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Abstract

Subpopulations of neurons and associated neural circuits can be targeted in mice with genetic
tools in a highly selective manner for visualization and manipulation. However, there are not
well-defined Cre “driver” lines that target the expression of Cre recombinase to thalamocortical
(TC) neurons. Here, we characterize three Cre driver lines for the nuclei of the dorsal thalamus:
Oligodendrocyte transcription factor 3 (Olig3)-Cre, histidine decarboxylase (HDC)-Cre, and
corticotropin-releasing hormone (CRH)-Cre. We examined the postnatal distribution of Cre
expression for each of these lines with the Cre-dependent reporter CAG-tdTomato (Ai9). Cre-
dependent expression of tdTomato reveals that O/ig3-Cre expresses broadly within the thalamus,
including TC neurons and interneurons, while HDC-Creand CRH-Cre each have unique patterns
of expression restricted to TC neurons within and across the sensory relay nuclei of the dorsal
thalamus. Cre expression is present by the time of natural birth in all three lines, underscoring
their utility for developmental studies. To demonstrate the utility of these Cre drivers for

studying sensory TC circuitry, we targeted the expression of channelrhodopsin-2 to thalamus
from the CAG-COP4*H134R/EYFP (Ai32) allele with either HDC-Cre or CRH-Cre. Optogenetic
activation of TC afferents in primary visual cortex was sufficient to measure frequency-dependent
depression. Thus, these Cre drivers provide selective Cre-dependent gene expression in thalamus
suitable for both anatomical and functional studies.
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1| INTRODUCTION

Anatomical and functional dissection of mammalian neural circuits is now possible with
unprecedented precision because of genetically modified mice (Bernstein et al., 2012;
DeNardo & Luo, 2017; Luo et al., 2008, 2018; Madisen et al., 2012; Taniguchi et al.,

2011; Yizhar et al., 2011). Cre drivers, mouse lines that direct Cre recombinase expression
with specific promoters, permit the visualization and manipulation of discrete inputs to

the thalamus (Gong et al., 2007; Harris et al., 2014, 2019; Kay et al., 2011; Madisen

et al., 2010; Sabbah et al., 2017). For example, Cre drivers target different inputs onto
thalamocortical (TC) relay neurons, including afferents carrying sensory information (e.g.,
Thy1-Cre, Npylr-Cre), corticothalamic projections (e.qg., £fr3a-Cre, Ntsr1-Cre [GN220)),
various neuromodulators (e.g., ChAT-Cre), and inhibitory neurons within the thalamus itself
(e.g., GADZ2-Cre, SST-Cre, Bickford et al., 2015; Campbell et al., 2020; Grant et al., 2016;
Huerta-Ocampo et al., 2020; Kim et al., 2015; Martersteck et al., 2017; Silveira et al.,

2020; Sokhadze et al., 2018, 2019; Thompson et al., 2016). By comparison, there are no
characterized Cre driver lines selective for TC relay neurons. Identifying the temporal and
spatial expression pattern of such Cre drivers will define their utility for studying unresolved
features of TC circuitry including delineating TC projections from first-order (FO) and
higher-order (HO) nuclei, intra-thalamic projections between reticular and extra-reticular
nuclei, and inter-thalamic connections between different cell types.

Here, we characterized three Cre drivers that provide selective expression in TC relay nuclei:
oligodendrocyte transcription factor 3 (Olig3-Cre), histidine decarboxylase (HDC-Cre), and
corticotropin-releasing hormone (CRH-Cre, Gerfen et al., 2013; Vue et al., 2009; Zecharia
et al., 2012). Each of these Cre drivers yields Cre-dependent expression in FO TC neurons
as well as some HO neurons. The onset of Cre expression for these Cre drivers is sufficient
to label TC neurons by birth, a useful characteristic for studying thalamic development. We
demonstrate that these lines are compatible with optogenetics and outline the potential utility
of these Cre drivers for the study of the thalamus in mouse

2| MATERIALS AND METHODS
2.1.| Subjects

Mouse lines examined in this study are summarized in Table 1: Olig3-Cre
(Olig3tm1(cre)Y"ke: Gift of Yasushi Nakagawa, University of Minnesota), HDC-

Cre (Tg(Hdc-cre)IM1Gsat/Mmucd, Jackson Labs, stock #021198), CRH-Cre (Tg(Crh-
cre)KN282Gsat, MMRRC, stock #030850-UCD), (A/9) (B6.Cg-Gt(ROSA)26Sor tm9(CAG-
tdTomato)Hze, Jackson Labs, stock # 007905), and (Ai32) (B6,1295-Gt(ROSA)26Sor
Im32(CAG-COP4*H134R/E YFP)Hze, Jackson Labs, stock #012569). Heterozygous O/ig3-
Cre, HDC-Cre, and CRH-Cre mice were bred with homozygous A79mice to generate
Olig3-Cre;,Ai9, HDC-Cre,Ai9, and CRH-Cre,Ai9 offspring. Heterozygous HDC-Cre and
CRH-Cre mice were bred with homozygous A732mice to generate HDC-Cre;Ai32and
CRH-Cre,Ai32 offspring. Tissue was harvested from mice of either sex at postnatal days

(P) 0 to 60. Mice were group-housed and maintained on a 12-h light/dark cycle under
standard housing conditions. All procedures and breeding were performed in accordance
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with the guidelines of the Institutional Animal Care and Use Committees at the University of
Louisville.

2.2| Histology

Mice were deeply anesthetized by isoflurane vapors (4%; =P14) or by hypothermia (<P7),
and then transcardially perfused with phosphate-buffered saline (PBS; 0.01M phosphate
buffer with 0.9% NaCl), followed by 4% paraformaldehyde (PFA) in 0.1 M PB. Brains
were removed, fixed overnight in 4% PFA, and then transferred to PBS. Coronal sections
70 or 100-4m thick across the entire extent of the dorsal thalamus and sensory cortices
were cut on a vibratome (Leica VT1000S). Sections were mounted on glass slides using
ProLong Gold Antifade Mounting Medium (RRID:SCR_015961). In some cases, nuclear
staining was performed by washing sections in 1:2000 Hoechst 33342 (Cell Signaling
Technology Cat# 4082, RRID:AB10626776) in PBS for 12 min, then washing PBS and
mounting using aforementioned procedures. In some sections, nuclear staining was achieved
by using ProLong Gold Antifade Mounting Medium containing DAPI (4”,6-diamidino-2-
phenylindole) (RRID:SCR_015961).

To label inhibitory interneurons within the dLGN using immunohistochemistry, sections
were blocked with 0.3% Triton X-100 and 10% normal goat serum (NGS) in 0.1M

PBS for 1 h, and then incubated overnight (12 h) in rabbit anti-GAD-65/67 polyclonal
antibody (1:1000; Sigma-Aldrich Cat# G5163, RRID:AB_477019) with 1% NGS, 0.3%
Triton X-100 and PBS. The immunogen for anti-GAD-65/67 antibody is a synthetic peptide
corresponding to the C-terminal region of human GAD-67 amino acids 579-594. The
sequence is identical in human, rat, mouse, and pig GAD-65, in rat, pig, and cat GAD-67,
and is highly conserved in mouse GAD-67 (per the manufacturer). Next, sections were
washed in PBS (3 x 10 min) and placed in goat anti-rabbit antibody conjugated to Alexa
Fluor (AF) 488 (1:100; Thermo Fisher Scientific Cat# A-11034, RRID:AB 2576217) for 1
h. After a PBS wash, sections were mounted onto glass slides as described above.

2.3 | Imaging and analysis

Images of tdTomato fluorescence in Olig3-Cre,Ai9, HDC-CreAi9, and CRH-Cre;Ai9
tissue were acquired using an epi-fluorescence dissecting scope (Olympus SZX16),
epi-fluorescence microscope (Olympus BX43), or laser-scanning confocal microscope
(Olympus FV12000BX61). Images of neuronal tdTomato labeling in dLGN (Figure
1a4,b4,c4) were acquired using a confocal microscope equipped with a 60X objective (1.35
NA) and depict 10-zm-thick Z-stacks (20 optical sections, 0.5-um step size). Delineation of
the thalamic nuclei borders was aided by nuclear staining and by referencing corresponding
atlas images (Paxinos & Franklin, 2004)

To quantify the regional distribution of somatic tdTomato labeling in FO relay nuclei of
HDC-Cre;,Ai9and CRH-Cre;Ai9 mice, three locations along the rostro-caudal extent of the
dorsal lateral geniculate nucleus (dLGN; -2.0, 2.4, and —2.8 mm from bregma), VB (-1.5,
-1.8, and —2.1 mm from bregma), and MGNv (-2.9, -3.2, and —3.4 mm from bregma)
were acquired using coronal sections. All images were acquired using a confocal scanning
microscope equipped with a 10x objective (0.3 NA). Ten consecutive optical sections were
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acquired in the Z-plane (5 -um step size) to generate a Z-stacked image. Background
fluorescence was subtracted with Fluoview (Olympus) Background Correction Tool to
generate final images. A line was drawn along two perpendicular axes of each nucleus (see
Figures 2, 3, and 4) using ImageJ (National Institutes of Health) Plot Profile tool. The output
reports pixel intensity values averaged across the width of the line (300 pixels = ~390 xm)
for each pixel (~0.77 pm) along the length of the line. The plots presented are an average of
profiles from three comparable sections.

To acquire confocal images of dLGN inhibitory interneurons labeled with antibody, a 20 x
objective (0.75 NA) was used to take images of successive optical sections (2.5-4m steps)

in the dLGN. AF-488 and tdTomato fluorescence were imaged with 488-nm and 546-nm
lasers using sequential scanning mode. Fluoview 10 software (Olympus) region-of-interest
tool was used to manually mark the somata of putative dLGN interneurons and to check for
overlapping labeling by AF-488 and tdTomato. Care was taken to avoid double-counting of
the same neurons across optical sections in the Z-plane. Due to the limited penetration of the
GAD-65/67 antibody, analysis was limited to optical sections taken 30 xm from the surface.

Biocytin-filled neurons were imaged using laser confocal microscopy. A 40x objective was
used to take successive images across the Z-plane (0.4-um step size) using 647-nm laser to
detect streptavidin AF-647 fluorescence. All optical sections were collapsed into a Z-stack
to generate the final image.

2.4.| Slice preparation and in vitro recording

For in vitro electrophysiological slice recordings, HDC-Cre;Ai32 and CRH-Cre,Ai32 mice
aged P19-P23 were anesthetized deeply with isoflurane vapors (4%) and decapitated. Next,
brains were excised and placed into cold oxygenated sucrose solution containing (in mM):
sucrose 234, glucose 11, KCI 2.5, CaCl, 0.5, MgSO,4 10, NaH,PO4 1.25, NaHCO3 26.
Coronal 270-um-thick sections containing the primary visual cortex or thalamic reticular
nucleus were cut with a vibratome (Leica VT1200S). Next, slices were incubated in an
oxygenated artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl 126, NaHCO3
26, glucose 10, KCI 2.5, MgCl, 2, CaCl, 2, NaH,PO4 1.25. Slices were first incubated

for 30 min at 32°C and then returned to room temperature. For recordings, slices

were transferred to a recording chamber perfused with oxygenated ACSF (3 ml/min)

and maintained at 32°C. A microscope equipped with differential interference contrast
optics (Olympus) was used to visualize tissue and neurons using 10x and 60x objectives,
respectively. Enhanced yellow fluorescent protein (eYFP) fluorescence was visualized using
a mercury vapor light source filtered through a CY 3 filter cube (Olympus). Borosilicate
patch electrodes were created using a two-step vertical puller (Narashige PC-10). The
internal electrode solution contained (in mM): K-gluconate 117, KCI 13, MgCl, 1, CaCl,
0.07, EGTA 0.1, HEPES 10, Nay-ATP 2, Na-GTP 0.4. In some cases, biocytin (0.1-0.2%
wi/v; Molecular Probes) was added to the internal solution to fill the cell for subsequent
morphological reconstruction. The final tip resistance of patch electrodes was 8-12 mQ.
Whole-cell recordings were made using Multiclamp 700B amplifier (Molecular Devices),
filtered at 3-10 kHz, and digitized using Digidata 1440A (Molecular Devices). Pipette
capacitance, membrane resistance, and whole-cell capacitance were constantly monitored
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during recordings. Photoactivation of TC axonal terminals expressing Channelrhodopsin-2
(ChR2)-eYFP was accomplished using a light-emitting diode (Prizmatix), which delivered
pulses of blue light (1 ms.) through a 60x water immersion objective. After completion of
recordings, slices containing biocytin-filled neurons were fixed in 4% PFA and incubated
overnight in 1:100 streptavidin AF-647 (Jackson ImmunoResearch Labs Cat# 016-600-084,
RRID:AB2341101) in PBS. The next day, slices were washed in PBS and mounted on glass
slides using the aforementioned procedures.

3| RESULTS

To visualize the pattern of Cre expression within the thalamus, Olig3-Cre, HDC-Cre, and
CRH-Cre mice were crossed to a reporter line (A79) that provides Cre-dependent expression
of the red fluorescent protein tdTomato (Madisen et al, 2010). Coronal sections of the dorsal
thalamus of P30 mice heterozygous for Ai9and Olig3-Cre, HDC-Cre, or CRH-Cre reveal
the expression in the thalamic nuclei (Figure 1). The expression pattern differed between
these Cre drivers as did the regional distribution of cells expressing tdTomato within each
thalamic nucleus.

Olig3-Creyielded tdTomato expression broadly throughout the entire thalamus, including
the dorsal, anterior, midline, and lateral divisions (Figure 1lal-a3). Somatic tdTomato
labeling was present throughout the FO nuclei of the dorsal thalamus including the dLGN
(vision), ventral medial geniculate nucleus (MGNyv; audition), and ventrobasal complex
(VB; somatosensation). Tdtomato labeling was also evident in HO thalamic nuclei including
pulvinar (PUL), dorsal and medial divisions of MGN (MGNd and MGNm), and the
posterior nucleus (Po). In addition, the thalamic reticular nucleus (TRN; Figure 1al)
contained labeled cells as did the ventral lateral geniculate nucleus (vLGN; Figure 1a2).
Oligodendrocytes also expressed tdTomato and were broadly distributed within the neuropil
of the thalamus (data not shown).

HDC-Crerestricted tdTomato expression predominantly to the FO nuclei of the thalamus,
including dLGN, MGNYv, and VB (Figure 1b1-b3). Sparse and scattered neuronal tdTomato
labeling was also seen in HO nuclei such as the PUL and Po. While no somatic labeling
was observed in the TRN, labeled TC axons could be seen coursing through the nucleus en
route to the neocortex (Figure 1b1). In addition to thalamic neurons, HDC-Cre also yielded
tdTomato expression in some astrocytes. These cells were sparsely distributed and present
throughout the thalamus and cortex. The choroid plexus also expressed tdTomato, appearing
as a bright band of fluorescence along the walls of the ventricles (shown in subsequent
figures).

CRH-Cre primarily targeted FO thalamic nuclei, though a small number of cells labeled with
tdTomato were also present in HO nuclei such as PUL and Po (Figure 1c1-c3). In the TRN,
only axonal labeling was observed. While the same FO thalamic nuclei were targeted by
HDC-Creand CRH-Cre, the two lines displayed conspicuous differences in the distribution
of labeled neurons within the dLGN and VB (Figure 1b1 vs. c1, b2 vs. c2).

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sokhadze et al.

Page 6

In HDC-Cre,;Ai9, the dLGN was uniformly labeled with neurons throughout the entire
extent of the nucleus (Figure 1b1-b2). In CRH-Cre,Ai9, the rostral dLGN was largely
devoid of labeled neurons, while in more caudal areas labeled neurons were found in the
ventromedial regions (Figure 1c1-c2). Conversely, in HDC-Cre, the caudal regions of the
VB complex exhibited almost no cellular labeling while CRH-Cre labeled neurons with
tdTomato throughout much of the nucleus (Figure 1b2 vs. c2).

We examined the regional distribution of tdTomato fluorescence in the dLGN, MGNy,

and VB across the dorso-ventral, medio-lateral, and rostro-caudal axes. We plotted the
fluorescence intensity profiles averaged across three sections along two perpendicular axes
at three rostro-caudal locations for each FO relay nucleus (Figures 2, 3, and 4). In the dLGN
of HDC-Cre;Ai9, the distribution of fluorescence intensity displayed little variation along
the ventromedial to dorsomedial

(VM-to-DL) and ventrolateral to dorsomedial) VL-to-DM axes across the caudo-rostral
extent of the nucleus (Figure 2al-a3,c1-c3,d1-d3). In CRH-Cre;Ai9, rostral dLGN
exhibited fluorescence barely above background levels (Figure 2b1,c1,d1). In the middle
and caudal dLGN, fluorescence intensity was stable across the VL-to-DM axis but revealed
a decreasing gradient of fluorescence in the VM-to-DL axis (Figure 2b2-b3,c2—c3,d2-d3).
There was a discernable absence of labeling in the dorsal aspect of dLGN that runs parallel
to the optic tract, a region that corresponds to the dorsolateral shell subdivision (Cruz-
Martin et al., 2014; Grubb & Thompson, 2003; Reese, 1988). In the ventral posteriolateral
(VPL) and ventral posteriomedial (VPM) nuclei that constitute VB, HDC-Cre,;Ai9, somatic
tdTomato labeling was present in the rostral and middle regions of the VB, with relatively
higher fluorescence levels in the dorsolateral and dorsomedial regions (Figure 3al-a2,c1—
c2,d1-d3). However, the caudal VB contained only a small number of neurons that
occupied a small area within the ventro-medial region of VPM (Figure 3a3,¢3,d3). Similar
to the pattern seen in HDC-Cre;Ai9, CRH-Cre;Ai9-abeled neurons in the rostral and
middle VB, with higher fluorescence in the dorsolateral and dorsomedial areas (Figure
3bl,b2,c1,c2,d1,d2). Unlike HDC-Cre,Ai9, CRH-Cre extensively labeled the entirety of the
caudal VB (Figure 3b3,c3,d3).

Expression patterns in the rostral and middle regions of MGNv were largely similar
between HDC-Cre;Ai9and CRH-Cre;Ai9 (Figure 4). The fluorescence intensity profiles
were consistent across the medial to lateral and dorsal to ventral axes (Figure
4al,a2,b1,b2,c1,c2,d1,d2). However, subtle differences were noted in the caudal MGNv,
where HDC-Cre;Ai9labeled more neurons in the lateral aspect, while CRH-Cre,Ai9 labeled
more neurons in the ventral aspect (Figure 4a3,b3,c3,d3).

Unlike VB and MGNyv, the mouse dLGN contains a substantial population of intrinsic
GABAergic interneurons (Charalambakis et al., 2019; Evangelio et al., 2018; Golding et
al., 2014; Jaubert-Miazza et al., 2005; Seabrook et al., 2013; Su et al., 2020). CRH-Cre
does not target dLGN interneurons (Monavarfeshani et al., 2018). We examined whether
Olig3-Cre or HDC-Cre label these interneurons. We stained dLGN interneurons using an
antibody for glutamic acid decarboxylase-65/67 (GAD-65/67) in Olig3-Cre;Ai9 (Figure
5al,a2) and HDC-Cre;Ai9 mice (Figure 5b1,b2). None of the dLGN interneurons identified
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by GAD-65/67 antibody expressed tdTomato in either O/ig3-Cre;Ai9 (n= 0/87 cells) or
HDC-Cre;Ai9(n=0/152 cells). Thus, CRH-Cre, Olig3-Cre, and HDC-Cre label excitatory
TC relay neurons in the dLGN.

Overall, Cre-dependent expression of tdTomato was limited to the thalamus (and
hypothalamus) for all three Cre drivers. We did not observe somatic tdTomato expression
in any pretectal nuclei, including the anterior pretectal nucleus, olivary pretectal nucleus,
post pretectal nucleus, or medial pretectal nucleus (data not shown). In addition, we did not
detect tdTomato expression in the zona incerta or subthalamic nucleus of the prethalamus,
with the exception of the dorsal zona incerta of the O/ig3-Cre (data not shown).

To determine the onset of Cre activity in O/ig3-Cre, HDC-Cre, and CRH-Cre, we examined
tdTomato expression at early postnatal ages. TC cells of FO nuclei expressed tdTomato at
the time of natural birth (PO) for all three Cre drivers (Figure 6al,b1,cl). These expression
patterns remained consistent across the first 2 weeks (P7 and P14) of postnatal life and into
adulthood (Figure 6a2,a3,b2,b3,c2,c3).

We also examined the pattern of cortical innervation by axons of TC neurons in adult
Olig3-Cre, HDC-Cre, and CRH-Cre mice revealed by tdTomato expression. TC axons were
evident in the white matter and formed a dense band of arborizations in one or more layers
of the primary somatosensory (S1), auditory (A1), and visual (V1) cortices (Figure 7) for all
three Cre drivers. Innervation of the barrel field (Layer 4 (L4)) and deeper cortical layers (L5
and L6) by TC axons expressing tdTomato was evident in S1 (Figure 7al,b1,c1). Similarly,
all three lines showed innervation of L4 within Al and V1 (Figure 7a2,a3,b2,b3,c2,c3). We
did not examine thalamic projections to noncortical targets including striatum, amygdala, or
cerebellum (Clasca et al., 2012; Smith et al., 2004; Wolff et al., 2015).

To evaluate the utility of these Cre drivers for functional studies of TC circuits, we
performed optogenetic experiments by using in vitro whole-cell patch-clamp recordings in
acutely prepared brain slices that contained visual cortex or TRN. We expressed the fusion
of ChR2 and eYFP (ChR2-eYFP) in thalamic neurons from the Cre-dependent expression
locus Ai32with HDC-Cre or CRH-Cre. Expression of ChR2-eYFP in TC terminals was
sufficient to drive neurotransmitter release upon stimulation of the tissue with blue light (5
mW or less). In L4, neurons of the visual cortex (see biocytin reconstructions in Figure
8a2,b2), a train of blue light pulses (1 ms/10 Hz) evoked large excitatory post-synaptic
currents (EPSCs) that were time-locked to the onset of each light pulse (Figure 8al,b1,cl).
Repeated stimulation of TC afferents resulted in successively smaller EPSCs, consistent
with synaptic depression typically observed in TC inputs to L4 pyramidal neurons (Gil
etal., 1997, 1999; Kloc & Maffei, 2014). We could also use these mice to examine the
synaptic responses of TRN neurons, which receive input from TC axon collaterals (see
biocytin reconstructions in Figure 8c2). Similar to the response profile observed in L4 of
V1, repetitive blue light stimulation of TC collaterals in TRN led to large EPSCs in TRN
neurons that reliably followed a 10 Hz stimulus train with each successive response showing
a progressive decrease in amplitude (Figure 8c1).
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4| DISCUSSION

The Cre driver lines Olig3-Cre, HDC-Cre, and CRH-Creyield reporter expression in
overlapping expression patterns in the thalamus (Table 2). Olig3-Cre had the most
widespread expression, targeting FO and HO relay nuclei of the dorsal thalamus, as well
as other divisions of the thalamus such as the medial dorsal nucleus. In contrast, HDC-Cre
and CRH-Credisplayed more restricted patterns of expression, largely targeting FO relay
nuclei of the dorsal thalamus, with limited expression in TC neurons of HO nuclei.

These different expression patterns provide an opportunity to explore the contribution of FO
and HO TC pathways in the sensory system. For example, O/ig3-Creis suited for examining
the total contribution of TC input and comparing it to FO relays isolated with HDC-Cre and
CRH-Cre. It is important to note that the CRH-Cre line we examined here is the transgenic
KN282 line developed by GENSAT (Gerfen et al., 2013). The expression pattern of this

Cre driver is distinct from the “knock-in” CRH-IRES-Cre line that does not display Cre
expression in the thalamus (Taniguchi et al., 2011).

The differences in expression profile in ALGN by HDC-Cre and CRH-Cre could also be
employed to investigate parallel visual pathways within the dLGN. Previous studies have
shown that the rodent dLGN contains two functional subdivisions. The ventromedial “core”
contains TC relay neurons with X-like and Y-like morphologies and receives input from
retinal ganglion cells (RGCs) that have concentric center-surround organization and little
preference for stimulus direction or orientation, whereas the surrounding dorsolateral “shell”
contains W-like relay cells and receives input from direction-selective RGCs (Bickford

et al., 2015; Cruz-Martin et al., 2014; Dhande & Huberman, 2014; Grubb & Thompson,
2003; Huberman et al., 2009; Reese, 1988; Sun et al., 2006). Indeed, we found that the
expression pattern of CRH-Cre appears restricted to the core subdivision and excludes the
dorsolateral shell, and thus selectively targets a subset of TC relay cells within the core
(Monavarfeshani et al., 2018; Su et al., 2020). Interestingly, TCs in the dLGN shell and
core project to different layers of the visual cortex, with the shell innervating the superficial
layers and the core the deeper layers suggesting that RGCs projecting to these different
layers comprise separate visual pathways (Bickford et al., 2015; Cruz-Martin et al., 2014;
Grubb & Thompson, 2003; Kerschensteiner & Guido, 2017). By comparison, the patterns
seen in VB and MGNv do not appear to correspond to any known functionally distinct
regions.

These lines can also be used to explore trans-thalamic connections, especially between
sensory thalamic nuclei and the TRN. Indeed, a study employing Cre-dependent virus
and the CRH-Creline revealed that the mouse TRN contains nonoverlapping sensory
modality-specific sectors (Sokhadze et al., 2019). This organization is similar to that of
other mammals (Jones, 1975; Montero et al., 1977; Ohara & Lieberman, 1985).

It is important to note for at least two of these Cre driver lines, reporter expression is not
limited to TC excitatory neurons in thalamic relay nuclei. The expression occurs in glial
cells (e.g., oligodendrocytes in Olig3-Cre and astrocytes in HDC-Cre), as well as other

nonneuronal brain tissue (e.g., choroid plexus in HDC-Cre). Moreover, Olig3-Creyields
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reporter expression in GABAergic neurons of other thalamic nuclei including the TRN
and the vLGN. However, staining for GAD-65/67 revealed that Cre is not expressed by
interneurons of dLGN in any of these lines. Another Cre driver, Scnnla-Tg3-Cre, also
targets the dorsal thalamus. Unfortunately, this Cre driver is not as useful for studying TC
circuitry because Cre is also expressed in cortical thalamorecipient neurons in L4 of the
primary sensory cortices (Madisen et al., 2010; Stephany et al., 2018). We did not evaluate
Cre activity outside the brain.

A major advantage of using Cre driver lines is their utility for conducting developmental
studies. Combining these Cre drivers with Cre-dependent alleles for fluorescent proteins
(e.g., A79) and channelrhodopsins (e.g., A/32) permits visualization and manipulation of
thalamic circuitry without the need for histochemical staining or surgical procedures. Cre
expression in each of these drivers yields robust tdTomato expression by the time of natural
birth. Furthermore, the anatomical pattern of expression remained consistent from early
postnatal ages into adulthood. Consequently, these Cre drivers may be advantageous for
studying the postnatal formation and refinement of TC, as well as trans-thalamic circuits
(Agmon et al., 1993; Erzurumlu & Gaspar, 2012; Gurung & Fritzsch, 2004; Rebsam et

al., 2002; Senft & Woolsey, 1991). Since we limited our characterization to only the
postnatal period (as early PQ), the exact embryonic age at which Cre onset occurs is not
clear. Depending on the exact timing of Cre expression onset, these Cre drivers may label
subpopulations of nascent thalamic neurons during embryonic dendritic branch development
and axonal pathfinding (Angevine, 1970; El-Danaf et al., 2015; Godement et al., 1984;
Jaubert-Miazza et al., 2005). Future work will be required to pinpoint the precise point in
development when these Cre drivers are active.

Intracranial injection of a virus is a prominent technique to target thalamic neurons

for manipulation (Hooks et al., 2013; Roman Roson et al., 2019; Zhou et al., 2018).
However, this approach has several limitations that are alleviated by these Cre drivers.

First, viral injections often suffer from variability in the location and number of targeted
thalamic neurons. This complicates the comparison of experimental results between subjects
and studies. Second, the accuracy of injections of virus in young mice is technically
challenging and can impede studies requiring visualization of circuits during early postnatal
development. In addition, the incubation time required to achieve sufficient expression of the
gene products often constrains the minimum age at which experiments can be performed.
Cre drivers combined with Cre-dependent alleles for expression of specific gene products
provide more consistent expression between mice (Madisen et al., 2012). Furthermore, the
Cre drivers provide early onset of Cre activity sufficient to label thalamic neurons with
fluorescent proteins as early as PO.

Combining these Cre drivers with Cre-dependent reporter lines to target the thalamus also
has limitations. For example, experiments that require a high degree of regional specificity,
such as targeting a single nucleus or a single hemisphere, would not be compatible with
this genetic approach, as Cre is expressed within multiple thalamic nuclei and outside of
the thalamus (e.g., hypothalamus). However, specificity can be enhanced with the delivery
of adeno-associated viruses that rely on preceding Cre recombination, similar to the Tet-
controllable strains (Daigle et al., 2018; Lee et al., 2017; Sabatini et al., 2021). The
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advantages of this combination are the high level of targeting specificity afforded by Cre
lines and the strong promoters available for viral vectors. Previous work has demonstrated
that CRH-Cre mice have sufficient Cre activity during adulthood to allow for Cre-dependent
expression of adeno-associated viruses (Sokhadze et al., 2019). In contrast, Cre expression
in the thalamus is transient during development for HDC-Cre (Zecharia et al., 2012).
However, this Cre activity is sufficient to induce reporter expression sustained in the adult
thalamus of HDC-Cre mice.

We demonstrate with electrophysiological recordings that these lines can be combined
readily with optogenetics to stimulate the afferents and collaterals of thalamic neurons.
Previously, we employed the HDC-Cre;Ai32 mice to examine the consequences of early
monocular deprivation on the balance of excitation and inhibition evoked by TC inputs
onto pyramidal neurons in L4 of the primary visual cortex (Frantz et al., 2020). Here, we
demonstrate that the expression pattern of HDC-Creis suitable to examine TC synaptic
properties in other sensory modalities as well.

In addition to disentangling the anatomical and functional features of TC interactions,

these Cre driver lines could prove useful for transcriptomic studies (Dueck et al., 2015).

One possibility involves using fluorescence-assisted cell sorting in conjunction with RNA-
sequencing to examine transcriptomes of Cre-expressing neurons (Bakken et al., 2018; Tasic
et al., 2018). A recent transcriptomic analysis of the VLGN in GAD2-Cre, GFP line revealed
that neurons with similar transcriptomic profiles form several functionally distinct laminae
in this nucleus (e.g., retinorecipient vs. nonretinorecipient; Sabbagh et al., 2020). Similar
analyses could identify genes suitable for generating a next generation of Cre drivers with
even greater specificity for thalamic cell types or nuclei (Wells et al., 2016).

Overall, these Cre drivers possess a range of expression patterns in the thalamus, which
together with early onset of expression, offer significant advantages in visualization and
manipulation of thalamic circuits in a highly selective manner.
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FIGURE 1.
Pattern of tdTomato labeling in the dorsal thalamus of Oligodendrocyte transcription factor

3(Olig3)-Cre;Ai9, histidine decarboxylase (HDC)-Cre;Ai9, and corticotropin-releasing
hormone (CRH)-Cre;Ai9mice. Coronal sections of the dorsal thalamus in P28 O/ig3-
Cre;Ai9(a), HDC-Cre;Ai9 (b), and CRH-Cre;Ai9(c) mice. (a) In Olig3-Cre;Ai9, somatic
tdTomato labeling is across the rostro-caudal extent of the dorsal thalamus (al-a3). Higher
magnification view of somatic labeling in the dorsal lateral geniculate nucleus (ALGN) (a4).
Scale bars = 30 ym (ad). (b) In HDC-Cre;Ai9, somatic labeling is present in the ventrobasal
complex (VB; bl), the dLGN (b1, b2), and the ventral division of the medial geniculate
nucleus (MGNv; b3). Higher magnification view of somatic labeling in the dLGN (b4).
Scale bars = 30 um (b4). (c) In CRH-Cre,;Ai9, somatic labeling is present in the VB (c1, c2),
dLGN (c2), and MGNv (c3). Higher magnification view of somatic labeling in the dLGN.
Scale bars = 30 um (c4). Dotted lines delineate the boundaries of thalamic nuclei. Scale bars
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=200 zm. PUL: pulvinar. IGL: intergeniculate leaflet. TRN: thalamic reticular nucleus. Po:
posterior nucleus. em: external medullary lamina of the thalamus. MGNd: dorsal division of
the medial geniculate nucleus. MGNm: medial division of the medial geniculate nucleus
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FIGURE 2.
Pattern of tdTomato labeling in the dLGN of HDC-Cre;Ai9and CRH-Cre;Ai9mice. (a,

b) Coronal sections of the dLGN in P28 HDC-Cre,Ai9 (a) and CRH-Cre;Ai9 (b) mice. In
HDC-Cre;Ai9, somatic tdTomato labeling is present throughout the nucleus in the rostral
(al), middle (a2), and caudal (a3) dLGN. In CRH-Cre,;Ai9, labeling was largely absent

in the rostral dLGN (b1) but present in the ventro-medial regions of the middle (b2) and
caudal (b3) dLGN. Dotted lines delineate the boundaries of the dLGN. Scale bar = 100

um. (c, d) Average fluorescence intensity plotted for orthogonal axes in the dLGN of HDC-
Cre;Ai9 (blue) and CRH-Cre;Ai9 (red) mice. Lines were drawn along the ventromedial to
dorsolateral (VM-to-DL; c1-c3) and ventrolateral to dorsomedial (VL-to-DM; d1-d3) axes
of the dLGN. Schematics depict the direction of the plotted profile line (arrows) relative to
the boundaries of the nucleus at each rostro-caudal location
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Pattern of tdTomato labeling in the VB of HDC-Cre,Ai9and CRH-Cre;Ai9mice. (a-b)

Coronal sections of the VB in P28 HDC-Cre,Ai9(a) and CRH-Cre;Ai9 (b) mice. In HDC-
Cre;Ai9, somatic tdTomato labeling is present throughout the rostral (al), and middle (a2)
VB, and restricted to a small region in the ventromedial region of caudal VB (a3). In
CRH-Cre,Ai9, labeling was present throughout the rostro-caudal extent of the VB (b1-b3).
Scale bar = 100 zm. (c, d) Average fluorescence intensity plotted for orthogonal axes in
the VB of HDC-Cre;Ai9 (blue) and CRH-Cre;Ai9 (red) mice. Fluorescence was measured
along the VM-to-DL (c1-c3) and VL-to-DM (d1-d3) axes of the VB. Schematics depict
the direction of the plotted profile (arrows) relative to the boundaries of the nucleus at each
rostro-caudal location
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FIGURE 4.
Pattern of tdTomato labeling in the ventral division of the medial geniculate nucleus

(MGNVv) of HDC-Cre;Ai9and CRH-Cre;Aidmice. (a, b) Example coronal sections of

the MGNv in P28 HDC-Cre;Ai9 (a) and CRH-Cre;Ai9 (b) mice. In HDC-Cre A9, and
CRH-Cre,Ai9and somatic tdTomato labeling is present throughout the rostral (al), middle
(a2), and caudal (a3) MGNv. Scale bar = 100 zm. (c, d) Average fluorescence intensity
plotted for orthogonal axes in the MGNv of HDC-Cre;Ai9 (blue) and CRH-Cre;Ai9 (red)
mice. Fluorescence was measured along the medial to lateral (M-to-L; c1-c3) and ventral
to dorsal (V-to-D; d1-d3) axes of the MGNv. Schematics depict the direction of the plotted
profile line (arrows) relative to the boundaries of the nucleus at each rostro-caudal location
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Olig3-Cre;Ai9
anti-GAD-65/67
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FIGURE 5.
Identification of intrinsic interneurons in the dLGN of O/ig3-Cre,Ai9and HDC-Cre,Ai9

mice. (a, b) Examples of dLGN interneurons stained with an antibody against GAD-65/67
and corresponding tdTomato labeling in Olig3-Cre,Ai9(al, a2) and HDC-Cre,Ai9 (b1, b2)
mice. Arrows indicate the somata of putative dLGN interneurons stained with GAD-65/67
antibody (al, b1), and the absence of tdTomato labeling in the same cells (a2, b2). Scale bars

=10 im
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(a1)  Olig3-Cre;Ai9 PO (b1) HDC-Cre;Ai9 PO (c1) CRH-Cre;Ai9 PO

(a2) P7 (b2)

(a3)

FIGURE 6.
Pattern of tdTomato expression in the dorsal thalamus of Olig3-Cre,Ai9, HDC-Cre;Ai9,

and CRH-Cre,Ai9mice during the first 3 postnatal weeks of development. (a—c) Examples
coronal sections of the dorsal thalamus in Olig3-Cre;Ai9(a), HDC-Cre;Ai9 (b), and CRH-
Cre;Ai9(c) mice. Scale in (al), (b1), and (c1) = 200 gm. Scale in (a2, a3), (b2, b3), and (c2,
€3) =500 ym
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(b1) HDC-C

FIGURE 7.
Pattern of axonal tdTomato labeling in the sensory cortices of O/ig3-Cre;Ai9, HDC-Cre,Ai9,

and CRH-Cre;Ai9mice. (a—c) Coronal sections of the cortex in Olig3-Cre;Ai9 (a), HDC-
Cre;Ai9(b), and CRH-Cre;Ai9(c) mice showing axonal tdTomato labeling in primary
somatosensory cortex (S1; al, b1, and cl), auditory cortex (a2, b2, and c2), and visual cortex
(V1; a3, b3, and c3). Thalamocortical axons labeled with tdTomato innervated the barrels in
S1 (al, bl, and cl), and Layer 4 of the auditory (a2, b2, and ¢2) and visual (a3, b3, and c3)
cortex. Scale bars = 200 ym
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FIGURE 8.
Light-evoked post-synaptic responses in HDC-Cre;Ai32 (V1) and CRH-Cre,Ai32 (V1 and

TRN) mice. (al-c1) Examples of whole-cell in vitro electrophysiological recordings from
neurons in V1 of P19 HDC-Cre,Ai32 and CRH-Cre;Ai32mice (a and b), and TRN of

P29 CRH-Cre;Ai32mice (c). In voltage clamp (Vy = =70 mV), repetitive stimulation with
brief pulses of blue light (10 Hz/1 ms) leads to trains of excitatory post-synaptic currents
with successively smaller amplitudes in V1 of HDC-Cre;Ai32 (al) and CRH-Cre;Ai32
(b1) mice and TRN of CRH-Cre;Ai32 mice (c1). (a2-b2) Reconstructions of V1 neurons
filled with biocytin during recordings shown in al and b1. Left: Low magnification images
depicting the locations of filled neurons in sections stained for Hoescht 33,342. Scale bars
=100 wm. Right: High magnification images of the reconstructed neurons. Scale bars =

20 tm. (c2) Reconstruction of TRN neurons filled with biocytin. Left: Low magnification
image depicting the location of the TRN neurons. Scale bar = 50 ym. Right: High
magnification image of the reconstructed TRN neuron morphologies. Arrow indicates the
neuron associated with recording shown in (c1). Scale bar = 20 ym
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