG5412/CAG-MCS 

(Sanford et al., 2017), using FseI and PmeI restriction sites. Recombinant clones were screened by 

ampicillin resistance and chloramphenicol sensitivity. Putative recombinant clones were verified by 

restriction digest with SceI and EcoRI and DNA sequencing. pCAV2-ZsGreen was transfected into DK-

SceI cells (Ibanes and Kremer, 2013) using lipofectamine LTX (Invitrogen) according to manufacturer 

instructions. pCAV2-ZsGreen was linearized following transfection by one hour treatment with (z)-4-OH-

tamoxifen (Tocris) at 0.5 M. Seventy-two hours post-transfection viral particles were liberated by freeze 

thaw and serially amplified in DK-SceI cells. Amplified viral particles were purified by serial CsCl gradient 

centrifugation (Gore et al., 2013). 

 

Viral tracing 
For Figure 3A and Figure S3, 100 nl of a retrograde virus CAV2.CAG.ZsGreen, developed by the 

second author, was unilaterally injected in the right dLGN (2200 µm lateral and 2500 µm posterior to 

bregma in depths of 2500 µm and 2700 µm from the cortical surface) of GAD2-tdTOM mice. For Figure 
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3A, 46 nl of AAV5.CAG.tdTomato.WPRE (UNC Vector Core) and 46 nl of AAV5.CAG.GFP.WPRE 

(UNC Vector Core) were unilaterally injected in two different locations in the sSC (GFP: 500 µm lateral 

and 600 µm anterior to Lambda in depths of 1300 µm and 1600 µm from the cortical surface; tdTOM: 900 

µm lateral and 200 µm anterior to Lambda in depths of 1400 µm and 1700 µm from the cortical surface) of 

C57BL/6J (Janvier) mice. Three to four weeks after the injection, the mice were perfused. 

 

Perfusion and microscopy 
After an overdose of pentobarbital (100 mg/kg i.p.), mice were transcardially perfused with 4% 

paraformaldehyde (PFA) in PBS (~80 ml per mouse) and postfixed for 2 hrs in PFA at 4 ℃. Using a 

vibratome (Leica VT1000S), the perfused brains were sliced coronally with thickness of 50 µm. For 

quantification of the ZsGreen positive cells co-labeled with tdTOM in Figure 3A, the brain slices were 

imaged by a 20x objective (NA 0.7) on a Leica SP5 confocal microscope. Brain slices represented in other 

figures were imaged by a Zeiss (Axioplan2) fluorescence microscope. 
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Supplementary Figures and Materials 
 

 

Supplementary Figure 1. Reduction to optimal size grating in V1 is similar across directions. (A) No change 
in V1 response to full screen gratings when sSC is optogenetically inhibited (p = 0.06, Wilcoxon signed rank 
test; 14 mice, 160 units). (B) The amount of activity reduction in the sSC when the laser is turned on at four 
different levels is strongly correlated to the induced reduction in V1 SSI (Pearson ρ = 0.95, p = 0.0004, non-zero 
slope test; 1 mouse, 13 units). Error bars indicate SEM. (C) Direction selectivity in V1 is not changed by 
optogenetically inhibiting sSC (p = 0.89, Wilcoxon signed rank test; 15 mice, 38 single-units). (D) Orientation 
selectivity in V1 is not changed by optogenetically inhibiting sSC (p = 0.39, Wilcoxon signed rank test; 15 mice, 
38 single-units) 
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Supplementary Figure 2. Optogenetically reducing activity in LP does not change V1 surround suppression. 
(A) Top, in situ hybridization of Gad2 mRNA shows that there are very few inhibitory neurons in LP. Bottom, 
in situ hybridization of Calb2 mRNA shows expression in LP and not in the neighboring dLGN. Dashed black 
and gray outlines mark LP and dLGN, respectively. Scale bar is 420 µm. Image credit: Allen Institute (Lein et 
al. 2007). (B) Coronal slice through LP, showing Arch-GFP expression (green) in Calb2 neurons and the DiI 
trace left by the recording electrode (red/yellow). Scale bar is 0.5 mm. (C) Recording electrodes in LP and V1 
of anesthetized Calb2-cre mice transfected with a cre-dependent Arch-GFP expression vector in LP.  A laser-
coupled fiber was inserted into the brain, ending 1.5 mm above LP. (D) Peak rate in LP in response to a full 
screen luminance increase was reduced when laser was turned on (p = 0.003, paired t-test; 2 mice, 7 units). (E) 
No change in V1 response to full screen gratings when LP was optogenetically inhibited (p = 0.88, Mann-
Whitney U test; 2 mice, 13 units). (F) No change in V1 surround suppression when LP was optogenetically 
inhibited (p = 0.22, paired t-test; 2 mice, 13 units). (G) No change in V1 population size tuning curve when LP 
was optogenetically inhibited. Error bars indicate SEM. 
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Supplementary Figure 3. Neurons in the ipsi- and contralateral PBG project to the dLGN. Left. Coronal slice 
through the whole brain after a unilateral injection of the retrograde CAV2 virus expressing GFP (green) in the 
dLGN. DAPI in blue. Scale bar is 1 mm. Right top, magnified part showing labeled neurons (green) in the PBG 
ipsilateral to the injection site. Scale bar is 250 µm. Right bottom, magnified part showing labeled neuron in the 
PBG contralateral to the injection site. 
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Abstract 
During critical periods of development, experience shapes cortical circuits resulting in the acquisition of 

functions used throughout life. The classic example of critical period plasticity is ocular dominance (OD) 

plasticity, which optimizes binocular vision but can reduce responsiveness of the primary visual cortex 

(V1) to an eye providing low-grade visual input. The onset of its critical period involves maturation of 

inhibitory synapses within V1, specifically those containing the GABAA receptor α1 subunit. Here we show 

that thalamic relay neurons in mouse dorsolateral geniculate nucleus also undergo OD plasticity. This 

process depends on thalamic α1-containing synapses and is required for consolidating the OD shift in V1 

during long-term deprivation. Our findings demonstrate that thalamic inhibitory circuits play a central role 

in critical period regulation. This has far-reaching consequences for the interpretation of studies 

investigating the molecular and cellular mechanisms regulating critical periods of brain development. 
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Introduction 
Critical periods are crucial for proper brain development. Maladaptive plasticity or suboptimal inputs 

during these developmental stages can cause neurodevelopmental problems with lifelong consequences. 

Understanding how critical periods are regulated is therefore of great scientific and clinical relevance. OD 

plasticity has been a valuable model for addressing this issue1. It can be induced experimentally by 

subjecting animals to monocular deprivation (MD), resulting in the rearrangement of thalamocortical and 

intracortical connections in V1 and a shift in its responsiveness towards the open eye. Using this model it 

was discovered that the onset and closure of critical periods are regulated by the development of inhibitory 

innervation2-5. Intraventricular injections of the GABAA receptor agonist Diazepam causes a precocious 

onset of the critical period of OD plasticity, but not in mice in which the GABAA receptor α1 subunit is 

rendered insensitive to benzodiazepines6. This strongly suggests that specific inhibitory circuits utilizing 

α1-subunit-containing inhibitory synapses regulate critical period onset. In neocortex, such synapses are 

predominantly formed by parvalbumin-expressing (PV+) fast-spiking basket cells, which have indeed been 

implicated in both critical period onset and closure7-9. Here we set out to address the question which 

postsynaptic targets require α1-subunit-containing synapses to regulate critical period onset and whether 

specific properties of these synapses, such as their faster decay time10, are relevant for OD plasticity. 
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Results 
GABAA receptor α1 subunit expression in thalamus, but not in cortex, is required for effective 

OD plasticity 
We first tested whether OD plasticity was affected in mice lacking the gene for the GABAA receptor 

α1 subunit (Gabra1)11. We measured visual responses to the two eyes using optical imaging of intrinsic 

signal (Supplementary Fig. 1a) in normally reared mice and mice that were monocularly deprived for 7 

days (Supplementary Fig. 1b).  MD caused a significantly weaker OD shift in Gabra1 deficient mice than 

in wild type littermates (Fig. 1a, b). During the 4th week of development, visual acuity in V1 increases2. In 

Gabra1 deficient mice and wild type littermates, visual acuity in V1 at postnatal days 22 and 28 was not 

different indicating that the reduced plasticity was not due to gross deficits in cortical development (Fig. 

1c, d). We then tested whether the plasticity deficit was caused by the loss of Gabra1 in cortical excitatory 

neurons. This was not the case, as in conditional Gabra1 deficient mice12 expressing cre-recombinase under 

 

Figure 1 Mice lacking the GABAA receptor α1 subunit have reduced OD plasticity. a, Transcranial images of 
change in light reflectance from individual eye responses in a control and MD wildtype (WT) mouse (C, contra; 
I, ipsi; Scale bar represents 1 mm). b, Imaged ODIs show that MD induces a larger OD shift in WT mice than in 
Gabra1-/- littermates (interaction genotype/OD-shift: two-way Anova, P=0.035, post-hoc Tukey’s, WT vs WT 
MD, P=0.00058, WT MD vs KO MD, P=0.023. WT: n=4 mice, KO: n=6, WT MD: n=5, KO MD: n=9). c, 
Transcranial images of light reflectance in response to sinusoidal gratings with different spatial frequencies. d, 
Acuity of V1 responses in WT and Gabra1-/- mice at postnatal (P) day 22 and P28 do not differ (P22 t-test 
P=0.40, WT:  n=4, KO: n=3, P28 t-test P=0.87 WT: n=5, KO: n=5) Values shown as mean ± s.e.m. *P<0.05, 
***P<0.001. 

the cortical-excitatory-neuron-specific Emx1 promoter13 (Gabra1fl-hom Emx1-cre+ mice) OD plasticity was 

unaffected (Fig. 2a, b). Immunohistochemical analyses in mice lacking Gabra1 in excitatory neurons 

revealed that the α1 subunit was highly expressed in PV+ and vasoactive intestinal peptide (VIP)+ 

interneurons, many reelin+ interneurons, and a small fraction of somatostatin (SST)+ interneurons 

(Supplementary Fig. 1c, Supplementary Table 1). We therefore tested whether OD plasticity was 

diminished in mice lacking Gabra1 in inhibitory neurons (Gabra1fl-hom Gad2-cre+ mice14) (Supplementary 

Fig. 1d). This was not the case and both Gabra1fl-hom Gad2-cre+ mice and Gabra1fl-hom Gad2-cre+ Emx1-cre+ 

mice (lacking Gabra1 in all cortical excitatory and inhibitory neurons) showed normal OD plasticity (Fig. 

2c, d). Also a shorter period of MD, which was used in previous studies identifying the role of cortical 

inhibition in OD plasticity6, 8 resulted in a significant OD shift in Gabra1fl-hom Gad2-cre+ Emx1-cre+ mice 
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(Supplementary Fig. 1e). Together, these results showed that, surprisingly, α1-subunit expression in 

cortical neurons is not required for effective OD plasticity. 

 

Figure 2 GABAA receptor α1 subunit expression in thalamus but not cortex is required for effective OD 
plasticity. a-f, Upper panels: Expression of α1 in layer 2/3 of V1 in Gabra1fl-hom mice that are cre- (a), Emx-
cre+ (b), Gad2-cre+ (c), Emx-cre+ & Gad2-cre+ (d) Vglut2-cre+ (e) or Olig3-cre+ (f).  Note that in Vglut2-cre+ 
mice, α1 expression is reduced in cortex, in contrast to Olig3-cre+ mice. Middle panels. Expression of α1 in 
dLGN of same mouse strains. Lower panels: imaged ODI in non-MD and MD, WT and cre+ littermates. OD 
plasticity is significantly reduced only in Gabra1fl-hom x Vglut2-cre+ and Gabra1fl-hom x Olig3-cre+ mice. 
(All: two-way Anova, and Tukey’s post-hoc. b, Emx-cre+: P=0.83, WT vs WT MD: P=0.00094, KO vs KO MD: 
P=0.0052, WT: n=5, KO: n=3, WT MD: n=7, KO MD: n=4; c, Gad2-cre+: P=0.13, WT vs WT MD: P=0.014, 
KO vs KO MD: P=0.00075, WT: n=4, KO: n=3, WT MD: n=5, KO MD: n=4; d, Emx-cre+ & Gad2-cre+: 
P=0.88, WT vs WT MD: P=0.033, KO vs KO MD: P=0.04, WT: n=4, KO: n=4, WT MD: n=5, KO MD: n=6;  
e, Vglut2-cre+: P=0.0064, WT vs WT MD: P=0.000046, WT MD vs KO MD: P=0.0098, WT: n=4, KO: n=4, 
WT MD: n=12, KO MD: n=6; f, Olig3-cre+:  P=0.0056, WT vs WT MD: P=0.000027, WT MD vs KO MD: 
P=0.0052, WT: n=5, KO: n=4, WT MD: n=5, KO MD: n=6). Scale bar=100 µm. g, ODI of multiunits (MU) in 
V1 of Gabra1fl-hom x Olig3-cre+ mice (green) and WT littermates (blue). In WT mice, the ODI is decreased 
after 2 or 7 days of MD (Bonferroni corrected Mann-Whitney, 2-day MD vs no-MD, P=1.1x10-5, 7-day MD vs 
no-MD, P=3.8e-10, no-MD: n=67 MUs from 6 mice, 2d-MD: n=39 MUs from 6 mice, 7d-MD: n=78 MUs from 
7 mice). In Gabra1fl-hom x Olig3-cre+ mice the ODI is decreased after 2-day MD, but not after 7-day MD (2-
day MD vs no-MD, P=5.0 x10-5, 7-day MD vs no-MD, P=0,42, no-MD: n=82 MUs from 6 mice, 2d-MD: n=37 
MUs from 5 mice, 7d-MD: n=68 MUs from 6 mice). h, In WT mice, MU firing rates in response to contralateral 
eye stimulation is significantly reduced after 2-day MD but not after 7-day MD (Bonferroni corrected Mann-
Whitney, 2-day MD vs no MD, P=0.024 , 7-day MD vs no MD, P=0.82). In the KO mice, MU firing rates in 
response to contralateral eye stimulation reduce after 2-day and 7-day MD (Bonferroni corrected Mann-Whitney, 
2-day MD vs no MD, P=9.8 x10-5, 7-day MD vs no MD, P=0.005). i, In WT mice, MU firing rates in response 
to ipsilateral eye stimulation do not change after 2 day MD but it increase after 7 day MD (Bonferroni corrected 
Mann-Whitney, 2-day MD vs no MD, P=1 , 7-day MD vs no MD, P=0.002). In the KO mice, MU firing rates in 
response to ipsilateral eye stimulation do not change significantly after 2- or 7-day MD (Bonferroni corrected 
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Mann-Whitney, 2-day MD vs no MD, P=0.054 , 7-day MD vs no MD, P=0.11). Values shown as mean ± s.e.m. 
*P<0.05, **P<0.01, ***P<0.001. 

We then inactivated Gabra1 in the upstream thalamic relay neurons by making use of Gabra1fl-hom 

Vglut2-cre+ mice15, in which recombination in thalamus was complete but not exclusive (Fig. 2e), and 

Gabra1fl-hom Olig3-cre+ mice16, in which recombination was thalamus-specific but slightly less complete 

(Fig. 2f). Notably, OD plasticity was significantly reduced in both mouse lines compared to their wild-type 

littermates (Fig. 2e, f). We conclude that thalamic inhibition mediated by α1-subunit-containing synapses, 

is essential for full OD plasticity in V1 during the critical period. 

 

Thalamic inhibition selectively affects gain of non-deprived eye responses in V1 
OD plasticity in V1 has two mechanistically distinct components17. The first is a loss of deprived-eye 

responses, which occurs during the first days of MD. It is typical for critical period plasticity and regulated 

by cortical inhibition. The second is a gain of non-deprived eye responses which occurs after prolonged 

MD and is also observed in adult V118.  We assessed whether the lack of thalamic α1 selectively affected 

one of these components, possibly explaining the partial, non-significant OD shift that we observed in all 

mouse lines lacking thalamic Gabra1 (Fig. 1b, 2e, f). Multisite recordings using silicon probes confirmed 

that deprived-eye responses reduced in V1 of wild type mice after 2 days MD, causing a partial OD shift 

(Fig. 2g, h). As previously described19, 20, the reduction became less pronounced after 7 days of MD, but 

strengthening of non-deprived eye responses further increased the OD shift (Fig. 2g-i). Notably, 2 days of 

MD also decreased deprived eye responses in V1 of Gabra1fl-hom Olig3-cre+ mice, causing a partial OD shift 

similar to that in wild type mice despite a trend towards decreased responsiveness to the non-deprived eye 

(Fig. 2g-i). Like in wild type mice, deprived-eye responses partially recovered in Gabra1fl-hom Olig3-cre+ 

mice after 7 days of MD (Fig. 2h). However, strengthening of non-deprived-eye responses did not occur in 

these mice, reducing the OD shift (Fig. 2g, i). Thalamic α1 expression is thus required for the maintenance 

and strengthening of non-deprived eye responses during MD, but not for the early shift of OD mediated by 

loss of deprived-eye responses. 

 

GABAA receptor α3 subunit is upregulated in V1 of Gabra1 deficient mice 
How is it possible that efficient OD plasticity occurred in mice lacking cortical α1 subunit-containing 

inhibitory synapses while earlier evidence convincingly showed their involvement in critical period 

initiation? In certain neuronal subsets, GABAA receptor α2 or α3 subunits can replace α1 upon its deletion21, 

thereby preventing inhibitory synapse loss. Indeed, western blot analysis showed that in the cortex of 

Gabra1 deficient mice, levels of α3 were higher, while those of GABAA receptor α2 and α2 subunits and 

the inhibitory synapse-specific scaffold protein gephyrin, were unaltered (Fig. 3a, b, see Supplementary 

Fig. 2 for full gel runs). Moreover, immunohistochemical assessment of boutons from PV+ interneurons 

(which selectively express synaptotagmin-222) innervating the somata of excitatory neurons (Fig. 3c) or 
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other PV+ interneurons (Fig. 3d) in V1 showed that their density and sizes developed normally in Gabra1 

deficient mice. PV expression levels were also unaltered in these boutons (Fig. 3c), suggesting that PV+ 

interneuron activity was not strongly reduced22, 23. These findings are in line with previous work10 showing 

that the frequency and amplitude of inhibitory currents were not diminished in developing V1 of Gabra1 

deficient mice. Our results therefore suggest that the α3 subunit can take over the role in regulating critical 

period onset in V1 normally carried out by α1. 

 

Figure 3 Upregulation of GABAA receptor α3 and unaltered PV+ boutons in cortex of mice lacking α1. a, 
Representative examples of western blot analysis of V1 homogenates of wild type (WT) and Gabra1-/- mice for 
α1, α2, α3, γ2 and gephyrin expression. b, Quantification of expression levels, normalized to WT control mice. 
In Gabra1-/- mice, α1 expression is absent (Bonferroni corrected t-test, P=0.0095, WT: n=3 mice, KO: n=5) 
while α3 expression is increased (P=0.012, WT: n=3, KO: n=5). c, Left: example of PV+ puncta (red) 
surrounding NeuN+ cell bodies (green) in WT and Gabra1-/- mice. Right: numbers and sizes of PV+ boutons 
around NeuN+ cell bodies, and expression levels of PV are unchanged in Gabra1-/- mice at 4 and 5 weeks of 
age (t-test, p28 synapse numbers: P=0.43, puncta size: P=0.20, PV intensity: P=0.47, WT: n=24 images from 4 
mice, with 101 cells and 824 puncta, KO : n=25 images from 5 mice, with 116 cells and 1029 puncta,  p35 
synapse numbers: P=0.37, puncta size: P>=0.56, PV intensity: P=0.21, WT: n=27 images from 4 mice, with 103 
cells and 1060 puncta, KO : n=34 images from 5 mice, with 132 cells and 1456 puncta). Scale bar=5 µm. d, Left: 
Syt2+ innervation (yellow) onto PV+ neurons (red) in WT and Gabra1-/- mice. Right: numbers and sizes of 
Syt2+ boutons around PV+ cell bodies are unchanged in Gabra1-/- mice (t-test, synapse numbers: P=0.14, WT: 
n=28 images of 80 cells from 5 mice, KO: n=61 images of 165 cells from 9 mice, puncta size: P=0.96, WT: 
n=28 images of 751 puncta from 5 mice, KO: n=61 images of 1707 puncta from 9 mice). Box-whisker plots in 
b-d present median (dotted line), + 1.5 interquartile range (box) and minimal and maximal values (whiskers). 
Scale bar=5 µm. ***P<0.001. 
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Figure 4 in dLGN, GABAA receptor α1 subunits increase after eye opening and are essential for synaptic 
inhibition. a, Expression of α1 in dLGN at postnatal day (P)12, P15, P18 and P21. Scale bar=200 µm. b, 
Expression of α2 at same ages. Scale bar=200 µm. c, Expression of VGAT at same ages. Scale bar=20 µm. d, 
Expression level of α1 increases (non-zero slope test, P=2.1×10-7, n=13 slices from 13 mice) and of α2 decreases 
during development (non-zero slope test, P=0.00018, n=14 slices from 14 mice). VGAT puncta density increases 
with age (non-zero slope test, P=0.00014, n=29 slices from 15 mice). e, Representative example traces from 
whole-cell voltage-clamp recordings of relay neurons in dLGN in the presence of glutamatergic receptor 
antagonists and TTX to isolate mIPSCs (blue: WT; pink: Gabra1fl-hom Vglut2-cre+). f, Quantification of 
mIPSC frequency, showing that mIPSCs are almost absent in Gabra1fl-hom Vglut2-cre+ mice (Mann-Whitney, 
5.1×10-6, WT: n=14 cells from 3 mice, KO n=15 cells from 3 mice). Values shown as mean ± s.e.m. Box-
whisker plot in f present median (dotted line), + 1.5 interquartile range (box) and minimal and maximal values 
(whiskers). ***P<0.001. 

 

GABAA receptor α1 subunit in dLGN starts around eye opening and is essential for synaptic 

inhibition 
We found that the situation in dLGN is radically different than in V1. Previous work has shown that 

the α3-subunit is not expressed in dLGN of wild type or Gabra1 deficient mice21. We therefore analyzed 

the expression of the α1- and α2-subunits during the development of dLGN (Fig. 4a, b. This revealed that 

α2 is the dominant GABAA receptor subunit in 12-day-old pups, but that its expression levels strongly 

decline with age. In contrast, α1 is virtually absent in 12-day-old pups, but increases its expression levels 

at later ages. This is accompanied by a rapid increase in GABA vesicular transporter (VGAT)-expressing 

inhibitory synaptic boutons in dLGN (Fig. 4c, d) and matches the observation that thalamic inhibition 

develops rapidly after eye opening24. These results suggested that α1 is crucial for inhibitory synapse 

function in dLGN during the critical period. To confirm this, we performed patch clamp recordings of 

thalamic relay neurons in dLGN slices of Gabra1fl-hom Vglut2-cre+ mice and control littermates and found 

that in the absence of Gabra1, miniature inhibitory postsynaptic currents were completely absent (Fig. 4e, 

f). Thus, while cortical neurons can compensate for the loss of the GABAA receptor α1 subunit, probably 

by upregulating α3, thalamic relay neurons require α1 to maintain inhibitory synapses around the time of 

eye opening. 
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Figure 5 Thalamic relay neurons undergo OD plasticity. a, Example of linear micro-electrode trace (red) in a 
coronal slice containing dLGN (delineated by dashed line) stained by DAPI (blue). Scale bar=500 µm. The 
dLGN is indicated in yellow on the brain map (inset). b, Experimental setup to map receptive fields (RF). Screen 
is centered to nose of mouse. Distance to screen is 17.5 cm. c, Receptive field centers of multi-units (MU) 
recorded in wild type (WT) non-MD (light blue) and MD (dark blue) mice (n=31 MUs from 5 mice and 42 MUs 
from 5 mice, respectively). Nose position is at 0o horizontally and vertically. The red dashed lines indicate -30o 
and +30o horizontal angles. d, Left, experimental setup to measure OD. Right, examples of single unit (SU) 
responses to full screen gray (1.5 s) and white (1.5 s) visual stimuli to either the contralateral (red) or ipsilateral 
(black) eye. These three SUs (top to bottom) have ON and ON, OFF and OFF and OFF and ON responses to the 
contralateral and ipsilateral eye respectively. e, Scatter plot of peak responses of SUs to ipsilateral and 
contralateral eye stimulation in wild type non-MD (light blue) and MD (dark blue) mice. The red dashed line 
indicates the identity line. f, Seven days of MD reduces the ODI of SUs in wild type mice (Mann-Whitney, 
P=0.0019, non-MD: n=30 SUs from 5 mice, MD: n=32 SUs from 5 mice). Values shown as mean ± s.e.m. ** 
P<0.01. 
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Thalamic relay neurons responding to the ipsilateral eye are binocular and undergo OD 

plasticity 
It was recently shown that in mouse dLGN, most neurons responding to the ipsilateral eye also respond 

to the contralateral eye25. This surprising presence of binocular responses in mouse dLGN, together with 

our observation that thalamic inhibition is required for OD plasticity suggested that dLGN may itself 

undergo plasticity upon MD. To test this idea, we performed multisite recordings using a silicon probe in 

the region of dLGN receiving ipsilateral inputs in normally reared and monocularly deprived wild type 

mice (Gabra1fl-hom Olig3-cre-) (Fig. 5a). We first mapped the receptive field locations of recorded neurons 

by reverse correlating responses to black or white squares presented on a grey background to ascertain that 

the receptive fields were localized in the central visual field visible to both eyes (Fig. 5b, c, Supplementary 

Fig. 3a).  We then measured responses to 1.5 s full screen stimuli presented to the contra- or ipsilateral eye 

(Fig. 5d) and single units were isolated (Supplementary Fig. 3b). As previously reported25, most single 

units in dLGN responding to the ipsilateral eye also responded to the contralateral eye (Fig. 5d, e). Whether 

a neuron responded preferentially to the onset or the offset of the stimulus could differ depending on the 

eye to which the stimulus was presented (Fig. 5d, Supplementary Fig. 3c, Supplementary Table 2), in 

line with the recent observation that binocular dLGN neurons receive inputs from different types of retinal 

ganglion cells26. Overall, responses to the ipsilateral eye were weaker than responses to the contralateral 

eye (Fig. 5e). Seven days of MD drastically changed the responsiveness of dLGN neurons to the two eyes 

(Fig. 5e), resulting in a significant OD shift (Fig.5f). Our findings reveal that in contrast to what is generally 

assumed, extensive OD plasticity takes place in mouse dLGN during the critical period. 

 

Thalamic synaptic inhibition affects timing but not receptive field size of relay neurons in dLGN 
We also assessed visual responses of thalamic relay neurons in mice lacking synaptic inhibition in 

dLGN (Gabra1fl-hom Olig3-cre+). Again, we confirmed that recorded neurons had receptive fields in the 

central 60o binocular visual field (Supplementary Fig. 4a, b). We recorded responses of thalamic relay 

cells to binocular visual stimulation with black or white squares on a grey background and calculated spike-

triggered averages (STA) of the responses at different times before each spike (Fig. 6a). The spatial STAs 

revealed that receptive field sizes were not different from those in wild type littermates (Fig. 6b)27, in line 

with our observation that visual acuity was normal in Gabra1 deficient mice (Fig. 1c). Temporal STAs 

showed, however, that responses of thalamic relay neurons in Gabra1fl-hom Olig3-cre+ mice were more 

transient than those of their wild type littermates (Fig. 6c), supporting the idea that specialized inhibitory 

inputs in dLGN affect the timing of visual responses28-30. 
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Figure 6 Reduced OD plasticity in dLGN neurons lacking GABAA receptor α1. a, Spike-triggered average of 
visual stimulus for an example SU and its spike shape (inset). Right: Average stimulus in the interval 20-220 ms 
before the spike. The highlighted square shows the RF center position. Left: Normalized mean luminance in this 
square relative to spike time. Eye position is at 0o horizontally and vertically. b, RF sizes of SUs in Gabra1fl-
hom Olig3-cre+ mice and wild type (WT) mice do not differ (Mann-Whitney, P=0.4, WT): n=42 SUs from 5 
mice, KO: n=26 SUs from 5 mice). c, Transiency of SUs in Gabra1fl-hom Olig3-cre+ mice is smaller than in 
WT mice (Mann-Whitney, P=0.0011). d, Examples of SU responses to full screen gray (1.5 s) and white (1.5 s) 
visual stimuli to either the contralateral (red) or ipsilateral (black) eye. These three SUs (top to bottom) have ON 
and ON, OFF and OFF and OFF and ON responses to the contralateral and ipsilateral eye respectively. e, Scatter 
plot of peak responses of SUs to ipsilateral and contralateral eye stimulation in Gabra1fl-hom Olig3-cre+ non-
MD (light green) and MD (dark green) mice. The red dashed line indicates the identity line. f, ODI of SUs in 
non-MD and MD Gabra1fl-hom Olig3-cre+ mice do not differ (Mann-Whitney, P=0.2, no-MD: n=23 SUs, MD: 
n=25 SUs). g, ODI of multiunits (MU) in dLGN of Gabra1fl-hom x Olig3-cre+ mice (green) and WT littermates 
(blue). In WT mice, the ODI is lower after 2 or 7 day MD (Bonferroni corrected Mann-Whitney, 2-day MD vs 
no-MD, P=0.001, 7-day MD vs no-MD, P=0.0002, no-MD: n=22 MUs from 5 mice, 2d-MD: n=42 MUs from 6 
mice, 7d-MD: n=27 MUs from 5 mice). In Gabra1fl-hom x Olig3-cre+ mice the ODI is lower after 2-day MD, 
but not after 7-day MD (2-day MD vs no-MD, P=0.028, 7-day MD vs no-MD, P=0.26 , no-MD: n=22 MUs from 
6 mice, 2d-MD: n=28 MUs from 4 mice, 7d-MD: n=32 MUs from 6 mice). h, In WT mice, MU firing rates in 
response to contralateral eye stimulation first increase after 2-day MD to become lower than in non-deprived 
mice after 7 day MD (Bonferroni corrected Mann-Whitney, 2-day MD vs no MD, P=0.002 , 7-day MD vs no 
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MD, P=0.002). In KO mice, MU firing rates in response to contralateral eye stimulation increase after 2 day MD 
but return to normal after 7d MD (Bonferroni corrected Mann-Whitney, 2-day MD vs no MD, P=0.009, 7-day 
MD vs no MD, P=0.22). i, In WT mice, MU firing rates in response to ipsilateral eye stimulation increase after 
2 day MD but returns to normal after 7 day MD (Bonferroni corrected Mann-Whitney, 2-day MD vs no MD, 
7.4×10-7, 7-day MD vs no MD, P=0.086). In the KO mice, MU firing rates in response to ipsilateral eye 
stimulation also increase after 2-day MD and normalize after 7-day MD (Bonferroni corrected Mann-Whitney, 
2-day MD vs no MD, P=0.0005 , 7-day MD vs no MD, P=1). Values shown as mean ± s.e.m *P<0.05, **P<0.01, 
***P<0.001. 

 

OD plasticity is reduced OD in dLGN of mice lacking thalamic GABAA receptor α1 expression 
Next, we assessed responses to full screen stimuli presented to the ipsi- or contralateral eye (Fig. 6d). 

Overall, responses to the two eyes were comparable to those in their wild type littermates (Fig. 6d, e). 

However, upon 7 days of MD no significant shift in OD could be determined (Fig. 6e, f). The comparable 

reduction of OD plasticity in dLGN and V1 of Gabra1fl-hom Olig3-cre+ mice could suggest that in mouse, 

the OD shift measured in V1 is largely inherited from dLGN. If so, changes in deprived- and non-deprived-

eye responses in V1 and dLGN should be similar. Multiunit recordings in dLGN showed this was not the 

case. After 2 days of MD, a partial OD shift occurred in dLGN of wild type mice due to strongly increased 

visual responses, most prominently to the non-deprived eye, but also to the deprived eye (Fig. 6g-i). This 

suggested a partially homeostatic response in dLGN, which differed significantly from the loss of deprived 

eye responses in V1. After 7 days of MD, dLGN responses to inputs from both eyes reduced again, 

remaining marginally higher for the non-deprived eye and reducing to a level well below that in control 

mice for the deprived eye, together enhancing the OD shift (Fig 6g-i). In dLGN of Gabra1fl-hom Olig3-cre+ 

mice, we observed the same increased responsiveness to both eyes after 2 days of MD as in wild type mice, 

but after 7 days responses to both eyes returned to the levels observed in non-deprived mice (Fig. 6g-i). 

Thus, the OD plasticity deficit in dLGN of Gabra1fl-hom Olig3-cre+ mice is not caused by a selective deficit 

in the strengthening of non-deprived eye responses as observed in V1. We conclude that while thalamic 

synaptic inhibition is required for effective OD plasticity in dLGN and V1, MD-induced changes in V1 

responsiveness to the two eyes are not simply inherited from dLGN. 
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Discussion 
Our results refute the dogmatic view that OD plasticity and the regulation of its critical period occur 

exclusively in the cortex. Instead, OD plasticity in the mouse appears to be mediated by a rapid loss of 

deprived eye responses regulated by cortical mechanisms, and a slower gain of non-deprived eye responses 

regulated by thalamic inhibition and involving OD plasticity in dLGN. We propose that the binocularity of 

practically all ipsilaterally responsive dLGN neurons limits OD plasticity, as it precludes plasticity 

mechanisms in V1 from selectively strengthening non-deprived, ipsilateral eye responses. OD plasticity in 

dLGN causes thalamic binocular neurons to become predominantly responsive to the ipsilateral eye, 

allowing effective competitive plasticity in V1. Because many neurons in dLGN respond exclusively to the 

contralateral eye, rapid loss of responsiveness to this eye can occur readily when deprived and appears not 

to require thalamic plasticity. 

How can the development of thalamic inhibition regulate OD plasticity? Both our results and previous 

work indicate that thalamic inhibition affects the precise timing of thalamic responses31, possibly 

influencing spike-timing-dependent plasticity in dLGN, but also in V132. It is also possible that changes in 

the firing patterns of thalamic neurons affect the development of inhibitory synapses formed by PV+ 

interneurons in V1, thus indirectly interfering with cortical plasticity. However, this seems unlikely, as in 

full Gabra1 deficient mice, which also lack thalamic α1, PV+ boutons mature normally (Fig. 3c) and 

inhibitory currents are not reduced in developing V110. Moreover, loss of deprived-eye responses after short 

term MD is known to be regulated by PV+ interneurons in V1, and occurs normally in mice lacking thalamic 

synaptic inhibition. Finally, the development of thalamic inhibition may underlie the switch from 

spontaneous retinal activity33 to visual experience driving the pruning of retinogeniculate projections34. 

Interestingly, OD plasticity in dLGN of mice lacking thalamic synaptic inhibition is not entirely absent. 

One intriguing explanation is that the OD shift in dLGN may be partially inherited from V1 through the 

extensive corticothalamic feedback that is known to be present. This would imply that OD plasticity 

involves a dynamic bidirectional interaction between the thalamus and V1, as has also been observed during 

the developmental pruning of retinogeniculate boutons35. 

Our findings on plasticity regulation in mouse dLGN beg the question whether in other species, 

thalamic inhibition also regulates OD plasticity in the dLGN and whether this contributes to plasticity in 

V1. A few studies have reported changes in neuronal responses of dLGN neurons in strabismic36 or 

monocularly deprived cats37-40. Although these observed functional changes were relatively small, they may 

contribute significantly to OD plasticity in V1. This may be highly relevant for the development of 

approaches to improve vision in people affected by amblyopia. 

In conclusion, our results make clear that we have to depart from the assumption that OD plasticity 

and the regulation of its critical period are purely cortical phenomena in the mouse. This implies that 

previously drawn conclusions on the contribution of cortical inhibition in the regulation of critical period 
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onset and -closure may have to be reevaluated, and that in future studies on critical period plasticity, the 

contributions of thalamic inhibition and plasticity have to be considered. 
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Online Methods 
Animals 

Mice deficient for Gabra1 were bred from heterozygous breeding pairs and for all experiments, 

homozygous Gabra1 deficient animals and their wild type littermates were used. For most experiments we 

used conditional Gabra1 deficient mice (Gabra1fl). Experimental mice were bred from mice homozygous 

for the conditional Gabra1 locus (Gabra1fl-hom), of which one parent was heterozygous for the cre transgene. 

Both mouse lines were backcrossed to c57bl/6 mice for at least 6 generations. Cre-transgenic mice used 

were: Emx1-cre, Gad2-cre, Vglut2-cre, Olig3-cre. These lines were crossed with c57bl/6 mice for 2-6 

generations, but should be considered of mixed background. For all experiments, cre- littermates were used 

as wildtype controls in order to minimize relative effects of genetic background on the phenotype.  The 

experimenter was blind to the genotype of a mouse until after data acquisition. Genetically modified and 

wild type mice came from same litters and were thus automatically randomized. Males and females were 

used. For assessment of OD plasticity during the critical period, 26 groups of mice were used (MD and 

non-MD of all mutant lines and wildtype littermates. Gabra1fl-hom Emx1-cre+ Gad2-cre+ double positive 

mice were derived from the same breedings as the Gabra1fl-hom Gad2-cre mice, and the same cre-, wildtype 

littermates were used as controls. In general, optical imaging was performed at postnatal day (P)34-P36. 

MD was performed 7 days before the measurement. For the acuity experiments mice were used at P22 and 

P28. Immunohistochemical analyses were performed to test expression of the GABAA-receptor α1 and α2 

subunits and VGAT during development (P12-P21), and to test the expression pattern of the α1 subunit in 

the various conditional Gabra1-deficient mouse lines (P30-P35). Western blot analyses were performed in 

mice at P30-P35. For electrophysiological recordings in dLGN and V1 we used 6 groups: 2 day MD, 7 day 

MD and non-MD Gabra1fl-hom Olig3-cre- and Gabra1fl-hom Olig3-cre+ mice (P32-36). For slice 

electrophysiology, 2 groups of mice were used: Gabra1fl-hom Vglut2-cre- and Gabra1fl-hom Vglut2-cre+ mice 

(P30-37). The number of animals used for each group was based on previous experience. Because 

genotypes were unknown before the experiments, the number of littermate controls and mutant animals is 

often not exactly equal. For all experiments, both male and female mice were used. Mice were housed in 

12/12 dark/light cycle. Number of mice kept per cage was according to Dutch law and was 1-5 er type II 

cage depending on bodyweight. All experiments were approved by the institutional animal care and use 

committee of the Royal Netherlands Academy of Arts and Sciences. 

 

Monocular deprivation 
For MD, the upper and lower eyelids of the right eye (contralateral to the side at which recordings 

were performed) were clipped. Antibiotic ointment (Cavasan) was applied. Eyelids were sutured together 

with 2-3 sutures using 7.0 Ethilon thread during isoflurane anesthesia (5% induction, 1.5-2% maintenance 

in 0.7 L/min O2), while the eye was rinsed with saline. Postoperative lidocaine ointment was applied to the 

closed eyelid. Eyes were checked for infection or opacity once reopened 2 or 7 days later and only mice 



 Thalamic Inhibition Regulates Thalamic and Cortical OD Plasticity 

143 

 

with clear corneas were included. Animals with damaged eyes after eye re-opening, as well as animals with 

spontaneous eye opening before the end of the experiment were excluded from the experiments. 

 

Optical imaging and visual stimulation 
For optical imaging of intrinsic signal, mice were anesthetized by intraperitoneal injection of urethane 

(Sigma; 20% solution in saline, 1.2 g/kg bodyweight), supplemented by a subcutaneous injection of 

chlorprothixene (Sigma; 2.0mg/ml in saline, 8 mg/kg bodyweight).  Sometimes a supplement of about 10% 

of the original dose of urethane was necessary. Injection of anesthetic was immediately followed by a 

subcutaneous injection of atropine sulphate (AUV; 50μg/ml in saline, 1μg/10g bodyweight) to reduce 

secretions from mucous membranes and facilitate breathing. Anesthesia reached sufficient depth after 45-

60 minutes. Body temperature was monitored with a rectal probe and maintained at a temperature at 36.5oC 

using a heating pad. The animal was fixated by ear bars with conical tips prepared with lidocaine ointment 

(AUV). A bite rod was positioned behind the front teeth, 4 mm lower than the ear bars. A continuous flow 

of oxygen was provided close to the nose. For analgesia of the scalp, xylocaine ointment (lidocaine HCl, 

AUV) was applied before resection of a part of the scalp to expose the skull. 

Optical imaging of intrinsic signal for OD and acuity measurements was as previously described41. In 

brief, the exposed skull was illuminated with 700 + 30 nm light. Responses were acquired with an Optical 

Imager 3001 system (www.opt-imaging.com). A 21” gamma corrected monitor was placed 15 cm in front 

of the mouse, covering an area of the mouse visual field ranging from −15 to 75 degrees horizontally and 

−45 to 45 degrees vertically. First the retinotopic representation of V1 was mapped. Full contrast, square 

wave gratings of 0.05 cycles per degree (cpd), moving at 2 Hz and changing direction every 0.6 s were 

shown every 9 s for 3 s in a pseudorandomly chosen quadrant while the rest of the screen was a constant 

grey. Fifteen stimuli in each quadrant were sufficient to construct a robust retinotopic map of V1. To 

subsequently measure OD, computer impulse operated shutters were placed in front of both eyes. Shutters 

opened at preset intervals. The visual stimuli described above were presented in the upper nasal quadrant 

of the screen. These stimuli were shown once every 17 s for three seconds, while the shutter remained open 

for 6 s during which imaging was performed. Fifty responses to each eye were recorded. If mice died before 

this number was reached the animal was excluded from analysis. The same procedure was repeated when 

both eye shutters were closed to make sure that vision was blocked in both eyes. If analysis revealed that 

the response to visual stimulation with closed shutters was more than one standard deviation above zero the 

mouse was excluded from OD analysis.  These criteria were equal to those we used in previous 

publications41. 

For quantification, data was selected from defined regions of interest (ROI) within V1, and from 

regions of reference (ROR) outside of V1 showing no stimulus response. The negative ratio of ROI over 

ROR signal was taken and normalized to the stimulus onset and averaged from the first frame after stimulus 

onset until 2s after stimulus offset. 
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The Ocular Dominance Index (ODI) was calculated as (contralateral response − ipsilateral 

response)/(contralateral response + ipsilateral response). Measurements of spatial frequency tuning were 

made by presenting 90% contrast sinusoidal gratings in the top nasal quadrant of the screen for 3 s and 

changed directions every 0.75 s. Stimuli were pseudorandomly shown at 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 cpd. 

After each stimulus presentation the screen was grey and a ‘reset’ of the imaged area was performed by 

presenting the same stimulus but now in the lower nasal quadrant for 1 s, followed by a grey screen for 15 

s. Forty repetitions of each spatial frequency were acquired. For this experiment the ipsilateral eye was shut 

using eye drops (Cavasan, Chloroamphenicol Vitamin A; AUV) and black patches. Spatial frequency 

tuning curves were fit with the positive part of a linear function with a least squared error fit. This follows 

the common procedure for computing acuity from (human) sweep VEPs42. The reasons for using this 

method have been described previously42. In short, the response amplitude close to the acuity limit was 

previously shown to be linear. Moreover, this procedure is insensitive to the absolute amplitude. In our 

previous work41 we have shown that in the spatial frequency range between 0.1 cpd and the mouse acuity 

limit, the intrinsic signal response is also well fitted by a linear function. 

 

In vivo multisite recordings and visual stimulation 
Mice were anesthetized with urethane as described above, placed in the electrophysiology setup and 

head-fixed by ear- and bite bars. Additional low doses of urethane were injected when a response to toe-

pinch was observed.  Temperature was measured with a rectal probe and maintained by a feedback-

controlled heating pad set to 36.5.oC. Using a dental drill, the craniotomy for recordings from dLGN was 

made at 2050 µm lateral and 2500 µm posterior from bregma and for recordings from V1 was made at 2950 

µm lateral and 450 µm anterior to lambda. For recording responses to one eye, the other eye was covered 

with double layered black cloth and black tape. 

Linear silicon micro-electrodes (A1×16-5mm-50-177-A16, 16 channels spaced 50 μm apart, 

Neuronexus) were used for extracellular recordings from dLGN and V1. The electrode was inserted through 

the craniotomy to a depth of 2700-3000 µm from bregma. The literature and also our measures of receptive 

field positions showed this is the region of the dLGN receiving ipsilateral inputs. After reaching a depth of 

2200 µm, we moved the electrode deeper while performing recordings. The most superficial part of dLGN 

was identified by the first visual response we observed. Usually around 6-9 channels of the linear probe 

were within the dLGN, based on the visual response to stimuli presented to both eyes. Care was taken to 

record from the dLGN location where neurons had receptive fields located in the middle of the screen. The 

V1 electrode covered the cortex from the surface to a depth of 800 µm. Receptive field location was rapidly 

checked by moving a hand in front of the screen. In those cases that the receptive field was not in the screen 

center, the electrode was moved and the receptive fields were checked again. To determine receptive field 

location precisely, we presented a 5 minute movie (5 frames per second) of small white and black squares 

(5 deg) in random positions with gray background (ratio of white to gray and black to gray area was 1/10). 

For measuring ODI, we recorded from cells with receptive fields within the central 60 degrees of the visual 
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field, while one of the eyes was closed and the other eye was exposed to alternating white and gray full 

screen stimuli. The signals were amplified and filtered at 500 Hz - 10 kHz and digitized at 24 kHz using a 

Tucker-Davis Technologies RX5 Pentusa base station. Signals were thresholded at 3x standard deviation 

to isolate spikes, and spikes were sorted by custom-written Matlab (Mathworks) scripts. 

Visual stimuli were projected by a gamma-corrected PLUS U2-X1130 DLP projector onto a 

backprojection screen (Macada Innovision, covering a 60x42 cm area), positioned 17.5 cm in front of the 

mouse. The center of the screen was located at the position of the nose of the mouse. The stimuli were 

produced using Matlab Psychophysics Toolbox 343. The background gray luminance was 0.1 kcd/m². To 

measure the ODI we showed 100 repetitions of full screen white and gray (1.5 s each). 

 

Isolation of single- and multi units 
For single/multi-unit recording, the extracellular signal was sampled at 24 kHz and filtered from 0.5 

to 10 kHz. Initial detection of spikes was done online by voltage threshold crossing. Around the time of 

threshold crossing, a sample of 1.2 ms waveform was acquired. After wavelet smoothening (Wavelet 

toolbox, MATLAB), a custom-made MATLAB script was used to cluster the single units based on the first 

two principal components (obtained by principle component analysis in MATLAB) of 10 spike features 

(spike peak time, spike amplitude, spike trough to peak time, late slope, spike peak height, spike pre-peak 

time, spike trough time, ratio of pre-peak to trough, spike trough, peak to trough ratio). The clustering 

method used was K-means (K was selected based on how well the clusters were separated). If a channel 

showed a multi-Gaussian distribution in the two dimensional feature space obtained by the PCA, it was 

used for single unit extraction. On all selected channels we also performed cluster analysis using Klusta-

kwik44 and the results of the cluster analysis (Klusta-kwik or the custom made MATLAB script) that 

showed the clearest clusters (more separated based on Euclidean distance) was selected. All spikes of one 

channel were taken as one multi-unit. Multi-units of two adjacent channels (50 µm distance) had less than 

10% overlap. Thresholds of mean firing rates (over the first 500 ms after onset of visual stimuli) for a single 

unit or multi-unit to be included were 1 Hz and 10 Hz, respectively. For the recordings with only one eye 

open (ipsi- or contralateral eye), a unit was included if the mean firing rate of that unit was higher than the 

threshold (1 Hz for SU and 10 Hz for MU) when at least one of the eyes was open. Under these conditions, 

42% of multi units and 81% of single units crossed the thresholds. 

 

Data analysis for in vivo electrophysiology 
Data analysis was performed using custom-made Matlab scripts available online at 

https://github.com/heimel/InVivoTools, a fork from code written by Steve Van Hooser. The first 500 ms 

after onset of each full screen visual stimulus (gray or white) was used for analysis. For each unit the firing 

rates (averaged over the first 500 ms) during exposure to the gray and white screen were compared and the 

higher firing rate was considered for the further analysis. ODI of a unit was calculated as (Rcontra - Ripsi) / 
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(Rcontra + Ripsi), where Rcontra is the average firing rate of the unit when the eye ipsilateral to the recording 

site is occluded and Ripsi is the average firing rate of the unit when the eye contralateral to the recording 

site is blocked. The peak rate to full screen stimuli was the maximum firing rate (in a 10 ms bin) within the 

first 500 ms after onset of the visual stimuli. 

For receptive field mapping we computed the spike-triggered average (STA) of the sparse spot 

stimulus before each spike. Receptive fields included all screen patches that had an average luminance 2/3 

of the range above the median in the spike-triggered average. In order to show the receptive field positions 

more accurately, the peak rate threshold was set to 5 Hz for the time the patch was within the receptive 

field. The actual visual field sizes of these patches were computed and corrected for the distance from the 

mouse and square root of the summed area was taking as the receptive field size. The transience index was 

computed as the ratio of the initial maximum or minimum (for ON and OFF, respectively) to the subsequent 

minimum or maximum, within the 0.5 s period before the spike. 

 

Slice electrophysiology 
Mice (P30-37) were anesthetized using isoflurane and then decapitated. Brains were removed and 

chilled in ice-cold carbogenated (95% O2/5% CO2) choline cloride-based ACSF (110 mM choline chloride, 

7 mM MgCl2, 0.5 mM CaCl2, 2.5 mM KCl, 11.6 mM Na-ascorbate, 3.10 mM Na-pyruvate, 1.25 

NaH2PO4, 25 mM D-glucose, and 25 mM NaHCO3). Coronal slices (330 µm) containing dLGN were 

prepared using a vibrating microtome (Microm HM650V; Thermo Scientific). Slices were stored in a 

submerged chamber containing carbogenated normal ACSF (125 mM NaCl, 3 mM KCl, 2 mM MgSO4, 2 

mM CaCl2, 10 mM glucose, 1.20 mM NaH2PO4 and 26 mM NaHCO3) and allowed to recover at 36⁰ C 

for 30 min, followed by storage at room temperature until use (1-6 hours after slicing). For whole-cell 

patch-clamp recording, slices were transferred to a submerged recording chamber with constant perfusion 

of carbogenated ACSF (~2 ml/min; 31-32⁰ C). Slices were visualized using an Axioskop FS upright 

microscope equipped with Hofmann modulation contrast optics (Zeiss). dLGN was located using a 4x 

objective, and thalamocortical relay cells were visualized with a 40x objective. Borosilicate glass patch-

pipettes (3–4 MΩ) were filled with intracellular solution (140 mM CsCl, 0.2 mM CaCl2, 8 mM NaCl, 10 

mM Hepes, 2 mM EGTA, 4 mM Mg-ATP, 0.5 mM Na-GTP; ~290 mOsm, pH 7.2). Whole-cell recordings 

were made using a patch-clamp amplifier (Multiclamp 700a, Axon Instruments, Molecular Devices), and 

signals digitized at 10 kHz with a digidata 1440A (Axon Instruments, Molecular Devices) operated by 

PClamp 10 software. Care was taken that series resistance remained ≤15 MΩ. Miniature IPSCs were 

isolated with the addition of tetrodotoxin-citrate (TTX; 1 µM; Abcam), D-AP5 (50 µM; Abcam) and DNQX 

disodium salt (10 µM; Abcam) to the ACSF. 
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Data analysis for slice electrophysiology 
Mini Analysis (Synaptosoft Inc.) was used for analyzing mIPSCs. Amplitude threshold was set at 30 

pA, which was >3x root-mean-square noise of recordings. After automatic detection of mIPSCs by the 

software, each mIPSC was visually inspected. 

 

Immunohistochemistry 
Age matched mice were anesthetized with 0.1 ml/g bodyweight Nembutal (Janssen) and perfused with 

4% paraformaldehyde (PFA) in PBS (~80ml per mouse) and postfixed for 2-3 hrs. Coronal sections of 50 

µm were made by using a vibratome (Leica VT1000S). To allow long-term storage and reduce bleaching, 

10% SodiumAzide (NaN3) was added to the sections. Antibodies used were against PV (rabbit, 1:1000, 

PV27, Swant; mouse, P3088,  1:1000, Sigma), anti-somatostatin (1:100, Mab354, Millipore, Temecula, 

CA, US), NeuN (mouse, 1:1000, Mab377, Chemicon), GABAA receptor α1 (rabbit, 1:8000, a kind gift 

from Dr. J.M. Fritschy)21 or α2 (rabbit, 1:500, #224102, Synaptic Systems), VGAT (rabbit, 1:500, #131002, 

Synaptic Systems), reelin (mouse, 1:1000, ab78540, Abcam) or Syt222 (rabbit, 1:1000, a kind gift from Dr. 

T. Südhof) followed by Alexa Fluor 568-conjugated goat anti-rabbit (1:500, A-11011, Invitrogen) or Alexa 

Fluor 488- or 568-conjugated goat anti-mouse antibody (1:500, 488: A-10684, 568: A-11004, Invitrogen). 

All antibodies were previously tested in mice for the application we used them for (more information can 

be found in the references or on the websites of the suppliers). Free floating sections were briefly washed 

in PBS followed by 2 h blocking in PBS containing 5% normal goat serum and 0.05% Triton X-100. 

Primary antibody incubation was performed overnight at 4 °C in fresh blocking solution. Next, the sections 

were washed three times for 20 min in PBS with 0.1% Tween-20 (PBST) followed by secondary antibody 

incubation in fresh blocking solution for 90 min at RT. After washing three times for 20 min in PBST the 

sections were mounted on glass slides using Mowiol (Calbiochem/MerckMillipore) or Vectashield 

containing DAPI (Vector) and glass covered for imaging. 

 

Confocal microscopy and data analysis 
For PV- and Syt2-puncta analyses, Alexa Fluor 488 and Alexa Fluor 568 labeled sections with were 

imaged using a Carl Zeiss CLSM 510 Meta confocal microscope (Zeiss) with Argon (488 nm) and HeNe 

(543 nm) lasers. For each image acquisition session, the laser intensity and detector gain were adjusted so 

that the entire detector range was used. Only images within the same session were compared. Images were 

taken of neurons containing a PV+ or Syt2+ puncta-ring at the single plain with the widest diameter of the 

soma. Fluorescent puncta were analyzed using a custom-made macro for Image-Pro PLUS (v6.3). Four to 

five green cells per image obtained from V1 sections were manually encircled (Fig 1a) after which a mask 

was created on the cell. A 2µm wide ring was calculated around the mask and all puncta in the ring were 

considered to belong to the cell and were counted and measured. Puncta touching either the mask or the 
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ring were omitted, as well as signals not reaching size and fluorescent threshold levels. Pixel intensity for 

the signal within masks was considered background and subtracted from the intensity values in the puncta. 

For quantification of GABAA-receptor α1 and α2 expression in the developing dLGN, one stained 

section per mouse was imaged as a stack (two stacks per section, one for each dLGN) with a 20x objective 

(NA 0.7, 1x zoom) on a Leica SP5 confocal microscope. Signal intensity analysis was performed on the 

total dLGN area using the built-in ImageJ measurement tool after maximum projection. For quantification 

of VGAT puncta in the developing dLGN two stained sections per mouse were imaged at a single plane 

(two images per section, one for each dLGN) with a 63x objective (NA 1.4, 2x zoom) on a Leica SP8 

confocal microscope. 

 

Western blot analysis 
The binocular V1 from both WT and Gabra1 deficient mice were collected and homogenized in 

homogenization buffer (HB) 5 mM HEPES/0.32 M sucrose, pH 7.4, using a slow turning electrical drill 

and a tight fit glass cuvette. Proteins were purified by centrifugation twice (at 1000G and 14000G) and 

collecting the supernatant and pellet respectively, the pellet was resuspended in 100µl HB. Protein content 

was measured by comparing with a bovine serum albumin standard using a bicinchoninic acid (BCA) 

reaction kit (Thermo Fisher Scientific/Pierce) and the optical density of the reagent was measured with a 

iEMS Reader MF (Labsystems/Thermo Scientific). 

Western blotting was performed using the NuPAGE® Novex® Bis-Tris pre-cast gel kit with a 4%-

12% gradient in Invitrogen gel containers (Invitrogen). Gels were loaded with 5-20 µg protein and run at 

200V for 45 minutes. After separation gels were transferred at 30V overnight to PVDF Immobilon-FL 

transfer membranes (Millipore). Protein membrane blots were stained with antibodies against α1 (mouse, 

1:1000, P14867, Neuromab/UC Davis), α2 (rabbit, 1:2000, AGA-002, Alomone Labs), α3 (rabbit, 1:1000, 

AGA-003, Alomone Labs), γ2 (rabbit, 1:200, AGA-005, Alomone Labs) and gephyrin (mouse, 1:1000, 

612632,  BD Biosciences), and analyzed using infrared secondary antibodies (LI-COR) and the Odyssey 

Infrared Imaging System (LI-COR Biosciences, Westburg). Imaged bands were measured using the 

Odyssey application software and corrected for background intensities from adjacent non-labeled lanes. 

 

Statistics 
The ODI, RF size, transiency and firing rates of multi- and single units, miniature IPSCs were not 

normally distributed. For this reason, all statistical tests involving these indices are non-parametric Mann-

Whitney U tests when two independent groups were compared. When the same units were compared in two 

conditions, the paired non-parametric signed rank test was used. Visual inspection was used to confirm that 

the variation of different groups within an experiment was comparable. In Fig. 2g-i and Fig. 6g-i, for 

comparing the effects of 2 day MD and 7 day MD with undeprived mice assessed by multiunit recordings, 
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we applied Bonferroni correction after the Mann-Whitney U tests. We determined that the imaged ODI 

values were normally distributed (Anderson-Darling normality test, unsutured WT mice: P=0.25, n=26; 

sutured WT mice: P=0.11, n=38). For testing the effect of gene knock-out on OD plasticity, we computed 

whether there was a significant interaction in a two-way ANOVA. For graphical representation of 

significant differences between groups (Fig. 2b-f), we presented the results of post-hoc Tukey-Kramer tests. 

No statistical methods were used to pre-determine sample sizes but our sample sizes are similar to those 

reported in previous publications41, 45. Western blot data were normally distributed and analyzed by 

Bonferroni corrected t-tests. Because puncta numbers, sizes and intensities analyzed per image (Fig. 3c-d) 

were normally distributed we used t-test when two independent groups were compared. To test whether 

expression of α1, α2 and VGAT changed consistently with age, a regression line was fitted to the data and 

the F-statistic was computed to compare against a constant model (non-zero slope test). A Life Sciences 

Reporting Summary is available. 
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Supplementary Figures and Materials 
 

 

Supplementary Figure 1 Expression of GABAA receptor α1 subunit in interneurons subsets. a, Experimental 
setup. A monitor was positioned at 15 cm distance with the right half of the screen in the mouse’s right monocular 
visual field. 0.05 cpd drifting gratings appear in each of the quadrants of the screen. Visual stimulation of both 
eyes in each of the four monitor quadrants decreased reflectance of 700 nm light in different patches of left visual 
cortex, and response pixels are color coded (middle panel), resulting in a color coded retinotopic representation  
right panel). Images are the average of 15 repetitions. A region of interest (ROI) polygon was drawn covering 
pixels corresponding to the superior binocular visual field. A region of reference (ROR) polygon is drawn in a 
visually unresponsive area. b, Experimental time-line. For assessment of ocular dominance (OD) plasticity 
during the critical period mice were imaged at P35, and some mice were deprived from P28 to P35. c, Upper 
panel: α1 expression in cortical interneurons can be visualized in Gabra1fl-hom Emx1-cre+ mice. Lower panels: 
Expression of α1 and the interneuron markers reelin, PV, SST and VIP in cortical interneurons in Gabra1fl-hom 
Emx1-cre+ mice. d, Upper panels: α1 expression on the cell surface of PV+ interneurons is high. Lower panel: 
high α1 expression in PV + interneurons is lost in Gabra1fl-hom Gad2-cre+ mice. e, A significant OD shift is 
induced by 3 days of monocular deprivation of  Gabra1fl-hom Gad2-cre+ Emx1-cre+ mice. t-test, P=0.008. 
Scale bars are 20 µm. Values shown as mean ± s.e.m. . **P<0.01. 
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Supplementary Figure 2 Western blots of GABAA receptor components in Gabra1-/- mice and wild type 
littermates. Uncropped gel runs of western blots quantified in Fig. 3. White arrows indicate the signals 
representing α1, α2, α3, gephyrin and γ2. Red bands are molecular weight markers, representing from top to 
bottom: 250, 150, 100, 37, 20, 15 and 10 kD. At the top of each lane is indicated whether the sample was from 
a mouse positive or negative for Gabra1. 

 

Supplementary Figure 3 Examples and properties of binocular dLGN cells. a, Examples of linear micro-
electrode traces (red) through ipsilateral projection zone of dLGN of non-MD (left) and MD (right) wild type 
mice. Scale bar=500 µm. b, Top: example of clustering units based on two principal components of spike 
features. Bottom: waveforms of the corresponding data are represented on the right. Data colored in green belong 
to a single-unit. Data in blue correspond to other threshold-crossed voltage changes. c, Each row shows firing 
rates over time of an example cell (SU) recorded in wild type mice, while either the contralateral (red) or 
ipsilateral (black) eye is exposed to the full screen, 1.5s visual stimulus. The SU shown in the top row top has a 
very sustained response. The unit shown below has a transient response to the ipsilateral eye. The last example 
has an ON/OFF response to the contralateral eye and only an OFF response to the ipsilateral eye. 
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Supplementary Figure 4 Recordings in dLGN of Gabra1fl hom Olig3-Cre+ mice. a, Receptive fields of MUs 
recorded in non MD (light green) and MD (dark green) Gabra1fl hom Olig3-Cre+  mice (n=41 and 25 MUs, 
respectively). The position of the nose of the mouse is at horizontal and vertical 0 cm. The red dashed lines 
indicate -30o and +30o horizontal angles.  b, Examples of linear micro-electrode traces (red) through ipsilateral 
projection zone of dLGN of non-MD (left) and MD (right panels) Gabra1fl-hom Olig3-cre+ mice, stained by 
DAPI (blue). White line delineates dLGN. Scale bar=500 µm. 
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Chapter 6: General Discussion 
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Most of the studies about circuits and mechanisms of visual processing have been limited to and done 

in the visual cortex. There are fewer studies and less is known about subcortical visual areas, while there 

are numerous subcortical areas involved in visual processing, including the main targets of retinal 

projections, i.e. the SC (a midbrain area) and dLGN (a thalamic nucleus). In recent years, evidence has 

accumulated that some of the transformations of the retinal signal that were thought to be the domain of 

V1, such as orientation selectivity, orientation-selective surround suppression, and binocular integration 

also occur subcortically in the dLGN. This prompted us to revisit these properties in the SSC and study 

whether OD plasticity occurs in the dLGN and whether the dLGN can influence OD plasticity in V1. 

Moreover, although OD plasticity has been studied in the SSC, there is not much known about the 

orientation selectivity, orientation map and orientation-selective surround suppression in the SSC. 

Therefore, in this thesis we also tried to understand more about these properties of visual processing in the 

SSC and the influence of functional interactions between the SSC and V1 on these properties. 

 

Orientation Selectivity, Orientation Columns, and Orientation Concentric 

Map in SSC 
In chapter 2, we showed that most of the SSC neurons (~70%) are orientation sensitive and that their 

orientation tuning is not inherited from cortex. This is consistent with other work in the mouse, where no 

difference in orientation selectivity was detected upon ablation of the visual cortex, and even a small 

increase in direction sensitivity was apparent (Wang, Sarnaik, Rangarajan, Liu, & Cang, 2010). In the 

ground squirrel, the responses in the SSC were also not affected by cortical removal, and cells remained 

direction-selective (Michael, 1972). In primate, where there is relatively little direction selectivity and 

visual feature selectivity in the SSC, tuning was also not much affected by cortical ablation/inactivation 

(Schiller, Stryker, Cynader, & Berman, 1974). This points to a non-cortical origin of the orientation and 

direction selectivity of the sSC in both primates and rodents. 

Genetic disruption of the “On” visual pathway affects cortical orientation selectivity in mice without 

a change in orientation tuning properties of SSC neurons (Sarnaik, Chen, Liu, & Cang, 2014). This shows 

that the origin of orientation selectivity in the SSC is likely to be different from that in V1. Very recently, 

Shi et al. using genetic disruption of retinal direction selectivity showed that direction selectivity in the SGS 

is reduced (Shi et al., 2017). In the zebrafish, direction- and orientation-selectivity are both inherited from 

the retina as well as generated locally in the tectum (Hunter et al., 2013). However, whether in mouse 

orientation and direction selectivity share the same mechanism and how much of the orientation selectivity 

of the SSC originates from retina and how much is formed locally within the SSC is not clear yet. 

Before this, V1 of primates and carnivores was the only visual brain area containing orientation 

columns and the belief was that the rodent visual system lacks orientation columns. Our study in mouse 

(concurrent with (Feinberg & Meister, 2015)) showed that the rodent visual system also contains orientation 

columns (maybe necessary for efficient wiring), not in V1, but in SSC. This may imply that, during 
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evolution, V1 in primates and carnivores has taken some of the roles of SSC related to direction/orientation 

detection or direction/orientation guided behaviors, while in rodents these roles of the SSC have been 

preserved. 

Regarding the iso-orientation map, Feinberg and Meister did not find an organized map using intrinsic 

signal imaging of the most posterior part of the SSC (responsive to the temporal field of view) (Feinberg & 

Meister, 2015). However, using a more sensitive tool, wide field calcium imaging, and electrophysiological 

recording, we found a concentric iso-orientation map in the SSC. One of the possible reasons that might 

explain the different results is that the intrinsic signal imaging has a low signal to noise ratio, which makes 

it difficult to extract a reliable visual response from the background noise. The other possible reason is that 

we have imaged and recorded mostly from the anterior part of the SSC (responsive to the nasal field of 

view), whereas they have imaged the most posterior part. These two parts are also associated to distinct 

functional roles in approach and defensive behavior (Redgrave, Odekunle, & Dean, 1986; Westby, Keay, 

Redgrave, Dean, & Bannister, 1990). Interestingly, very recently, a similar map has been reported in mouse 

retina (Sabbah et al., 2017). They showed that the preferred directions of ON-OFF direction-selective RGCs 

are topographically organized, matching optic flow fields. Considering the direct retinal input to the SSC, 

it makes it possible that our observed concentric iso-orientation map in the mouse SSC is inherited from 

retina. 

Our finding of concentric iso-orientation map in the mouse SSC resembles a combination of an 

expanding and receding optic flow map in the SSC, suggesting that the mouse SSC is more suitable for 

detecting movements towards and away from the animal rather than shape and object recognition. The 

concentric iso-orientation map may help in approach and innate defensive behavior (when a predator is 

coming towards or a pray is going away from the mouse) (Dean, Redgrave, & Westby, 1989), gaze orienting 

and smooth pursuit (Lisberger, Morris, & Tychsen, 1987). 

 

Orientation-Selective Surround Suppression in SSC 
We found orientation-selective surround suppression in the mouse SSC, which is stronger when the 

animal is awake (compare to an anaesthetized animal), suggesting an enhancement of orientation-selective 

surround suppression and pop-out by wakefulness, awareness, or attention.  

A recent study showed that in awake mice, inactivating V1 reduces the SSC responses to looming 

stimuli ( Zhao, Liu, & Cang, 2014). However, the speed tuning to the looming stimuli did not change, 

suggesting that V1 has an effect on the gain of the SSC neurons, rather than changing their feature 

selectivity. However, as well as modulating the SSC gain, we found that V1 also changes the pop-out 

response of the SSC neurons; i.e. the relative responses to stimuli with a parallel or an orthogonal surround 

changes by silencing V1. The effect of cortical input is to pull the OSSI towards its own level while the SSI 

is unchanged. Our interpretation is that, the perceptual pop-out of the odd-one-out may have a neuronal 

source in the SSC, which is not dependent on, but even in spite of cortical input. 
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Other mechanisms that may modulate the orientation-selective surround suppression in the SSC are 

not clear yet. It is unlikely that the orientation-selective surround suppression in the mouse SSC originates 

from retina, as orientation selectivity and orientation-selective surround suppression have not been seen 

much in the retina. However, we cannot exclude this possibility. There are reports of orientation-selective 

RGCs in mice (Zhao, Chen, Liu, & Cang, 2013) and orientation-selective surround suppression of RGCs 

in rats (Girman & Lund, 2010). Another possible source of the orientation-selective surround suppression 

may come from inhibition within the SSC circuits, which we did not examine. 

 

SSC Partially Modulates Surround Suppression in V1 through dLGN 
Our finding of surround suppression modulation of V1 by the SSC is the first evidence of an effect 

that the SSC has on feature selectivity and tuning of V1, although there were previous reports of effects on 

gain modulation in extrastriate visual cortex (Ohtsuka & Ogino, 2001; Tohmi, Meguro, Tsukano, Hishida, 

& Shibuki, 2014; Zénon & Krauzlis, 2012). 

The effect of SSC silencing on surround suppression reduction in V1 that we observed could be 

through dLGN or LP. The pathway previously thought to be responsible for changes in visual responses in 

the cortex, passes the LP / pulvinar nuclei (Tohmi et al., 2014). There is a strong projection from the SC to 

pulvinar in all mammals (May, 2006), which could be considered as driver input (Wurtz, Sommer, & 

Cavanaugh, 2005). Surprisingly, we found that silencing LP at least under anesthesia does not change the 

surround suppression effect of SSC in V1. However, it has been shown that silencing pulvinar in monkeys 

diminishes V1 activity (Purushothaman, Marion, Li, & Casagrande, 2012). This inconsistency between 

these species could be explained by the different levels of importance of LP in these animals, as rodents 

compared to primates have a relatively small LP (Chalfin, Cheung, Muniz, Silveira, & Finlay, 2007). 

Surprisingly the SSC effect on V1 was through the less studied and weaker pathway, i.e. the dLGN 

pathway. We found that the projection from SSC to dLGN is excitatory (consistent with (Bickford, Zhou, 

Krahe, Govindaiah, & Guido, 2015)) and retinotopic. Our data showed that the SSC suppression mostly 

reduces visual response of the shell cells and not the core cells of the dLGN, which is consistent with the 

projection targets of the SSC being limited to the shell dLGN (Bickford et al., 2015; Grubb & Thompson, 

2004). Silencing SSC suppressed the dLGN responses without changing the relative size tuning. We believe 

that the reduced V1 surround suppression is through a direct effect of the SSC on the dLGN gain. However, 

how much in primates the SSC-dLGN pathway can modulate size tuning of V1, remains to be seen. 

Moreover, our experiments were under anesthesia. There could be more functional effects uncovered by 

awake experiments. 
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dLGN has ocular dominance plasticity 
Our discovery of OD plasticity in dLGN refutes the traditional belief that OD plasticity occurs 

exclusively in cortex and that there is no OD plasticity in the thalamus. Interestingly, short-term and long-

term components of the MD effect on OD shift in the dLGN are different from that in V1. In V1, shortly 

after the MD, the response of V1 contralateral to the deprived eye decreases and later, in a longer time, the 

response of V1 ipsilateral to the deprived eye increases (together with a little increase in response to the 

contralateral eye). However, in dLGN, MD first increases the response to both eyes increases, with a higher 

relative increase in response to the ipsilateral eye, and then with a long-term MD, there is a decrease in 

response to both eyes, with a higher relative decrease in response to the contralateral eye and in a way that 

the response to the ipsilateral eye lowers back to the same level as before MD. This is a new mechanism of 

MD effect on OD shift. It remains to be seen if it occurs in other thalamic areas as well. Moreover, it remains 

to be seen whether dLGN in humans and other species show OD plasticity and whether they share the same 

or different mechanisms of thalamic OD plasticity. 

 

Reduction of dLGN and V1 plasticity without thalamic fast synaptic 

inhibition 
Our results showed that the mice lacking thalamic fast synaptic inhibition, have a decreased OD 

plasticity, both in dLGN and V1. However, how it occurs is not clear. As we showed changes in timing 

properties of the dLGN responses in the absence of thalamic fast synaptic inhibition, one possibility is that 

these changes cause disruption in spike-timing-dependent plasticity in dLGN, but also in V1 (Linden, 

Heynen, Haslinger, & Bear, 2009). Also, as we showed that thalamic fast synaptic inhibition begins with 

eye opening and increases, another possibility is that the development of thalamic inhibition may be vital 

for the visual experience dependent pruning of retinogeniculate inputs (Hooks & Chen, 2006). However, 

both possibilities need to be examined to draw a correct conclusion. Moreover, whether the OD plasticity 

of dLGN contributes in OD plasticity of V1 in humans and other species, remains to be seen.

Conclusion 
This thesis shows that some of the fundamental visual processing which were believed to be associated 

with V1, such as orientation selectivity and orientation-selective surround suppression, also occur 

subcortically in SSC and independent of V1. Moreover, we showed that binocular integration and OD 

plasticity already occur subcortically in dLGN, which would make a fundamental change in the field and 

reinvestigation of cortical plasticity.
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The work presented in this thesis aimed at investigating visual processing in the two main targets of 

retinal ganglion cells, i.e. dLGN (dorsolateral geniculate nucleus) and SSC (superficial superior colliculus). 

In chapter 2, we investigated orientation selectivity in the SSC and how orientation selective neurons 

are vertically and horizontally organized in the SSC. Before the work in this thesis, two types of horizontal 

organization of orientation preference had been discovered, one was the random structure in rodents’ 

primary visual cortex (V1) and the other one was the multiple pinwheels in primates’ and carnivores’ V1. 

However, the organization of orientation preference in the SSC of rodents had not been studied. In this 

work, we found that around 70% of the SSC neurons in mouse are orientation sensitive and their orientation 

selectivity is independent of cortical input into SSC. Moreover, we discovered orientation columns in the 

SSC with a new type of structure. Surprisingly, SSC or at least the binocular SSC contains only one 

pinwheel, where the cells responsive to the same retinotopic position have the same orientation preference, 

making a concentric map. This structure makes the SSC more suitable for detection of flow towards or 

away from the animal and less suitable for object recognition. This structure of dependence of orientation 

preference and retinotopic position may be vital for escape and approach behavior in mice. 

In chapter 3, we investigated surround suppression and orientation-specific surround suppression in 

the SSC and their dependence on the cortical input. We found a high level of surround suppression in the 

SSC, higher than the surround suppression in V1. We also found orientation-specific surround suppression 

in the SSC, higher than that in V1. The surround suppression in the SSC was independent of V1, but, 

surprisingly, silencing V1 increased the orientation-specific surround suppression in the SSC. This finding 

may indicate an important role of the SSC in pop-out behavior, vital for defensive and approach behavior 

in rodents. 

There are indirect connections from SSC to V1 through LP (lateral posterior nucleus) / pulvinar 

complex and dLGN. However, whether the SSC has any functional effect on V1 had been not well studied. 

In chapter 4, we addressed this question by optogenetic suppression of the SSC and recording V1 responses 

to stimuli of different sizes. Our result of a suppression of V1 responses to middle sizes by suppression of 

the SSC activity was the first finding of any functional effect (i.e. change in feature selectivity and tuning) 

of the SSC on V1. Surprisingly, this effect is not through the strong SSC-LP connection, but it is through 

the weaker connection via the dLGN. 

Traditionally, it is believed that OD plasticity is an exclusively cortical phenomenon and that thalamus 

has no plasticity. The reason was that in primates and carnivores there was no report of any (or few) 

binocular dLGN cells in old literature and no or little plasticity was found in dLGN of these animals. 

Consistent with recent studies, we found that almost all ipsilateral responsive neurons in the mouse dLGN 

are binocular. Moreover, surprisingly the mouse dLGN shows OD plasticity which requires thalamic fast 

synaptic inhibition. Another surprising finding in chapter 5 was that the OD plasticity in V1 does not only 

depend on V1 neural network, but also needs the thalamic fast synaptic inhibition. This implies that 

previously drawn conclusions on the contribution of cortical inhibition in the regulation of critical period 
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onset and closure may have to be reevaluated, and that in future studies on critical period plasticity, the 

contributions of thalamic inhibition and plasticity have to be considered. 

In summary, transformations of visual information studies in this thesis (i.e. orientation selectivity and 

orientation-selective surround suppression) that previously were thought to occur in V1, also occur 

subcortically in SSC and that this is even the case for binocular integration and plasticity in dLGN. 
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Het werk in dit proefschrift richt zich op het onderzoeken van visuele verwerking in de twee 

voornaamste doelgebieden van axonale projecties uit het netvlies, namelijk de dorsolaterale 

nucleus geniculatum (dLGN) en de superficiële lagen van de colliculus superior (SSC). 

In hoofdstuk 2 onderzochten we oriëntatieselectiviteit in de SSC en hoe oriëntatieselectieve 

neuronen verticaal en horizontaal georganiseerd zijn in de SSC. Vóór het werk in dit proefschrift 

waren twee soorten horizontale organisatie van voorkeursoriëntatie bekend in de hersenen. Eén 

was de willekeurige verdeling van voorkeursrichting die te vinden is in de primaire visuele 

hersenschors (V1) van knaagdieren en de andere was de meervoudige pinwheel (windmolen) 

organisatie die aanwezig is in V1 van, onder andere, primaten en katachtigen. De organisatie van 

voorkeursoriëntatie in de SSC van knaagdieren was echter niet eerder bestudeerd. Wij ontdekten 

dat ongeveer 70% van de SSC-neuronen in de muis oriëntatiegevoelig zijn en dat hun 

oriëntatieselectiviteit onafhankelijk is van corticale invoer in SSC. Bovendien ontdekten we 

oriëntatiekolommen in de SSC met een nieuw type structuur. Verrassenderwijs bevat de SSC of 

ten minste de binoculaire SSC slechts één pinwheel, waarbij de cellen die reageren op dezelfde 

retinotopische positie dezelfde oriëntatievoorkeur hebben. De voorkeursoriëntatie op iedere 

retinotopische positie is parallel aan de concentrische ring met als middelpunt de snuit van de muis 

door die retinotopische positie. Deze structuur maakt de SSC geschikt voor het detecteren van 

visuele stroming naar de muis toe of van de muis af, maar maakt de SSC minder geschikt voor 

objectherkenning. Dit verband tussen voorkeursoriëntatie en retinotopische positie kan van vitaal 

belang zijn voor het ontsnappings- en toenaderingsgedrag bij muizen. 

In hoofdstuk 3 onderzochten we omgevingssuppressie (surround suppression) en oriëntatiespecifieke 

omgevingssuppressie in de SSC en hun afhankelijkheid van de input vanuit de hersenschors. We vonden 

een hoge mate van omgevingssuppressie in de SSC, hoger dan de omgevingssuppressie in V1. We vonden 

ook oriëntatiespecifieke omgevingssuppressie in de SSC, ook meer dan er in V1 in muizen aanwezig is. 

Deze omgevingssuppressie in de SSC was onafhankelijk van V1, maar verrassenderwijs verhoogde het stil 

maken van V1 de oriëntatiespecifieke omgevingssuppressie in de SSC. Deze bevinding kan wijzen op een 

belangrijke rol van de SSC in het detecteren van een pop-out stimulus, van vitaal belang voor verdedigings- 

en toenaderingsgedrag bij knaagdieren. 

Er zijn indirecte verbindingen van de SSC naar V1 via LP (laterale posterieure nucleus) / pulvinar-complex 

en de dLGN. Of de SSC enig functioneel effect op V1 heeft, was echter niet eerder goed bestudeerd. In 

hoofdstuk 4 hebben we deze vraag behandeld door optogenetische onderdrukking van de SSC, terwijl we 

de V1-responsen op stimuli van verschillende groottes maten. Ons resultaat van een onderdrukking van 

V1-responsen op middelgrote afmetingen door onderdrukking van de SSC-activiteit was de eerste 

bevinding van een functioneel effect (dat wil zeggen verandering in kenmerkselectiviteit) van de SSC op 
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V1. Verrassend genoeg gebeurt dit niet via de sterke SSC-LP-verbinding, maar via de zwakkere verbinding 

via de dLGN. 

Traditioneel wordt aangenomen dat oculaire dominantie (OD) plasticiteit uitsluitend in de visuele 

hersenschors plaatsvindt en dat er in de visuele thalamus geen OD plasticiteit optreedt. De reden voor deze 

aanname was dat bij primaten en katachtigen er geen melding was van binoculaire dLGN-cellen in de oude 

literatuur en dat er geen of weinig plasticiteit werd gevonden in de dLGN van deze dieren. In 

overeenstemming met recentere studies, vonden we dat bijna alle neuronen in dLGN van de muis die op 

het ipsilaterale oog reageren, ook reageren op het contralaterale oog en dus binoculair zijn. Bovendien 

vertoont verrassend genoeg de dLGN van muizen OD-plasticiteit. Voor deze plasticiteit is snelle 

synaptische inhibitie vereist in de thalamus zelf. Een andere verrassende bevinding in hoofdstuk 5 was dat 

de OD-plasticiteit in V1 ook afhangt van deze thalamische snelle synaptische inhibitie. Dit impliceert dat 

eerder getrokken conclusies over de bijdrage van corticale inhibitie in de regulatie van het begin en de 

sluiting van de kritische periode voor oculaire dominantie plasticiteit mogelijk opnieuw moeten worden 

geëvalueerd en dat in toekomstige studies over de regulatie van de kritische periode de bijdragen van 

thalamische inhibitie en plasticiteit moeten worden overwogen. 

Samenvattend, dit proefschrift laat zien dat de transformaties van visuele informatie (oriëntatieselectiviteit 

en oriëntatieselectieve omgevingssuppressie), waarvan eerder gedacht werd dat ze in V1 optreden, ook 

subcorticaal plaatsvinden in de SSC en dat zelfs binoculaire integratie en plasticiteit ook in de dLGN al 

aanwezig zijn. 
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