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Retinal and Tectal “Driver-Like” Inputs Converge in the Shell
of the Mouse Dorsal Lateral Geniculate Nucleus
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The dorsal lateral geniculate nucleus (dLGN) is a model system for understanding thalamic organization and the classification of inputs
as “drivers” or “modulators.” Retinogeniculate terminals provide the primary excitatory drive for the relay of information to visual
cortex (V1), while nonretinal inputs act in concert to modulate the gain of retinogeniculate signal transmission. How do inputs from the
superior colliculus, a visuomotor structure, fit into this schema? Using a variety of anatomical, optogenetic, and in vitro physiological
techniques in mice, we show that dLGN inputs from the superior colliculus (tectogeniculate) possess many of the ultrastructural and
synaptic properties that define drivers. Tectogeniculate and retinogeniculate terminals converge to innervate one class of dLGN neurons
within the dorsolateral shell, the primary terminal domain of direction-selective retinal ganglion cells. These dLGN neurons project to
layer I of V1 to form synaptic contacts with dendrites of deeper-layer neurons. We suggest that tectogeniculate inputs act as “backseat
drivers,” which may alert shell neurons to movement commands generated by the superior colliculus.
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Introduction
The concept of defining afferents as “drivers” or “modulators”
has reshaped our current view of thalamic function. The dorsal
lateral geniculate nucleus (dLGN), the principal relay of retinal
information to the visual cortex, is widely accepted as a prototype
for delineating the structural and functional organization of these
two classes of inputs (Sherman and Guillery, 1998; Guillery and
Sherman, 2002). While retinal inputs provide the primary excit-
atory drive onto thalamocortical (relay) cells in the dLGN, they
comprise only about 10% of all synapses in this nucleus. Instead,
the vast majority of synapses arise from nonretinal sources, such

as projections from the visual cortex, brainstem, and thalamic
reticular nucleus. These nonretinal inputs have been character-
ized as modulators because they have little impact on the recep-
tive field structure of relay cells, but provide a powerful substrate
for modulating the gain of retinogeniculate (RG) signal transmis-
sion in a state-dependent manner.

A projection from the superior colliculus (SC), or tectum, to
the dLGN has been identified in a number of mammalian species
(Harting et al., 1991), but remarkably, an understanding of how
tectogeniculate (TG) input fits within the framework of thalamic
function is lacking. In rodents, TG projections are confined to the
dorsolateral shell, a thin lamina that resides just beneath the optic
tract (OT; Reese, 1988; Grubb and Thompson, 2004). This region
is innervated by retinal ganglion cells that are sensitive to the
direction of visual motion [direction-selective ganglion cells
(DSGCs); Huberman et al., 2009; Kay et al., 2011; Rivlin-Etzion
et al., 2011; Dhande et al., 2013; Cruz-Martín et al., 2014] and also
contains dLGN cells that exhibit direction-selective responses
(Marshel et al., 2012; Piscopo et al., 2013; Scholl et al., 2013; Zhao
et al., 2013). Such convergence suggests that TG projections par-
ticipate in coding the direction of visual stimulus movement.
This idea is further supported by the fact that TG cells are located
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Significance Statement

The conventional view of the dorsal lateral geniculate nucleus (dLGN) is that of a simple relay of visual information between the
retina and cortex. Here we show that the dLGN receives strong excitatory input from both the retina and the superior colliculus.
Thus, the dLGN is part of a specialized visual channel that provides cortex with convergent information about stimulus motion and
eye movement and positioning.
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in the most superficial regions of the SC
stratum griseum superficiale (SGS;
Mooney et al., 1988; Diamond et al.,
1991). Like the dorsolateral shell of the
dLGN, the SGS is innervated by DSGCs
(Huberman et al., 2009; Kay et al., 2011;
Rivlin-Etzion et al., 2011; Dhande et al.,
2013) and contains neurons that respond
selectively to visual motion, some of
which have been identified as TG cells
(Mooney et al., 1985, 1988; Waleszczyk et
al., 2004; Wang et al., 2010; Gale and Mur-
phy, 2014; Inayat et al., 2015). Thus, the
dorsolateral shell of the dLGN app-
ears to receive two distinct sources of
direction-selective signals, one from the
retina and one from the SC. Surprisingly,
we found that TG inputs display the sig-
nature characteristics of driver synapses.
Moreover, TG and retinal inputs converge
to innervate a distinct class of relay cells
that project to layer 1 of V1. Together our
results provide further evidence for struc-
turally and functionally distinct parallel
visual channels within the mouse dLGN.

Materials and Methods
Animals. All breeding and experimental proce-
dures were approved by the University of Louis-
ville and Virginia Commonwealth University
Institutional Animal Care and Use Committees.
Experiments were performed using mice, of ei-
ther sex, of the following lines: C57/BLK6; mice
that the express green fluorescent protein (GFP)
in thyrotropin-releasing hormone receptor
(TRHR)-expressing ganglion cells (Rivlin-Etzion
et al., 2011); the Cre driver line GAD2-ires-Cre
(Jackson Labs, stock #010802); Gad2tm2(cre)Zjh/J
(Taniguchi et al., 2011); and the GAD2-ires-
Cre mice crossed with the Ai9 reporter line
[Jackson Labs, stock #007900, strain B6.Cg-
Gt(ROSA)26Sor tm9(CAG-tdTomato)Hze/J].

Biotinylated dextran amine injections. To la-
bel TG or geniculocortical (GC) projections via
anterograde transport, mice ranging in age be-
tween postnatal day 30 (P30) and P60 were
deeply anesthetized with a mixture of ketamine
(120 –140 mg/kg) and xylazine (12–14 mg/kg) and placed in a stereotaxic
apparatus (Angle Two Stereotaxic, Leica). An incision was made along
the scalp, and a small hole was drilled in the skull above the SC or dLGN.
A glass pipette (10 �m tip diameter) containing a 5% solution of biotin-
ylated dextran amine (BDA; Invitrogen) in saline was lowered into the SC
or dLGN, and BDA was iontophoretically ejected using 3 �A contin-
uous positive current for 20 min. After removal of the pipette, the
scalp skin was sealed with tissue adhesive (n-butyl cyanoacrylate), and
the animals were placed on a heating pad until mobile. After surgery,
animals were carefully monitored for proper wound healing, and the
analgesic buprenorphine (0.02 mg/kg) was administered every 12 h
for 48 h.

Cholera toxin subunit B injections. To label TG cells via retrograde
transport, P30 –P60 wild-type or GAD2-cre-Ai9 mice were prepared as
described above. A glass pipette (10 –20 �m tip diameter) containing a
0.2% solution of cholera toxin subunit B (CTB) conjugated to Alexa
Fluor 488 (CTB-488) in PBS [0.01 M phosphate buffer (PB) with 0.9%
NaCl] was lowered into the dLGN, and CTB was iontophoretically
ejected using 3 �A continuous positive current for 15 min. After removal

of the pipette, the wound was closed and the animals were treated during
recovery as described above.

Adeno-associated virus and CTB injections. An adeno-associated virus
(AAV; serotype 2/1) carrying a vector for the Channelrhodopsin variant
Chimera EF with I170 mutation (ChIEF) fused to the red fluorescent
protein, tdTomato, was injected into the SC of wild-type mice to label TG
terminal arbors in the dLGN for light and electron microscopic analysis
as well as to photoactivate TG terminals during in vitro physiology ex-
periments (for production details, see Jurgens et al., 2012). For virus
delivery, mice ranging in age between P22 and P24 were deeply anesthe-
tized with a mixture of ketamine and xylazine. An incision was made
along the scalp, and a small hole created in the skull above the SC. Virus
was delivered via a 34 gauge needle attached to a Nanofil syringe inserted
in an UltraMicroPump. Volumes of 100 –200 nl were injected at a rate of
10 nl/min.

In some animals, following virus injections in the SC, an additional
hole was drilled in the skull above V1. The dura was carefully removed,
and a small piece of filter paper that had been immersed in a 0.1%
solution of CTB-488 in PBS was placed on the cortex surface to label

Figure 1. A–F, Components of the dLGN dorsolateral shell. In TRHR mice, in which GFP is expressed in direction-selective
retinogeniculate terminals (green), virus injections were placed in the SC (C, inset) to induce the expression of TdTomato in
tectothalamic terminals (red). A caudal (A) to rostral (C) series of sections illustrates the overlap of tectogeniculate and TRHR
retinogeniculate terminals in the dorsolateral shell of the dLGN (also shown at higher magnification in D). Cells filled with biocytin
in TRHR animals exhibit W-cell morphology (E; arrow indicates cell shown at higher magnification in F ). Scale bars: C (for A–C), E,
100 �m; D, 20 �m; F, 25 �m.
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geniculocortical cells by retrograde transport.
The wound was then closed and the animal
monitored during recovery as described above.

Cre-dependent AAV injections in GAD2-cre
mice. Flex-rev-oChIEF-tdTomato (plasmid
30541, Addgene) was packaged using AAV se-
rotype 9. This viral vector was injected into the
SC of GAD2-cre mice to examine GABAergic
projections from this structure. For virus deliv-
ery, mice ranging in age between P25 and P36
were deeply anesthetized with a mixture of ket-
amine and xylazine. An incision was made
along the scalp, and a small hole created in the
skull above the SC. Virus was delivered via a 34
gauge needle attached to a Nanofil syringe in-
serted in an UltraMicroPump. Volumes of
60 –75 nl were injected at a rate of 10 –20
nl/min.

Slice preparation and in vitro recording. At 8
to 12 d following injection of the AAV serotype
2/1, mice were deeply anesthetized with Aver-
tin (0.5 mg/gm), rapidly decapitated, and
brains were placed into cold (4°C), oxygenated
(95% O2/5% CO2) slicing solution containing
the following (in mM): 2.5 KCl, 26 NaHCO3,
2.5 KCl, 1.25 NaH2PO4, 10 MgCl2, 2 CaCl2,
234 sucrose, and 11 glucose. Coronal slices
(300 �m) were cut at the level of dLGN and SC
using a vibrating tissue slicer (Leica). Then
slices were incubated in oxygenated (95%
O2/5% CO2) artificial CSF (ACSF) [containing
(in mM) 126 NaCl, 26 NaHCO3, 2.5 KCl, 1.25
NaH2PO4, 2 MgCl2, 2 CaCl2, and 10 glucose] at
32°C for 30 min and later maintained at room
temperature.

Whole-cell recordings were obtained from
dLGN neurons as described previously with
minor modifications (Govindaiah et al., 2012).
Briefly, individual brain slices were transferred
to a recording chamber that was maintained at
32°C and continuously perfused with oxygen-
ated ACSF (2.5 ml/min, 95% O2/5% CO2).
Neurons were visualized on an upright micro-
scope (Olympus BX51WI) equipped with both
differential interference contrast optics and fil-
ter sets for visualizing CTB-488 (Chroma
49002) or tdTomato (Chroma 49005) using a
10� or 60� water-immersion objective
(Olympus) and a CCD camera. Recording pi-
pettes were pulled from borosilicate glass cap-
illaries using a vertical puller (Narishige) and
filled with an intracellular solution containing
the following (in mM): 117 K-gluconate, 13.0
KCl, 1 MgCl2, 0.07 CaCl2, 0.1 EGTA, 10
HEPES, 2 Na-ATP, and 0.4 Na-GTP. The pH
and osmolality of internal solution were ad-
justed to 7.3 and 290 mOsm, respectively.
Whole-cell recordings were obtained using a
Multiclamp 700B amplifier (Molecular De-
vices). Data were filtered at 2.5 kHz, digitized at
10 kHz, and analyzed using pClamp 10 (Mo-
lecular Devices). In some experiments, data ac-
quisition and analysis were accomplished
using Strathclyde Electrophysiology Software
(Whole Cell Analysis Program, version 3.8.2),
and digitized at 10 –100 kHz through an
analog-to-digital board (National Instru-
ments, PCI-6221). A 10 mV junction potential
was subtracted for all voltage recordings. For

Figure 2. A–G, TG topography. Small iontophoretic injections of CTB in the lateral dLGN (A, coronal section; F, 3D reconstruction of
dLGN, red) labeled corticogeniculate cells in layer VI of rostral V1 and the lateromedial (LM) cortex (A) and TG cells in the lateral SGS of the
SC (D, coronal section, red arrow; G, 3D distribution, red dots). Small iontophoretic injections of CTB in the medial dLGN (C, coronal section;
F, 3D reconstruction of dLGN, green) labeled corticogeniculate cells in layer VI of caudal V1 (B) and TG cells in the medial SGS (E, coronal
section, green arrow; G, 3D distribution, green dots). Based on the SC receptive field positions mapped by Dräger and Hubel (1976), TG
projections to the medial and lateral dLGN likely represent upper and visual fields, respectively (schematically indicated in G). Scale bars: (in
A) A–C, 500 �m; (in D) D, E, 250 �m Orientation of 3D reconstructions in F and G is indicated by arrows. D, Dorsal; L, lateral; C, caudal.

Figure 3. A–E,Tectogeniculateprojectionsareprimarilynon-GABAergic. InjectionsofCTB-488wereinotophoretically injectedintothe
dLGN of GAD2-cre mice crossed with Ai9 reporter mice. These injections labeled cells in the SGS (A, confocal 6 �m optical image) by
retrograde transport (green cells) that were largely nonoverlapping with the population of GABAergic neurons labeled with tdTomato (red
cells). The rectangle in A indicates the region shown in 2�m optical images at higher magnification in B (CTB and tdTomato-labeled cells)
and C (tdTomato only). Most CTB-labeled neurons did not contain tdTomato (asterisks), but tdTomato could be detected in 5% of CTB-
labeled cells (e.g., cell indicated by the arrows). Large injections of cre-dependent virus into the SC of GAD2-cre mice (D, pseudocolored
green) labeled sparse projections in the dLGN (E, green). Scale bars: A, 50 �m; (in B) B, C, 25 �m; (in D) D, E, 100 �m.
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voltage measurements, recordings were made from cells with a resting
membrane potential between �55 and �75 mV, whereas membrane cur-
rents were obtained at �70 mV. Pipette capacitance, series resistance, and
whole-cell capacitance were carefully monitored and compensated electron-
ically during the recording. Only experiments in which series resistance re-
mained relatively stable (20% change) were included for analysis.

For photoactivation of tectogeniculate terminals, light from a blue
light emitting diode (Prizmatix UHP 460) was reflected into a 4� or 60�

objective. This produced a spot of blue light onto the submerged slice
with an approximate diameter of 2.2 or 0.45 mm, respectively. Pulse
duration and frequency were under computer control. For repetitive
stimulation, pulse duration was between 2 and 7 ms.

For electrical activation of retinogeniculate terminals, a monopolar
electrode was placed in the OT. Synaptic responses were evoked with
various intensities (25–150 �A) and frequencies (1–100 Hz) at 10 s in-
terstimulus intervals. EPSCs were evoked at a holding potential of �70

Figure 4. A–K, Ultrastructure of TG terminals. TG terminals (dark reaction product, A–F, J, K ) are significantly larger than CG terminals (G, blue) and significantly smaller than retinogeniculate
terminals (G, J, K, red), identified by their pale mitochondria (asterisks) as RLP profiles. The cumulative distribution of terminals sizes is illustrated in H. RLP, TG, and CG terminals primarily contact
(arrows) non-GABAergic relay cell dendrites (green). GABAergic profiles are identified by a high density of overlying gold particles (purple; A, C–K ). The cumulative distribution of postsynaptic
dendrite sizes is illustrated in I. CG terminals contact dendrites that are significantly smaller than the dendrites contacted by TG and RLP terminals. RLP and TG converge to innervate larger caliber
dendrites (J, K ). Scale bar: (in F ) A–G, J, K, 1 �m.
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mV in the presence of the GABAA receptor (GABAAR) antagonist
SR95531 (4-[6-imino-3-(4-methoxyphenyl) pyridazin-1-yl] butanoic
acid hydrobromide; 10 �M).

The peak amplitude of synaptic responses was measured from baseline
values for three to five traces for each condition using pClamp 10 soft-
ware (Molecular Devices). To quantify the degree of facilitation in re-
sponses evoked by repetitive trains of light or electrical stimulation, the
amplitude of the second to tenth responses was divided by the amplitude of
the initial response. The paired-pulse ratio (PPR) was determined by divid-
ing the amplitude of the second EPSC by the amplitude of the first EPSC.

Histology. At the conclusion of in vitro recordings, dLGN slices were
placed in a fixative solution of 4% paraformaldehyde in 0.1 M PB. Slices
were kept in this solution overnight at 4°C and then washed in PB. For
labeling, slices were treated with 0.1% Triton X-100 and Alexa Fluor 633
conjugated to strepavidin (1:1000; Invitrogen, catalog no. S21374) in
PBS for 24 h. Slices were then rinsed with PBS, mounted with Prolong Gold
(Invitrogen, catalog no. P36930), and coverslipped. Images of filled cells
were collected using a confocal microscope (Olympus, model no.
FV1200BX61).

Two days following injection of CTB-488, 7 d following injection of BDA,
10 d following the injection of AAV 2/1 or AAV 2/1 and CTB-488, or 10–16
d after the injection of cre-dependent AAV9, mice were deeply anesthetized
with Avertin (0.5 mg/gm) and transcardially perfused with a fixative solution
of 4% paraformaldehyde in 0.1 M PB, 2% paraformaldehyde and 2% glutar-
aldehyde in 0.1 M PB, or 4% paraformaldehyde and 2.5% glutaraldehyde in
0.1 M cacodylate buffer. Brains were removed from the skulls and 70-�m-
thick coronal sections of cortex and thalamus were cut using a vibratome
(Leica). Sections that contained tdTomato and/or CTB-488 were mounted
on slides and imaged using a confocal microscope (Olympus FV1200BX61).

Sections that contained CTB-488 injections in the dLGN and CTB-488-
labeled TG cells were incubated overnight in a rabbit anti-CTB antibody
(Sigma, catalog #C3062; 1:10,000). For wild-type animals that received CTB
injections, the following day, the sections were incubated in a 1:100 dilution
of a biotinylated goat-anti-rabbit antibody (1 h) followed by a 1:100 dilution
of avidin and biotinylated horseradish peroxidase (ABC solution, Vector
Laboratories; 1 h) and reacted with nickel-enhanced diaminobenzidine
(DAB). The sections were then mounted on slides, and a Neurolucida system
(MBF Bioscience) was used to plot the distribution of the CTB-labeled TG
cells. The MBF Bioscience solid modeling extension module was then used
to reconstruct the SC and view the distribution of TG cells across its dorsal
surface. For GAD2-cre-Ai9 animals that received CTB injections, sections
were incubated overnight in the rabbit anti-CTB antibody (1:10,000), and
the following day the sections were incubated in a 1:100 dilution of a biotin-
ylated goat-anti-rabbit antibody (1 h), followed by a 1:100 dilution of avidin
conjugated to Alexa Fluor 488 (Vector Laboratories). The sections were then
mounted on slides and imaged using a confocal microscope.

For ultrastructural analysis of tdTomato-labeled terminals following
virus injections, the sections were incubated in a 1:1000 dilution of a
rabbit-anti-DsRed antibody (Clonetech, catalog #632496) overnight.
The following day, the sections were incubated in a biotinylated goat-
anti-rabbit antibody, ABC solution, and reacted with DAB (as described
above). To reveal the location of BDA, sections were incubated overnight
in ABC solution and reacted the next day with DAB.

For electron microscopy, sections that contained DAB-labeled termi-
nals were postfixed in 2% osmium tetroxide, dehydrated in an ethyl
alcohol series, and flat embedded in Durcupan resin between two sheets
of Aclar plastic (Ladd Research). Durcupan-embedded sections were first
examined with a light microscope to select areas for electron microscopic
analysis. Selected areas were mounted on blocks, ultrathin sections were

Figure 5. Light-evoked TG responses. A, Confocal image of a coronal section of the dorsal lateral
shell of the dLGN depicting a W-like biocytin-filled relay neuron (green) and tectogeniculate axons
(red) expressing tdTomato following a virus injection in the SC. B, Whole-cell,current-clamp recording

4

showing large postsynaptic excitatory responses of a dLGN cell evoked by blue light stimulation
(200 ms pulse) of tectogeniculate terminals expressing ChIEF. Responses were recorded at
different holding potentials. C, Optically evoked postsynaptic responses of the same cell before
and during bicuculline (Bic; 25 �M), AP5 (50 �M), and DNQX (10 �M) application. Bic and AP5
had little to no effect on synaptic response, whereas DNQX application completely abolished it.
D, A similar effect could be observed when the cell was stimulated by a train of light pulses (20
pulses at 10 Hz).
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cut using a diamond knife, and sections were
collected on Formvar-coated nickel slot grids.
Selected sections were stained for the presence
of GABA, as described previously (Chomsung
et al., 2010). Briefly, we used a rabbit polyclonal
antibody against GABA (Sigma, catalog
#A2052; used at a dilution of 1:1000 –1:2000)
that was tagged with a goat-anti-rabbit anti-
body conjugated to 15 nm gold particles (GE
Healthcare). The sections were air dried and
stained with a 10% solution of uranyl acetate in
methanol for 30 min before examination with
an electron microscope.

Results
Organization of the dorsolateral shell
Figure 1 depicts the structural composi-
tion of the dorsolateral shell of the dLGN
in a mouse line (TRHR) that expresses
GFP in DSGCs that respond to posterior
motion (Rivlin-Etzion et al., 2011). GFP-
labeled retinogeniculate projections in
these mice terminate in a thin band that
corresponds to the dorsolateral shell (Fig.
1A–F, green). To examine the relationship
between DSGC terminal domains and TG
input, virus injections were placed in the
SC (Fig. 1C, inset) to induce the expres-
sion of TdTomato (Fig. 1A–D, red) in TG
terminals (n � 2). As expected, TG pro-
jections terminate in the dorsolateral shell
and overlap with DSGC projections
throughout the rostrocaudal extent of the
dLGN (Fig. 1A–C). To quantify the distri-
bution of TG terminals relative to TRHR
terminals, we calculated the number of red pixels contained
within the region of GFP-labeled terminals and divided this by
the number of red pixels within the borders of the dLGN (n � 5
sections). This analysis revealed that 95.67 � 3.7% of labeled
tectogeniculate terminals were located in the dorsolateral shell, as
defined by the presence of GFP-labeled TRHR terminals.

To examine the type of dLGN cells that receive input from
these two sources, we made in vitro whole-cell recordings in
the dorsolateral shell of TRHR mice and filled recorded cells
with biocytin (Fig. 1 E, F ). Confocal reconstructions of
biocytin-filled cells revealed that relay neurons residing in
GFP-labeled terminal domains (n � 12) had a hemispheric
dendritic architecture resembling “W-like” cells (Krahe et al.,
2011). In fact, recordings restricted to this region in wild-type
mice, showed that all filled cells (n � 32) were W-like (Figs. 1,
4, 7). Using our previously reported Scholl ring analysis
(Krahe et al., 2011), all filled cells in the dorsolateral shell (n �
12 in TRHR and n � 32 in wild type) exhibited direction of
orientation index values of 0.5– 0.79. The overlap of tectal
terminals and W-like cells in the mouse is consistent with the
pattern seen in the carnivore C laminae and the primate ko-
niocellular layers of the dLGN (Stanford et al., 1981; Harting
et al., 1991; Lachica and Casagrande, 1993), suggesting that
across species, the tectogeniculate pathway is a component of
a distinct visual channel.

Tectogeniculate topography
To examine the distribution of TG cells, small iontophoretic in-
jections of the retrograde tracer CTB were confined to different

regions of the dLGN in wild types (n � 8). These injections la-
beled cells in restricted regions of V1 and the SGS of the SC.
Following injections in the lateral dLGN (Fig. 2A, injection site
photo; F, injection site reconstructed in red), corticogeniculate
(CG) cells were labeled in rostral V1 (A), and TG cells were
confined to lateral regions of the SGS (D, labeled TG cells, red
arrow; G, full distribution of TG cells, red dots), whereas injec-
tions in the medial dLGN (C, injection site photo; F, injection site
reconstructed in green) labeled CG cells in caudal V1 (B) and TG
cells in the medial regions of the SGS (E, labeled cells, green
arrow; G, full distribution of TG cells, green dots). These results
indicate that TG projections are organized in a topographic man-
ner. Comparison of the distribution of TG cells labeled by retro-
grade transport to the organization of visual receptive fields in the
mouse SGS (Dräger and Hubel, 1976) suggests that TG projec-
tions to the medial or lateral dLGN represent the upper/nasal and
lower/temporal visual fields, respectively (Fig. 2G). Together,
these results indicate that CG and TG projections are in register
with the visual field representation in V1 (Dräger, 1975) and the
dLGN (Piscopo et al., 2013).

The vast majority of tectogeniculate projections are non-
GABAergic
To determine whether TG projections contain GABA, we per-
formed two different experiments. First, we iontophoretically
injected CTB-488 into the dLGN of GAD2-cre-Ai9 mice (in
which tdTomato is expressed in GABAergic neurons) to label
TG cells by retrograde transport, as described and illustrated
above (n � 3). A one in two series of sections from each case
was mounted on slides, and all SC sections that contained

Figure 6. Synaptic depression of TG responses. A, Top, Representative voltage-clamp recording of postsynaptic responses in
dLGN evoked by paired-pulse light stimulation (100 ms interstimulus interval) of ChIEF expressing SC terminals (average of 10
responses). Bottom, Summary plot depicting the paired-pulse ratio (EPSC2/EPSC1) for 15 relay cells evoked by the same stimulus
conditions. Gray symbols represent PPR of individual cells and the black symbol represents the mean and SEM. PPRs reflect strong
synaptic depression. B, Top, Representative recording showing TG synaptic responses evoked by a 20 Hz train of light (average of
10 responses). Bottom, Summary plot showing the degree of depression of light evoked EPSCs as a function of stimulus number for
12 neurons. To calculate depression percentage, the amplitude of the nth response was divided by the first response and multiplied
by 100. Error bars indicate SEM.
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CTB-labeled cells were imaged using a confocal microscope
using 2 �m optical sections (Fig. 3A). In each imaged section,
the number of CTB-labeled cells within the SGS that did (Fig.
3 B, C, arrow) or did not (asterisks) contain TdTomato were
counted. This analysis revealed that very few TG cells con-
tained TdTomato (case 1, 19 of 497 TG cells, or 3.82%; case 2,
36 of 629 TG cells, or 5.72%; case 3, 9 of 226 TG cells, or 3.98%;
three cases combined, 64 of 1352 TG cells, or 4.73%), indicat-
ing that 95% of TG cells are non-GABAergic cells.

Next, we injected a cre-dependent virus in the SC of GAD2-
cre mice (n � 8; Fig. 3D) to label GABAergic cells in the SC and
their axons projections with the red fluorescent protein tdTo-
mato. The tdTomato-labeled axon projections of GABAergic SC
neurons were densely distributed within the ventral lateral genic-
ulate nucleus and pretectum. Sparse projections could also be
detected in the dLGN (Fig. 3E), as described previously (Gale and
Murphy, 2014). Together, these experiments demonstrate that a
small population of TG cells are GABAergic and sparsely inner-
vate the dLGN.

TG terminals: a new class of dLGN synaptic profile
The majority of cells in the mouse SGS prefer relatively small
stimuli (6 –10°), although this varies widely with cell type (Wang
et al., 2010; Gale and Murphy, 2014). In the dLGN, direction-
selective cells prefer larger spot sizes (17.2 � 3.66°; Piscopo et al.,
2013), potentially due to convergence of retinogeniculate and/or
TG inputs on their widespread dendritic arbors (Fig. 1F; Krahe et
al., 2011). To determine how TG projections are distributed on
the dendritic arbors of the W-like cells in the dorsolateral shell,
we next examined the ultrastructure of TG synaptic terminals
and their postsynaptic dendrites and compared these projections
to those formed by RG and CG projections.

Four major types of terminals have been found to make up the
neuropil of the dLGN (Guillery, 1969; Bickford et al., 2010): (1)
large glutamatergic terminals that contain round vesicles and dis-
tinctive mitochondria with widened cristae that make them ap-
pear pale relative to surrounding mitochondria (RLP profiles),
identified as RG terminals (Robson and Mason, 1979; Fig.
4G, J,K, red); (2) small glutamatergic terminals with round vesi-
cles and dark mitochondria (RS profiles; Fig. 4G, blue), which
primarily originate from the cortex (Erişir et al., 1997); (3) pro-
files that contain GABA within densely packed flattened or pleo-
morphic vesicles (F1 profiles), contributed by the thalamic
reticular nucleus, pretectum, or interneuron axons (Wang et al.,
2001, 2002); and (4) interneuron dendritic terminals (Hamos et
al., 1985) that contain GABA and loosely packed vesicles (F2
profiles).

To examine the ultrastructure of TG terminals, we first placed
injections of BDA in the mouse SC to label terminals by antero-
grade transport, and then stained dLGN sections containing la-
beled terminals with an antibody against GABA. We found that
three types of terminals were labeled: (1) RLP profiles, (2) F1
profiles, and (3) non-GABAergic profiles that contained round
vesicles and dark mitochondria but that were larger than RS pro-
files (RM profiles; Fig. 4A–F, J,K).

We interpret the BDA-labeled RLP profiles as retinal ter-
minals originating from axons that branch to innervate both
the dLGN and SC (Tamamaki et al., 1995); we demonstrated
previously in cats that SC BDA injections can be used to label
the geniculate branches of retinotectal axons (Datskovskaia et
al., 2001). The BDA-labeled F1 profiles originate either from
the SC (based on the results described above) or from other
sources, such as GABAergic pretectal cells that innervate the

dLGN (Cucchiaro et al., 1991; Bickford et al., 2000; Wang et
al., 2002) and SC (Baldauf et al., 2003). We interpret the BDA-
labeled RM profiles as TG terminals that originate from the
non-GABAergic TG cells described above.

To quantify TG terminal morphology without the compli-
cations of uptake by fibers of passage, we injected an AAV into
the SC to induce the expression of the red fluorescent protein
tdTomato in SC neurons and their axon projections (Fig. 1A–
D). Using an antibody to detect the tdTomato, we then exam-
ined the ultrastructure of the virus-labeled terminals. It is
important to note that none of the virus-labeled TG terminals
contained pale mitochondria, indicating that TG terminals
can be distinguished from RG profiles based on the ultrastruc-
ture of their mitochondria (Robson and Hall, 1977). We also
found that virus-labeled TG terminals were significantly
smaller than RLP profiles (Fig. 4H; one way ANOVA, p �
0.0001). Moreover, TG terminals were significantly larger
than CG terminals, which we labeled by injecting BDA in V1

Figure 7. Functional convergence of TG and RG inputs. A, Top, Schematic diagram showing
whole-cell recordings from a dLGN relay neuron following electrical stimulation of RG axons in
the optic tract and photostimulation of TG terminals in the dorsolateral shell. Beneath are EPSCs
recorded in a single cell evoked by repetitive activation (20 Hz) of RG (red traces) and TG (black
traces) inputs. Both sets of responses showed synaptic depression. Red and blue ticks indicate
corresponding stimulus protocols. Inset, Expanded traces of the first two RG (red) and TG (black)
responses under control conditions. Superimposed gray traces depict responses following bath
application of DNQX and CPP; these glutamate receptor antagonists abolished both sets of
responses. B, Example RG (red) and TG (black) EPSCs evoked by paired-pulse stimuli (50 and 500
ms interstimulus intervals). C, Summary plot showing the mean and SEM (n � 6) of PPRs for RG
(red) and TG (black) EPSCs at 50 and 500 ms interstimulus intervals. At 50 ms, the TG PPR was
smaller, indicating greater synaptic depression. *p � 0.001.
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(Fig. 3G; one way ANOVA, p � 0.001). Thus, TG terminals
constitute a new class of dLGN synaptic profile.

Finally, we examined the size of the dendrites postsynaptic to
RG terminals (identified by their ultrastructure; n � 179), virus-
labeled TG terminals (n � 108), and BDA-labeled CG terminals
(n � 87). As described previously for other species (Wilson et al.,
1984; Li et al., 2003a), mouse RG terminals contact significantly
larger (more proximal) dendrites compared to the dendrites con-
tacted by CG terminals (Fig. 4I; one way ANOVA, p � 0.0001).
Surprisingly, we detected no significant difference in the size of
dendrites contact by TG and RG terminals. This suggests that RG
and TG terminals both innervate the more proximal dendrites of
dLGN neurons. In fact, we noted that in some cases TG terminals
contacted dendrites that were also contacted by RLP profiles (Fig.
4 J,K), indicating convergence of TG and RG inputs onto single
neurons of the dorsolateral shell.

TG responses are “driver-like” and converge with RG inputs
To examine the postsynaptic responses in the dLGN elicited by
activation of TG inputs, we injected an AAV carrying the coding
sequence for TdTomato and the channel rhodopsin variant Chi-

mera EF with I170 mutation (Jurgens et al., 2012). This induced
the expression of TdTomato/ChIEF in TG terminals within the
dorsolateral shell (Fig. 1A–C). Whole-cell recordings of dLGN
cells were obtained with biocytin-filled pipettes within regions of
the dorsolateral shell that contained labeled TG terminals (Fig.
5A). Blue light stimulation of these regions (1–100 ms duration)
evoked large and reliable EPSPs that were capable of eliciting
trains of action potentials that faithfully followed the duration
and temporal frequency of stimulation (Fig. 5B–D). At hyperpo-
larized membrane potentials, light-activated EPSPs could also
evoke low-threshold Ca 2� spikes and burst firing (Fig. 5B). These
light-evoked responses were unaffected by bath application of the
GABAA receptor antagonist bicuculline (10 �M), were reduced in
amplitude by bath application of the NMDA antagonist AP5 (50
�M), and completely abolished with the subsequent addition of
the AMPA receptor antagonist DNQX (10 �M; Fig. 5C,D). Gale
and Murphy (2014) demonstrated previously that inhibitory
postsynaptic potentials can be elicited in dLGN cells when the
GABAergic TG projections are isolated for activation using
optogenetic techniques in transgenic animals. However, our ex-
perimental protocols did not detect this minor projection. Re-

Figure 8. Tectorecipient dLGN neurons project to V1 layer I. A–C, CTB-488-infused filter paper applied to layer I of V1 (A) paired with viral vector injections in the SC (B) resulted in the retrograde
labeling of dLGN cells (C, green) in regions of the dLGN innervated by tectal terminals (C, red). D, E, CTB-labeled cells (D, green) filled with biocytin (red) responded to photoactivation of surrounding
tectogeniculate terminals with large-amplitude EPSCs that exhibited frequency-dependent depression (E). LPN, Lateral posterior nucleus. Scale bars: A–C, 100 �m; D, 20 �m.
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constructions of biocytin-filled cells that were activated by blue
light (n � 32) indicated they all displayed W-like morphology
(Fig. 5A; dendritic orientation index, 0.5– 0.79; Krahe et al.,
2011). Together, our anatomical and physiological results indi-
cate that the vast majority of TG terminals are glutamatergic and
contact the proximal dendrites of W cells in the dorsolateral shell
of the dLGN.

Voltage-clamp recordings to pairs (Fig. 6A) or trains (B) of re-
petitive pulses of blue light revealed a strong synaptic depression.
Paired-pulse stimulus presentation (100 ms interstimulus interval)
showed an approximately twofold reduction in EPSC amplitude be-
tween the initial (EPSC1) and second response (EPSC2; PPR mean,
0.56; n � 15; Fig. 6A). A similar form of paired-pulse depression was
observed with a 20 Hz train of light, with response amplitudes of
subsequent EPSCs showing no further reduction (Fig. 6B; n � 12).
To compare this feature of TG responses to those of simultaneously
recorded retinogeniculate synaptic responses, we electrically stimu-
lated the OT to activate RG terminals. We found that neurons that
exhibited a light-evoked TG response were also activated by electri-
cal stimulation of the OT (Fig. 7; n � 6). Both sets of responses were
large in amplitude (mean�SEM; RG�601�58.8 pA; TG�238�
34.1 pA, both n � 6; paired t test indicates significant difference at
p � 0.002), blocked by glutamate antagonists (n � 3; Fig. 6, inset),
and showed paired-pulse depression. At shorter interstimulus inter-
vals (50 ms vs 500 ms), PPR values reflected a greater form of depres-
sion for TG to compared to RG stimulation (paired t test, p � 0.001).
Such excitatory convergence is consistent with our ultrastructural
results (Fig. 4J,K). The differences in overall EPSC amplitudes and
PPRs of these two terminal types may reflect the smaller terminal
profiles of TG input (Fig. 4H) and/or the complement of presynap-
tic proteins that regulate the synaptic vesicle cycle (Kielland et al.,
2006; Wei et al., 2011).

Neurons postsynaptic to TG terminals contact
non-GABAergic dendrites in V1 layer I
In primates, TG projections are confined to the koniocellular layers
of the dLGN (Harting et al., 1991), which project to the superficial
layers of V1 (Hendry and Yoshioka, 1994; Casagrande et al., 2007).
Similarly, W cells in the tectorecipient layers of the cat dLGN project
primarily to the superficial layers of V1 (Anderson et al., 2009). To
test whether a similar organization is found in the mouse, we com-
bined retrograde tracing techniques with viral vector injections. To
label dLGN cells that project to layer I, we placed small pieces of filter
paper infused with CTB-488 on the surface of V1 (Fig. 8A); in the
same animals, we placed virus injections in the SC (Fig. 8B) to label
TG terminals. In cases in which there was no damage to the cortex
surface and the placement of the tracer was confined to the most
superficial layers (Fig. 8A), dLGN cells labeled by retrograde trans-
port were confined to the dorsolateral shell, overlapping the distri-
bution of TG terminals (Fig. 8C). This corresponds with a previous
study in which tracer or virus injections confined to the superficial
layers of V1 labeled cells in the dorsolateral shell (Cruz-Martín et al.,
2014). To determine whether layer I projecting cells receive direct
input from the SC, we repeated these dual tracing experiments and
then prepared the tissue for acute in vitro electrophysiology. Using
only cases in which we confirmed that the cortex was not damaged
by our CTB placement, we targeted our recordings to CTB-488-
labeled dLGN cells using epifluorescence to guide the placement of
our pipettes and then activated the TG terminals using blue light
pulses. As expected, layer I projecting cells displayed W-like mor-
phology (Fig. 8D) and responded to light activation of TG input (E).

Finally, to identify the V1 synaptic targets of TG-recipient
neurons, we placed BDA injections in the dLGN (Fig. 9A, inset)

to label geniculocortical terminals (A) and examined the layer I
projections (A, arrows; B) in tissue processed for electron micros-
copy. This tissue was also stained with an antibody against GABA.
Although layer I contains a high density of GABAergic neurons
(Ma et al., 2013), virtually all dLGN projections within layer I of
V1 contacted non-GABAergic dendrites (85 of 87 synaptic con-
tacts, or 98%; Fig. 9C). Thus, TG projections likely influence the
activity of lower-layer excitatory spiny cells, which extend their
apical dendritic tufts within layer I of V1.

Discussion
The mouse dLGN contains at least two functional subdivisions:
the core and its surrounding dorsolateral shell (Dhande and Hu-

Figure 9. Synaptic targets of dLGN projections to V1 layer I. A, B, Injections of BDA in the
dLGN (A, inset) labeled terminals that were distributed primarily in layer IV of V1 (A), but also
innervated layer I of V1 (A, arrows; B). C, Electron microscopic analysis of BDA-labeled genicu-
locortical terminals in layer I of V1 indicated that the majority (98%) of these terminals contact
(arrows) non-GABAergic dendrites (pink). LPN, Lateral posterior nucleus. Scale bars: A, inset,
100 �m; B, 10 �m; C, 0.5 �m.
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berman, 2014). Our results, combined
with those of previous studies, indicate
that the circuits formed by these two
zones are fundamentally different (Fig.
10). Within the core, neurons exhibit X-
or Y-like morphology (i.e., biconical or
symmetrical dendritic fields; Krahe et al.,
2011) and project to layer IV of V1,
whereas neurons in the shell exhibit
W-like morphology (hemispheric den-
dritic arbors) and project to layer I of V1
(Krahe et al., 2011; Cruz-Martín et al.,
2014). Moreover, although both core and
shell neurons receive cortical input on
their distal dendrites, the innervation of
their proximal dendrites is quite distinct.
The proximal dendrites of core neurons
are innervated by non-direction-selective
ganglion cells (Huberman et al., 2008;
Bickford et al., 2010; Kim et al., 2010; Kay
et al., 2011), which drive center-surround
receptive field properties (Piscopo et al.,
2013). In contrast, the proximal dendrites
of shell neurons receive convergent input
from both direction-selective ganglion
cells (Huberman et al., 2009; Kay et al.,
2011; Rivlin-Etzion et al., 2011; Dhande et
al., 2013; Cruz-Martín et al., 2014) and the
SC. Presumably, the integration of these
two inputs underlies emergent direction-
selective properties of dorsolateral shell
neurons (Marshel et al., 2012; Piscopo et
al., 2013; Scholl et al., 2013; Zhao et al.,
2013).

The concept of driver inputs was de-
fined based on the properties of RG terminals in regions homol-
ogous to the core of mouse dLGN (i.e., the A laminae of the cat
dLGN; Sherman and Guillery, 1998). Inputs that can be classified
as drivers are (1) large terminal profiles that synapse on proximal
dendrites, (2) inputs that elicit fast primarily ionotropic gluta-
mate transmission, and (3) inputs that when stimulated repeti-
tively exhibit a high probability of glutamate release and synaptic
depression (Guillery and Sherman, 2002; Li et al., 2003a,b). TG
inputs exhibit many features of driver terminals. We found that
these inputs are relatively large profiles that are located on prox-
imal regions of the dendrites and display robust, fast excitatory
transmission and synaptic depression. The similarities between
RG and TG inputs suggest that in the dorsolateral shell, two
driver-like inputs converge on single thalamocortical relay cells.

However, we use the term “driver-like” to describe converging
TG and RG inputs with the proviso that such convergence con-
tradicts the idea that each thalamic neuron is driven by one
source of input, while all remaining inputs modulate this primary
response (Sherman and Guillery, 1998). Similar examples of
driver-like convergence illustrate the complexity of thalamic or-
ganization. The dorsal thalamus may be divided not only into
“first order” (driven by ascending peripheral input) or “higher
order” (driven by descending cortical input) nuclei (Guillery and
Sherman, 2002), but also “second order” nuclei driven by con-
vergent, ascending inputs (Kelly et al., 2003; Smith et al., 2007;
Chomsung et al., 2008; Masterson et al., 2009, 2010), or nuclei
that contain unique combinations of ascending and descending
driver-like inputs (Baldauf et al., 2005a,b; Rovó et al., 2012; Groh

et al., 2014). Such diversity may dramatically increase the com-
putational capabilities of the thalamus, reflecting its essential
roles in sensory, motor, and sensory-motor circuits.

In the dLGN shell, the convergence of RG and TG inputs may
be necessary to calculate the trajectory of visual stimuli in relation
to movement of the eyes. In vitro studies of the SC indicate that
tectothalamic cells in the superficial layers of the SC are disynap-
tically inhibited by deeper-layer premotor cells that innervate
intrinsic GABAergic interneurons (Phongphanphanee et al.,
2011). This circuit has been proposed to underlie “saccadic sup-
pression,” the attenuation of visual signals that occurs during the
execution of eye or body movements to prevent blurring of the
visual field. Alternatively, we suggest that this circuit could be
used to adjust TG signals to reflect the direction and amplitude of
impending body movements. In other words, TG inputs could be
thought of as “backseat drivers” that alert shell neurons to move-
ment commands generated by the superior colliculus. The resul-
tant changes in the amplitude and/or timing of TG inputs could
alter the response properties of dorsolateral shell neurons to re-
flect the contributions of self-generated and externally generated
movement (for discussion of similar circuits, see Sommer and
Wurtz, 2008). Thus, while silencing TG inputs in anesthetized ani-
mals may have relatively subtle effects on the receptive field proper-
ties of dLGN neurons (Xue et al., 1994), we predict that in behaving
animals, TG inputs may strongly influence the manner in which
neurons in the dorsolateral shell respond to moving visual stimuli.

Using calcium imaging techniques, Cruz-Martín et al. (2014)
demonstrated that geniculocortical axons in the superficial layers

Figure 10. Distinct functional circuits in the dLGN core and shell. The summary diagram depicts the circuits of the dLGN shell
revealed in the current study on the left side, and the circuits of the dLGN core revealed in previous studies on the right side. The core
contains cells that display “X-like” and “Y-like” morphology (Krahe et al., 2011). These neurons receive input from V1 (gray, RS) on
their distal dendrites and input from non-direction-selective (non-DS) retinal ganglion cells (green, RLP) on their proximal den-
drites, which drive center-surround receptive field properties (Huberman et al., 2008; Bickford et al., 2010; Kim et al., 2010; Kay et
al., 2011; Piscopo et al., 2013). Core cells project to layer IV of VI (Cruz-Martín et al., 2014). The shell contains cells that display
“W-like” morphology. Like core neurons, shell neurons receive input from the cortex (gray, RS) on their more distal dendrites, but
their proximal dendrites are innervated by convergent input from direction-selective (DS) retinal ganglion cells (blue, RLP; Cruz-
Martín et al., 2014), as well as the superior colliculus (red, RM). Presumably, the integration of DS retinal and SC inputs underlies
emergent direction-selective properties of dorsolateral shell neurons (Marshel et al., 2012; Piscopo et al., 2013; Scholl et al., 2013;
Zhao et al., 2013). Shell neurons project to layer I [current results as well as those of Cruz-Martín et al. (2014)], where they contact
the dendrites of non-GABAergic pyramidal cells.
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of mouse V1 exhibit direction-selective responses, and our study
indicates that these axons synapse on non-GABAergic dendrites.
This arrangement suggests that tectorecipient dorsolateral shell
neurons target the apical dendrites of neurons located in the
deeper cortical layers of V1 (Fig. 10). Thus, V1 neurons may in-
herit direction selectivity not only via DSGCs (Cruz-Martín et al.,
2014), but also from a driver-like circuit that originates in the SC.
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