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ABSTRACT 24 

The anterolateral motor cortex (ALM) and ventromedial (VM) thalamus are functionally 25 

linked to support persistent activity during motor planning. We analyzed the underlying 26 

synaptic interconnections using optogenetics and electrophysiology in mice (♀/♂). In 27 

cortex, thalamocortical (TC) axons from VM excited VM-projecting pyramidal-tract (PT) 28 

neurons in layer 5B of ALM. These axons also strongly excited layer 2/3 neurons (which 29 

strongly excite PT neurons, as previously shown) but not VM-projecting corticothalamic 30 

(CT) neurons in layer 6. The strongest connections in the VM→PT circuit were localized to 31 

apical-tuft dendrites of PT neurons, in layer 1. These tuft inputs were selectively 32 

augmented after blocking hyperpolarization-activated cyclic nucleotide-gated (HCN) 33 

channels. In thalamus, axons from ALM PT neurons excited ALM-projecting VM neurons, 34 

located medially in VM. These axons provided weak input to neurons in mediodorsal 35 

nucleus, and little or no input either to neurons in the GABAergic reticular thalamic 36 

nucleus or to neurons in VM projecting to primary motor cortex (M1). Conversely, M1 PT 37 

axons excited M1- but not ALM-projecting VM neurons. Our findings indicate, first, a set 38 

of cell-type-specific connections forming an excitatory thalamo-cortico-thalamic (T-C-T) 39 

loop for ALM↔VM communication and a circuit-level substrate for supporting 40 

reverberant activity in this system. Second, a key feature of this loop is the prominent 41 

involvement of layer 1 synapses onto apical dendrites, a subcellular compartment with 42 

distinct signaling properties, including HCN-mediated gain control. Third, the segregation 43 

of the ALM↔VM loop from M1-related circuits of VM adds cellular-level support for the 44 

concept of parallel pathway organization in the motor system.  45 

 46 
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 47 

SIGNIFICANCE 48 

Anterolateral motor cortex (ALM), a higher-order motor area in the mouse, and 49 

ventromedial thalamus (VM) are anatomically and functionally linked, but their synaptic 50 

interconnections at the cellular level are unknown. Our results show that ALM pyramidal 51 

tract neurons monosynaptically excite ALM-projecting thalamocortical neurons in a 52 

medial subdivision of VM, and vice versa. The thalamo-cortico-thalamic loop formed by 53 

these recurrent connections constitutes a circuit-level substrate for supporting reverberant 54 

activity in this system. 55 

 56 

INTRODUCTION 57 

The mammalian motor cortex comprises multiple sub-regions, the differentiated 58 

functions of which involve interactions with an array of motor-related thalamic nuclei (Strick, 59 

1986; Middleton and Strick, 2000; Jones, 2007; Bosch-Bouju et al., 2013). Anatomically, 60 

primary motor cortex (M1) receives particularly prominent projections from the cerebellar-61 

recipient ventral lateral (VL) nucleus (Strick and Sterling, 1974; Jones, 1975; Kuramoto et al., 62 

2009). M1 also receives projections from basal ganglia-recipient nuclei, particularly the ventral 63 

anterior (VA) nucleus (Strick, 1975; Kuramoto et al., 2009). The ventral medial (VM) nucleus, 64 

which is both basal ganglia- and cerebellar-recipient (Groenewegen and Witter, 2004; Gao et al., 65 

2018), sends projections to multiple motor areas, particularly premotor and other higher-order 66 

areas in frontal cortex (Herkenham, 1979; Arbuthnott et al., 1990; Kuramoto et al., 2013). In 67 

rodents, the medial subdivision of the posterior nucleus (POm), which receives ascending 68 

paralemniscal somatosensory afferents,  projects to M1 (in addition to somatosensory cortex) 69 
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(Hooks et al., 2013). The intracortical connections of some of these projections, particularly 70 

VL→M1 and POm→M1, have begun to be elucidated in mice (Hooks et al., 2013; Yamawaki et 71 

al., 2014; Yamawaki and Shepherd, 2015), as have projections of VM to medial prefrontal cortex 72 

(PFC) (Cruikshank et al., 2012; Collins et al., 2018). However, the cellular circuits that link 73 

premotor and other higher-order motor cortical areas with VM remain to be characterized.  74 

In the mouse, the anterolateral motor (ALM) cortex has premotor-like properties 75 

particularly in behavioral tasks involving motor planning during a temporal delay (Guo et al., 76 

2014; Inagaki et al., 2018). ALM neurons show persistent activity anticipating specific 77 

movements, seconds before movement onset. These studies have implicated strong bidirectional 78 

interactions between ALM and the thalamus, including the ventromedial (VM) nucleus, as being 79 

crucial for these behavioral functions (Guo et al., 2017). The ALM-recipient subdivision of VM 80 

receives input from substantia nigra pars reticulata as well as the fastigial nucleus of the 81 

cerebellum (Gao et al., 2018). The cellular-level excitatory connections that form thalamo-82 

cortico-thalamic (T-C-T) circuits in this system remain unknown.  83 

The goal of this study was to characterize these connections in the putative T-C-T loop 84 

involving ALM and VM, focusing on the identification of connections onto back-projecting 85 

neurons in either area, which would form a basis for recurrent excitation in this system. We used 86 

previously developed strategies for cell-type-specific circuit analysis based on combining 87 

optogenetic photostimulation with electrophysiological recordings from retrogradely labeled 88 

projection neurons in motor cortex and motor thalamus (Yamawaki and Shepherd, 2015; 89 

Yamawaki et al., 2016). Our results delineate a set of cell-type-specific excitatory connections 90 

constituting the cellular and synaptic underpinnings of a bidirectional ALM↔VM T-C-T loop.  91 

 92 
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MATERIALS AND METHODS 93 

Animals. Animal studies followed the guidelines of the National Institutes of Health and Society 94 

for Neuroscience, and were approved by the Northwestern University Animal Care and Use 95 

Committee. The following mouse strains were used in these studies, maintained as in-house 96 

breeding colonies. For wild-type mice (WT) we used either C57BL/6 mice or Gad2-mCherry 97 

mice (Gad2-T2a-NLS-mCherry, RRID:IMSR_JAX:023140, Jackson). For cell-type-specific 98 

expression we used the Cre lines Rbp4-Cre (Rbp4_KL100-Cre, RRID:MMRRC_037128-UCD , 99 

MMRRC) (Gerfen et al., 2013), Ntsr1-Cre (Ntsr1_GN220-Cre, RRID:MMRRC_030648-UCD, 100 

MMRRC) (Gong et al., 2007), and Calb1-Cre (Calb1-IRES2-Cre-D, RRID:IMSR_JAX:028532, 101 

Jackson), each back-crossed with C57BL/6 mice for at least 6 generations. A Cre-dependent 102 

tdTomato line (Ai14, RRID:IMSR_JAX:007908, Jackson) (Madisen et al., 2015) was used as a 103 

fluorescent reporter. Female and male mice were used in approximately equal numbers. Animals 104 

were housed with a 12-hour light/dark cycle, with ad libitum access to water and food. Mice 105 

were 1.5-3 months old at the time of the initial surgery, and were used for experiments 3-6 weeks 106 

later. Animal numbers for each type of experiment are given in the text and figures. 107 

 108 

Labeling. Stereotaxic injections were performed as described (Yamawaki and Shepherd, 2015). 109 

Briefly, mice were deeply anesthetized with isoflurane and placed in a stereotaxic frame. 110 

Ophthalmic ointment was applied to protect the eyes during surgery. Thermal support was 111 

provided using a feedback-controlled heating pad (Warner). Mice were given pre-operative 112 

analgesic coverage (0.3 mg/kg buprenorphine subcutaneously). Small craniotomies were opened 113 

directly over cortical and/or subcortical targets in the right hemisphere. Injection pipettes were 114 

fabricated from glass capillary micropipettes (Wiretrol II; Drummond Scientific Company) by 115 
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pulling (PP-830; Narishige) to a fine tip and beveling (Micro Grinder EG-400; Narishige) to a 116 

sharp edge. Pipettes were loaded with virus or tracer solution by tip-filling (i.e., application of 117 

negative pressure to the back of the pipette). Pipettes were advanced slowly to their targets, 118 

where 40-100 nL of virus was injected, and kept in place for several minutes prior to retraction. 119 

Animals received post-operative analgesic coverage (1.5 mg/kg meloxicam subcutaneously once 120 

every 24 hours for 2 days), and were maintained for at least 3 weeks prior to slice experiments. 121 

Experiment-specific details are as follows. 122 

In experiments examining thalamic input to cortical neurons, in most cases AAV-ChR2-123 

Venus (AAV1.CAG.ChR2-Venus.WPRE.SV40, AV-1-PV2126; University of Pennsylvania 124 

Vector Core) was injected into thalamus of WT mice or Gad2-mCherry mice (which in these 125 

experiments were used simply as source of wild-type mice, not for their labeling pattern). For 126 

VM injections the stereotaxic coordinates were: 1.3-1.7 mm posterior to bregma, 0.8-1.0 mm 127 

lateral to midline, 4.1-4.4 mm below pia. After virus injection, additional injections were made 128 

with either latex microspheres (red Retrobeads; LumaFluor) or cholera toxin subunit B 129 

conjugated to Alexa Fluor (CTB647; Life Technologies), to retrogradely label projection neurons 130 

in ALM. Specifically, tracers were injected into VM (same coordinates as above) to label both 131 

PT and CT neurons, and into pons (3.5-3.7 mm posterior, 0.4-0.6 mm lateral, 5.0-5.8 mm deep) 132 

to label PT neurons.  133 

In a subset of the thalamocortical experiments, AAV-FLEX-ChR2-tdTomato 134 

(AAV1.CAGGS.FLEX.ChR2-tdTomato.WPRE.SV40, AV-1-18917P; University of 135 

Pennsylvania Vector Core) was injected into VM of Calb1-Cre mice. These mice were used to 136 

explore the possibility of facilitating selective labeling of VM, which, characteristic of matrix-137 

type thalamic nuclei, expresses calbindin at relatively high levels (Jones, 2001; Rubio-Garrido et 138 
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al., 2007). In Calb1-Cre mice, Cre expression is relatively high in VM (transgenic 139 

characterizations #574212675, #576527875, and #576528091, Allen Brain Institute; 140 

http://connectivity.brain-map.org/transgenic). However, injections targeted to VM resulted in 141 

similar labeling patterns in thalamus using either the Cre-dependent or Cre-independent 142 

approach, and electrophysiological results were also statistically indistinguishable, and results 143 

were therefore pooled. 144 

In experiments examining cortical input to thalamic neurons, we used Rbp4-Cre and 145 

Ntsr1-Cre mice to selectively label the PT or CT components, respectively, that together 146 

comprise the cortical projection to thalamus. Previous studies have characterized the cellular 147 

specificity of Cre expression in cortical neurons in these lines (Gong et al., 2007; Gerfen et al., 148 

2013; Bortone et al., 2014) (multiple transgenic characterizations available at 149 

http://connectivity.brain-map.org/transgenic, e.g. # 167642756 for Rbp4-Cre), and have used 150 

these lines for selectively labeling the PT and CT components of the cortical projection to 151 

thalamus (Grant et al., 2016; Jeong et al., 2016). Specifically, AAV-FLEX-ChR2-tdTomato (for 152 

details, see above) was injected into the ALM of either Ntsr1-Cre mice to label layer 6 CT 153 

neurons, or Rbp4-Cre mice to label layer 5 IT and PT neurons. Injection of the same Cre-154 

dependent virus into the cortex of WT mice resulted in no labeling (n = 2). The ALM and M1 155 

were also injected with retrograde tracer to label thalamocortical neurons in VM. The ALM 156 

coordinates (Komiyama et al., 2010; Guo et al., 2014) were: 2.4-2.6 mm anterior, 1.4-1.6 mm 157 

lateral, 0.1-1.7 mm deep. The M1 coordinates were: 0.1-0.3 mm posterior, 1.5-1.7 mm lateral, 158 

0.1-1.0 mm deep. To characterize Cre expression of ALM PT neurons in Rbp4-Cre mice, a Cre-159 

dependent retrograde AAV virus (Tervo et al., 2016), AAVretro-FLEX-tdTomato (retrograde 160 

AAV #28306; Addgene), was injected in VM. 161 
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 162 

Circuit analysis. Brain slices were prepared as described previously (Yamawaki and Shepherd, 163 

2015). Briefly, mice that had undergone in vivo labeling were euthanized by anesthetic overdose 164 

and decapitation. Brains were rapidly removed and placed in chilled cutting solution 165 

(composition, in mM: 110 choline chloride, 11.6 sodium L-ascorbate, 3.1 pyruvic acid, 25 166 

NaHCO3, 25 D-glucose, 2.5 KCl, 7 MgCl2, 0.5 CaCl2, 1.25 NaH2PO4; aerated with 95% O2/5% 167 

CO2). For experiments involving cortical recordings, brains were trimmed using blocking cuts 168 

angled to yield off-sagittal slices (0.3 mm) that optimally preserved the apical dendrites of 169 

cortical pyramidal neurons. For thalamic recordings, blocking cuts were angled to yield coronal 170 

slices (0.25 mm) containing the ventral thalamus. Slices were cut (VT1200S; Leica) in chilled 171 

cutting solution, and transferred to artificial cerebrospinal fluid (ACSF), composed of (in mM): 172 

127 NaCl, 25 NaHCO3, 25 D-glucose, 2.5 KCl, 1 MgCl2, 2 CaCl2, 1.25 NaH2PO3. Slices were 173 

incubated for 30 minutes at 34 °C, and then kept at 22 °C for at least an hour prior to recording.  174 

Electrophysiology and photostimulation. Brain slices were transferred to the recording 175 

chamber of an upright microscope (BX51WI chassis; Olympus) equipped for whole-cell 176 

electrophysiology and photostimulation, as previously described (Yamawaki and Shepherd, 177 

2015). The bath solution consisted of ACSF warmed to 34 °C by an in-line feedback-controlled 178 

heater (TC 324B; Warner). For all cortical recordings, tetrodotoxin (TTX, 1 μM, Tocris) and 4-179 

aminopyridine (4AP, 100 μM, Sigma-Aldrich) were added to the ACSF to isolate monosynaptic 180 

(i.e., eliminate intracortical polysynaptic) inputs (Petreanu et al., 2009); these reagents were 181 

omitted for recordings in thalamus, where intrathalamic polysynaptic excitation was not a 182 

concern. For recordings in cortex, 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid (CPP, 5 183 
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μM, Tocris) and ZD7288 (10 μM, Tocris) were included in order to block NMDA receptors and 184 

HCN channels, respectively. 185 

Patch pipettes were fabricated by pulling (P-97; Sutter) borosilicate glass (inner diameter 186 

0.86, outer diameter 1.5 mm, with filament; Warner) to a fine tip (resistance of 2-4 MΩ). 187 

Recordings were made in voltage- or current-clamp mode using pipettes filled with cesium- or 188 

potassium-based internal solution (composition, in mM: 128 cesium or potassium 189 

methanesulfonate, 10 HEPES, 10 phosphocreatine, 4 MgCl2, 4 ATP, 0.4 GTP, 3 ascorbate, 1 190 

EGTA, 1 QX-314, 0.05 Alexa Flour hydrazide; 4 mg/ml biocytin; pH 7.25, 290–295 mOsm).  191 

A video camera (Retiga 2000R; Q-Imaging) was used to image slices and cells under 192 

wide-field gradient-contrast or epifluorescence optics. Labeling patterns of retrogradely labeled 193 

somata and anterogradely labeled axons were visualized using LED illumination (M470L2, 194 

M530L2, M660L3; Thorlabs) and standard filter sets (U-N41017, U-N31002, Chroma;  CY5-195 

4040C-OMF, Semrock). Pipettes were advanced under positive pressure to establish >1 G  seals 196 

onto identified neurons. After membrane rupture to establish whole-cell configuration, 197 

intracellular recordings were made with the amplifier (Multiclamp 700B; Axon Instruments). 198 

Recordings with series resistance >40 M  were excluded. 199 

For wide-field photostimulation, as previously described (Yamawaki and Shepherd, 200 

2015), a blue LED (M470L2; Thorlabs) was driven with a TTL pulse to generate photostimuli 201 

with a duration of 5 ms. The LED intensity controller was set to deliver 1 mW/mm2 at the level 202 

of the specimen. For each cell, photostimulation trials were repeated three times at an inter-203 

stimulus interval of 30 s, while recording in voltage-clamp mode with the command potential set 204 

to –70 mV.  205 
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For subcellular circuit mapping (“sCRACM”; ref. (Petreanu et al., 2009)), a blue laser 206 

(473 nm, 50 mW, model MLL-FN473; CNI Laser) and scan system (model 6210 galvanometer 207 

pair, Cambridge Technologies) were used for focal photostimulation and subcellular mapping, as 208 

previously described (Petreanu et al., 2009; Suter and Shepherd, 2015). Photostimuli were 209 

generated by controlling an electro-optical modulator (350-50, 302 RM; Conoptics) and 210 

mechanical shutter (LS2ZM2, VCM-D1; Uniblitz) in the beam path to produce a 1.0 ms duration 211 

pulse of light at each stimulus location. The intensity was in the range of 0.1-2 mW/mm2 at the 212 

level of the specimen, adjusted on a cell-by-cell basis to generate a 100-200 pA response to 213 

stimulation near the soma. Stimulation grids consisted of at least 26 rows and 10 columns, with 214 

uniform 60 μm spacing. The upper edge of the grid (row 1) was aligned to the pia, and the grid 215 

was horizontally centered over the soma. The grid parameters (total area of ~1 mm2, ~250 216 

sites/mm2) and orientation were chosen to extend from pia to white matter and fully span the 217 

dendritic arbors of PT neurons. Each neuron was mapped 3 times using different pseudorandom 218 

sequences, with an inter-stimulus interval of 0.4 s. Ephus software (Suter et al., 2010) was used 219 

to control hardware settings and other parameters for coordinating photostimulation and 220 

electrophysiology data acquisition. 221 

Analysis. To quantify LED-evoked responses, for each cell, the traces from several 222 

(generally 3) trial repetitions were averaged, and the response amplitude was calculated as the 223 

mean amplitude in a post-stimulus interval of 50 ms. Data were compared by pooling across 224 

slices and animals, as in previous studies (Yamawaki and Shepherd, 2015). Pairwise 225 

comparisons were made using the absolute or normalized response amplitudes, as indicated in 226 

the text. To quantify sCRACM data, the traces from the 3 map trials were averaged, mean 227 
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response amplitudes were determined as above, and these values were used to construct maps 228 

representing the synaptic input at each stimulus location.  229 

 230 

Experimental Design and Statistical Analysis. Group comparisons were made using non-231 

parametric tests as indicated in the text, with significance defined as p < 0.05. Unpaired data 232 

were compared using the rank-sum test. Paired data were compared using the sign test. For group 233 

data, medians and median average deviations were calculated as descriptive statistical measures 234 

of central tendency and dispersion, except for ratios, for which geometric means and standard 235 

factors were calculated. Statistical analyses were conducted using standard Matlab (Mathworks) 236 

functions. 237 

 238 

RESULTS 239 

Excitatory input from VM TC axons to VM-projecting ALM neurons is much stronger to 240 

layer 5B PT neurons than to layer 6 CT neurons 241 

To dissect the cell-type-specific connections at the cortical end of the potential T-C-T 242 

loop, we photostimulated ChR2-expressing TC axons from VM in cortical brain slices while 243 

recording from cortical projection neurons in ALM. First, we localized ALM-projecting VM 244 

neurons by injecting ALM with retrograde tracer and imaging the thalamus (Fig. 1A). Next, in 245 

different animals, we targeted this VM region for injection with AAV-ChR2-Venus to label VM 246 

projections, and also with a retrograde tracer to label VM-projecting cortical neurons (Fig. 1B). 247 

In the same animals, we also injected the pons with retrograde tracer, to label PT neurons and 248 

thereby identify layer 5B (Qiu et al., 2011). This approach yielded triple-labeled cortical slices 249 

(Fig. 1C). Anterogradely labeled axons from TC neurons in VM were densest in layer 1 250 
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(Herkenham, 1979; Arbuthnott et al., 1990; Kuramoto et al., 2013). The slices also contained the 251 

retrogradely labeled pons-projecting neurons, demarcating layer 5B, and the retrogradely labeled 252 

thalamus-projecting neurons in both layers 5B and 6. For clarity and consistency with previous 253 

studies we refer to the thalamus-projecting neurons in layer 5B as PT neurons (i.e., with thalamic 254 

branches), and those in layer 6 as CT neurons (Harris and Shepherd, 2015; Yamawaki and 255 

Shepherd, 2015). 256 

With this labeling approach, we investigated excitatory connectivity in the VM→ALM 257 

pathway, initially focusing on these two types of VM-projecting neurons: layer 5B PT neurons 258 

and layer 6 CT neurons (Fig. 1D). Photostimulation of the VM axons (with TTX and 4AP in the 259 

bath solution; see Materials and Methods), generated fast, large, monosynaptic excitatory 260 

currents in VM-projecting PT neurons, much stronger than the generally weak or undetectable 261 

responses recorded in VM-projecting CT neurons (Fig. 1D-G). Findings were similar with wild-262 

type mice and Calb1-Cre mice (Materials and Methods), and the data were therefore pooled for 263 

analysis (Fig. 1D-G). Findings were similar for group comparisons based on individual neurons 264 

(Fig. 1E) or animals (Fig. 1F,G).  265 

Specifically, for WT mice (n = 8), injected in VM with AAV-ChR2-Venus, the VM→PT 266 

responses were approximately -50 pA (median across n = 14 cells: -56.7 ± 31.7 pA, median ± 267 

m.a.d.; median for n = 8 mice: -54.6 ± 32.7 pA) while the VM→CT responses were less than -5 268 

pA (median across n = 13 cells: -1.3 ± 1.1 pA; median for n = 8 mice: -1.0 ± 0.5 pA,), a ten-fold 269 

difference (unpaired cell-based comparison: p = 0.0002, rank-sum test; pairwise animal-based 270 

comparison: p = 0.008, sign test; VM→PT/VM→CT ratio per animal: 19.9 ± 5.9, geometric 271 

mean ± geometric standard factor). For Calb1-Cre mice (n = 7), injected in VM with AAV-272 

FLEX-ChR2-tdTomato, the VM→PT responses were approximately -50 pA (median across n = 273 
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11 cells: -58.2 ± 12.2 pA; median for n = 7 mice: -55.9 ± 18.3 pA), whereas the VM→CT 274 

responses were less than -5 pA (median across n = 13 cells: -3.7 ± 3.1 pA; median for n = 7 275 

mice: -3.8 ± 2.8 pA), a statistically significant difference (unpaired cell-based comparison: p = 276 

0.0001, rank-sum test; pairwise animal-based comparison: p = 0.016, sign test; VM→PT/ 277 

VM→CT ratio per animal: 12.9 ± 2.9, geometric mean ± geometric standard factor). For the 278 

pooled data (n = 15 mice total, WT and Calb1-Cre), the VM→PT responses were approximately 279 

-50 pA (median across n = 25 cells: -58.2 ± 24.1 pA; median for n = 15 mice: -54.7 ± 18.2 pA) 280 

while the VM→CT responses were less than -5 pA (median across n = 26 cells: -1.7 ± 1.6 pA; 281 

median for n = 15 mice: -3.7 ± 3.1 pA), a statistically significant difference (unpaired cell-based 282 

comparison: p = 4 x 10-8, rank-sum test; pairwise animal-based comparison: p = 0.0001, sign 283 

test; VM→PT/VM→CT ratio per animal: 16.3 ± 4.3, geometric mean ± geometric standard 284 

factor). 285 

These results show that VM projections to ALM excite VM-projecting PT neurons, with 286 

little or no input to back-projecting CT neurons (Fig. 1H). An important implication of this result 287 

(addressed in experiments presented in a later section) is that if the potential ALM↔VM T-C-T 288 

loop is tightly “closed” by monosynaptic connections, such connections must involve the PT, 289 

rather than CT, neurons, given the prevalence of monosynaptic VM→PT and paucity of 290 

VM→CT connections. 291 

 292 

VM axons also strongly excite layer 2/3 neurons in ALM 293 

We also considered the possibility of strong VM inputs to layer 2/3 pyramidal neurons, 294 

both because their apical dendrites arborize in layer 1, making such a connection likely by virtue 295 

of axo-dendritic overlap, and because layer 2/3→PT connections are among the strongest 296 
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excitatory intracortical connections in anterior motor cortex (Qiu et al., 2011), making such a 297 

connection significant by virtue of delineating a parallel disynaptic pathway; i.e., VM→2/3→PT. 298 

To test this, we used the same approach as above, recording from layer 2/3 pyramidal neurons 299 

and PT neurons in ALM slices while photostimulating VM axons (Fig. 2A). Analysis of the 300 

photo-evoked EPSCs showed about twice as much input to layer 2/3 neurons as to PT neurons 301 

(Fig. 2B-D). Specifically, for WT and Calb1-Cre mice (n = 10 mice total, pooled from 6 WT and 302 

4 Calb1-Cre mice as results were similar), the VM→PT responses were approximately -50 pA 303 

(median across n = 14 cells: -47.1 ± 25.1 pA; median for n = 10 mice: -46.0 ± 11.2 pA) while the 304 

VM→L2/3 responses were approximately -100 pA (median across n = 13 cells: -93.7 ± 38.3 pA; 305 

median for n = 10 mice: -91.0 ± 39.0 pA), a statistically significant difference (unpaired cell-306 

based comparison: p = 0.014, rank-sum test; pairwise animal-based comparison: p = 0.021, sign 307 

test; VM→PT/VM→L2/3 ratio per animal: 0.43 ± 2.3, geometric mean ± geometric standard 308 

factor). Thus, layer 2/3 pyramidal neurons also receive strong VM excitation (Fig. 2E). 309 

 310 

Localization of VM excitatory synapses to apical tuft dendrites of PT neurons 311 

The high density of VM TC axons in layer 1 (Fig. 1C) (Herkenham, 1979; Arbuthnott et 312 

al., 1990; Kuramoto et al., 2013) presents the likelihood of axo-dendritic overlap with the 313 

prominent apical tuft dendrites of PT neurons, which suggests that VM input to PT neurons 314 

enters via excitatory synapses on apical dendrites in layer 1. However, VM→PT EPSCs could 315 

instead or additionally reflect strong perisomatic synapses. To resolve this we mapped the 316 

subcellular locations of inputs on postsynaptic dendrites using sCRACM (Petreanu et al., 2009) 317 

(Fig. 3A,B; Materials and Methods). These maps revealed localized hotspots of strong 318 
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excitatory input to layer 1 apical tufts of PT neurons, as well as a broad region of weaker 319 

perisomatic input (Fig. 3B,C).  320 

One implication of these synaptic mapping results is the likelihood that the tuft-targeting 321 

VM inputs are shaped by the active properties, particularly H-current (carried by HCN channels), 322 

of PT apical dendrites (Lorincz et al., 2002; Sheets et al., 2011; Larkum, 2013; Labarrera et al., 323 

2018). To explore this, we recorded from VM-projecting ALM PT neurons (in current-clamp 324 

mode, at the resting potential), and used laser-scanning photostimulation to focally activate VM 325 

axons at one site over the apical tuft dendrites, and another site over the basal dendrites close to 326 

the soma (Fig. 3D). Postsynaptic responses to apical stimulation were markedly enhanced after 327 

application of ZD7288 (10 μM), a selective blocker of HCN channels, while inputs to the basal 328 

dendrites were smaller and not significantly enhanced after ZD7288 application (Fig. 3D).  329 

The results of these sCRACM mapping and pharmacology experiments show that VM-330 

projecting PT neurons in ALM receive direct, monosynaptic excitation from VM that 331 

preferentially target apical tuft dendrites in layer 1 (Fig. 3E). They also demonstrate that 332 

VM→PT signaling via these distal apical inputs is modulated by H-current, suggesting a 333 

candidate mechanism for neuromodulatory regulation of VM→ALM communication.  334 

 335 

ALM PT axons excite ALM-projecting VM TC neurons, but not M1-projecting VM TC 336 

neurons 337 

Next, we turned our attention to the thalamus, focusing on assessing whether the axons of 338 

ALM PT neurons close the potential T-C-T loop by exciting ALM-projecting VM neurons. We 339 

used mice from the layer 5-specific Rbp4-Cre line (Methods), which enabled us to selectively 340 

photostimulate ChR2-expressing cortical axons from PT (but not CT) neurons in thalamic slices. 341 
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Cortical injections of AAV-FLEX-ChR2-tdTomato and retrograde tracers into the ALM cortex 342 

of these mice yielded thalamic slices containing anterogradely labeled ChR2-expressing PT 343 

axons and retrogradely labeled ALM-projecting VM TC neurons. In addition, because VM axons 344 

can have large cortical arbors sometimes spanning multiple motor areas (Kuramoto et al., 2013) 345 

and may extend not only to ALM but also primary motor cortex (M1), we injected another 346 

retrograde tracer into M1, allowing us to compare inputs from ALM PT axons to ALM- versus 347 

M1-projecting VM TC neurons (Fig. 4A). Relatively strong EPSCs were detected in ALM-348 

projecting VM TC neurons, whereas little or no input was detected in the M1-projecting VM TC 349 

neurons (Fig. 4B-E).  350 

Specifically, for these experiments (n = 6 Rbp4-Cre mice), the responses of ALM-351 

projecting VM neurons to ALM PT input (ALM-PT→VMALM-proj responses) were approximately 352 

-20 pA (median across n = 16 cells: -19.1 ± 7.7 pA; median for n = 6 mice: -18.3 ± 2.5 pA) while 353 

the ALM-PT→VMM1-proj responses were nearly 0 pA (median across n = 15 cells: -0.7 ± 0.6 pA; 354 

median for n = 6 mice: -1.5 ± 0.4 pA), a statistically significant difference (unpaired cell-based 355 

comparison: p = 0.00001, rank-sum test; pairwise animal-based comparison: p = 0.03, sign test; 356 

ALM-PT→VMALM-proj/ALM-PT→VMM1-proj ratio per animal: 18.7 ± 2.5, geometric mean ± 357 

geometric standard factor). 358 

These results  show that excitatory PT→VM connections are formed onto back-359 

projecting neurons, thus closing a T-C-T loop at the thalamic end, and that this ALM↔VM 360 

circuit does not  engage other VM neurons that project to M1 (Fig. 4E). Consistent with the 361 

electrophysiological findings, the ALM-projecting TC neurons were anatomically localized to a 362 

medial part of VM, where ALM PT axons also ramified, whereas M1-projecting TC neurons 363 

were found in a more lateral part of VM (Fig. 4F-I). An implication of these findings is that the 364 
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T-C-T loop is “closed” not only in the sense of recurrent excitatory connectivity between ALM 365 

and VM, but also in the sense of not engaging M1-associated T-C-T circuits.  366 

 367 

M1 PT axons excite M1-projecting VM TC neurons, but not ALM-projecting VM TC 368 

neurons 369 

To further explore these implications, we asked whether the converse connectivity pattern 370 

also holds; that is, do M1 PT axons preferentially excite M1-projecting rather than ALM-371 

projecting VM TC neurons. We therefore repeated the experiment above, but injected the AAV-372 

FLEX-ChR2-tdTomato in M1. Recordings in the thalamus from the two types of retrogradely 373 

labeled VM TC neurons showed the complementary pattern of excitatory input, with photo-374 

evoked EPSCs detected in M1-projecting VM TC neurons but little or no input to ALM-375 

projecting neurons (Fig. 5A-E). Specifically, for these experiments (n = 6 Rbp4-Cre mice), the 376 

M1-PT→VMM1-proj responses were approximately -13 pA (median across n = 16 cells: -13.3 ± 377 

7.6 pA; median for n = 6 mice: -18.9 ± 6.5 pA) while the M1-PT→VMALM-proj responses were 378 

nearly 0 pA (median across n = 15 cells: -0.8 ± 0.6 pA; median for n = 6 mice: -1.0 ± 0.7 pA), a 379 

statistically significant difference (unpaired cell-based comparison: p = 0.00004, rank-sum test; 380 

pairwise animal-based comparison: p = 0.03, sign test; M1-PT→VMM1-proj/M1-PT→VMALM-proj 381 

ratio per animal: 17.1 ± 3.2, geometric mean ± geometric standard factor). Consistent with the 382 

electrophysiological results, anatomically the M1 PT axons were found to ramify in the laterally 383 

located M1-projecting sub-region of VM, rather than in the ALM-projecting sub-region (Fig. 5F-384 

I). These findings provide further evidence that the T-C-T loops in the motor areas are relatively 385 

segregated.  386 

 387 
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Excitatory input from ALM PT axons is stronger to VM than to MD 388 

In addition to the dense axonal projection from ALM PT neurons to VM, axons were also 389 

observed in the mediodorsal (MD) nucleus (Fig. 6A-D), raising the question of the relative 390 

innervation of MD TC neurons versus ALM-projecting VM TC neurons. To resolve this, we 391 

injected the ALM of Rbp4 mice with AAV-FLEX-ChR2-tdTomato and retrograde tracer, and 392 

recorded in thalamus from MD TC neurons and ALM-projecting VM TC neurons. Although 393 

detectable EPSCs were sometimes detected in MD TC neurons, overall they received 394 

significantly weaker input compared to ALM-projecting VM TC neurons (Fig. 6E-H). 395 

Specifically, for these experiments (n = 9 Rbp4-Cre mice), the PT→VM responses were 396 

approximately -20 pA (median across n = 20 cells: -21.4 ± 16.8 pA; median for n = 9 mice: -20.1 397 

± 7.4 pA) while the PT→MD responses were approximately -13 pA (median across n = 19 cells: 398 

-12.5 ± 10.3 pA; median for n = 9 mice: -13.1 ± 1.6 pA), a statistically significant difference 399 

(unpaired cell-based comparison: p = 0.006, rank-sum test; pairwise animal-based comparison: p 400 

= 0.039, sign test; PT→VM/PT→MD ratio per animal: 2.7 ± 3.3, geometric mean ± geometric 401 

standard factor). Thus, these results indicate that ALM-projecting VM TC neurons, rather than 402 

MD TC neurons, are the primary thalamic targets of ALM PT axons (Fig. 6I). 403 

 404 

ALM CT axons excite both RTN and ALM-projecting VM neurons, while ALM PT axons 405 

excite primarily the latter  406 

The preceding experiments focused on the input-output connections of PT neurons with 407 

thalamus, because they, rather than CT neurons, were found to form recurrent connections with 408 

VM neurons. However, CT neurons are also integral, albeit enigmatic, components of T-C-T 409 

circuits, and we therefore performed a limited set of experiments to characterize CT connectivity 410 
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to thalamic neurons. To assay these connections, we used the CT-specific Ntsr1-Cre line to 411 

express ChR2 (using AAV-FLEX-ChR2-tdTomato) in ALM CT axons. Neurons in the reticular 412 

nucleus of the thalamus (RTN) and ALM-projecting VM TC neurons both received excitatory 413 

input from ALM CT axons (Fig. 7A-F). Specifically, for these experiments (n = 7 Ntsr1-Cre 414 

mice), the CT→VM responses (median across n = 14 cells: -14.3 ± 8.6 pA; median for n = 7 415 

mice: -10.8 ± 6.7 pA) and the CT→RTN responses (median across n = 13 cells: -4.2 ± 3.7 pA; 416 

median for n = 7 mice: -6.4 ± 5.8 pA) were not significantly different (unpaired cell-based 417 

comparison: p = 0.15, rank-sum test; pairwise animal-based comparison: p = 0.13, sign test; 418 

CT→VM/CT→RTN ratio per animal: 2.5 ± 3.6, geometric mean ± geometric standard factor). 419 

The absolute amplitudes of these ALM CT→RTN connections were notably small compared to 420 

those we previously measured for M1 CT→RTN connections (Yamawaki and Shepherd, 2015), 421 

likely reflecting the drop-off in Cre expression at the frontal pole in Ntsr1-Cre mice (Fig. 7G, 422 

H).   423 

In contrast to ALM CT neurons, ALM PT axons provided little or no input to the RTN 424 

neurons (Fig. 7I-N). Specifically, for these experiments (n = 10 Rbp4-Cre mice), the PT→VM 425 

responses were approximately -35 pA (median across n = 17 cells: -30.7 ± 18.3 pA; median for n 426 

= 10 mice: -41.3 ± 26.1 pA) while the PT→RTN responses were approximately -5 pA (median 427 

across n = 17 cells: -3.7 ± 3.4 pA; median for n = 10 mice: -7.0 ± 5.6 pA), a statistically 428 

significant difference (unpaired cell-based comparison: p = 0.001, rank-sum test; pairwise 429 

animal-based comparison: p = 0.021, sign test; PT→VM/PT→RTN ratio per animal: 6.0 ± 5.2, 430 

geometric mean ± geometric standard factor). The Rbp4-Cre line had robust labeling of PT 431 

neurons in ALM (Fig. 7 O, P). These experiments show that the PT neuron→VM→ALM loop is 432 

dominated by excitation, with little feedforward inhibition in the thalamus. 433 
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 434 

DISCUSSION 435 

Application of optogenetic-electrophysiological tools for cell-type-specific analysis of 436 

excitatory connections between ALM and VM neurons yielded multiple salient details about 437 

circuit architecture in this system (Fig. 8). At the cortical end, TC→PT connections formed part 438 

of a recurrent excitatory loop, involving apical tuft dendrites of PT neurons and layer 2/3 439 

pyramidal neurons, but not CT neurons. At the thalamic end, PT→TC connections closed the 440 

TC↔PT loop between ALM and VM, with weaker engagement of TC neurons in MD. The 441 

ALM↔VM loop involved VM TC neurons in a medial part of VM, with minimal cross-talk 442 

between VM TC neurons in a more lateral, M1-associated part of VM. Collectively these 443 

observations provide the outline of a wiring diagram describing how cortical and thalamic 444 

neurons in ALM and VM interconnect to form an excitatory T-C-T loop (Fig. 8). 445 

The technical approach used here has many advantages but also limitations for cell-type-446 

specific circuit analysis. For example, the combination of ChR2-based wide-field 447 

photostimulation and whole-cell recording from tracer-labeled neurons affords high selectivity 448 

for stimulating presynaptic axons of interest, high efficiency and sensitivity for detecting 449 

connections, and high specificity for sampling postsynaptic neurons of interest, thereby enabling 450 

long-range input-output connections to be determined (Luo et al., 2008; Miesenbock, 2009; 451 

Schoenenberger et al., 2011; Yamawaki et al., 2016). However, activation of ChR2 directly at 452 

presynaptic terminals by wide-field illumination may alter synaptic release properties, potentially 453 

limiting its utility for characterizing dynamic aspects of synaptic transmission (Schoenenberger 454 

et al., 2011; Jackman et al., 2014). Laser-based focal stimulation of axons at a distance away 455 

from the recorded cell can overcome this limitation (Jackman et al., 2014) but was not attempted 456 
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in this study, which focused on connectivity rather than dynamics. Moreover, our focus on 457 

excitatory connections leaves unexplored the inhibitory circuit mechanisms in this T-C-T loop. 458 

In motor cortex, different types of inhibitory interneurons are integrated into local circuits with 459 

cell-type and layer specificity (Apicella et al., 2012), and are likely to be involved in shaping 460 

responses to thalamic input similar to their roles in VM projections to mPFC (Cruikshank et al., 461 

2012; Delevich et al., 2015; Collins et al., 2018). In motor thalamus, inhibitory inputs from both 462 

the RTN and the basal ganglia converge on VM (Jones, 2007; Kase et al., 2015). Our elucidation 463 

of excitatory connections provides a starting point for further analysis of the cellular components 464 

and biophysical properties of this T-C-T circuit. 465 

ALM-projecting VM neurons receive cortical input from ALM PT neurons, and indeed 466 

appear to be the main target of ALM PT inputs to thalamus, thereby closing the thalamic end of 467 

the potential loop. Taken together, these results demonstrate a set of cell-type-specific 468 

connections forming a T-C-T loop, in which thalamic branches of PT neurons in ALM mediate 469 

recurrent connections with thalamocortical neurons in VM. This recurrent circuit architecture 470 

may relate to the physiological functions of the ALM↔VM circuit, by supporting persistent 471 

activity associated with motor preparation (Li et al., 2016), representing a form of short-term 472 

memory.  473 

The axonal projections of PT neurons are diverse and complex, even among PT neurons 474 

within the same cortical area (Kita and Kita, 2012; Shepherd, 2014; Rojas-Piloni et al., 2017). 475 

Recent results indicate that VM-projecting PT neurons in ALM generate particularly early and 476 

sustained preparatory activity in a delayed-response task, contrasting with late-preparatory and 477 

motor-command activity observed in ALM PT neurons that project instead to medulla (Economo 478 
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et al., 2018). Further studies will be needed to determine whether these two and potentially 479 

additional subtypes of ALM PT neurons also have distinct T-C-T circuit connections.  480 

The architecture shown here for ALM has both shared and distinct features compared to 481 

T-C-T circuits of mouse M1. In both M1 and ALM, PT but not CT neurons receive direct, 482 

monosynaptic excitation from thalamus (Hooks et al., 2013; Yamawaki and Shepherd, 2015). 483 

However, the targeting of thalamic input to apical tuft dendrites is particularly strong for 484 

VM→PT connections in ALM (this study), but relatively moderate for VL→PT connections in 485 

forelimb-related M1 (Suter and Shepherd, 2015) and relatively weak for VL→PT connections in 486 

vibrissal M1(Hooks et al., 2013). These differences are partially explained by the anatomical 487 

differences of the TC projections: VM projections, characteristic of matrix-type TC projections, 488 

ramify densely in layer 1 (Herkenham, 1979; Arbuthnott et al., 1990; Kuramoto et al., 2013), 489 

whereas VL projections, which accord more with core-type TC projections, ramify in layers 4 490 

and 5B (Jones, 1998; Clasca et al., 2012; Yamawaki et al., 2014). Perhaps the most prominent 491 

difference between the T-C-T circuits of ALM-VM and M1-VL is that the former form a 492 

recurrent excitatory loop but the latter do not. Specifically, the finding that ALM PT neurons 493 

connect to ALM-projecting VM TC neurons (and vice versa) implies a bidirectional ALM↔VM 494 

circuit architecture, and contrasts with the markedly weak connections from both PT and CT 495 

neurons in M1 to M1-projecting TC neurons in VL (Yamawaki and Shepherd, 2015), which, 496 

together with robust VL→PT connections in M1 (Hooks et al., 2013; Suter and Shepherd, 2015; 497 

Yamawaki and Shepherd, 2015), implies a predominantly feedforward VL→M1 circuit 498 

architecture. These differences in functional anatomy between ALM and M1, situated at the 499 

rostral-most and caudal-most regions of the cortical motor system, presumably conform to, and 500 

likely mediate, the specialized behavioral functions associated with the two areas. In particular, 501 
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ALM supports preparatory activity associated with motor planning (discussed above), while an 502 

important aspect of M1 function is to integrate cerebellar input into ongoing corticospinal 503 

activity associated with motor execution.  504 

Recurrent connections, including direct PT↔TC coupling , have also recently been 505 

described linking both VM and MD with mPFC (Collins et al., 2018), another frontal area where 506 

reverberant activity is implicated in short-term mnemonic functions. In general, numerous 507 

findings underscore the many anatomical and functional commonalities across these higher-order 508 

T-C-T circuits (Jones, 2007; Cruikshank et al., 2012; Bosch-Bouju et al., 2013; Delevich et al., 509 

2015; Alcaraz et al., 2016; Acsady, 2017; Alcaraz et al., 2018; Collins et al., 2018). 510 

Computational models have emphasized the importance of recurrent excitation to 511 

maintain persistent activity underlying short-term memory and motor planning in frontal circuits 512 

(Wang, 1999, 2001). It is usually assumed that this recurrent excitation is caused by recurrence 513 

in cortical circuits (Goldman-Rakic, 1995). However, cortical circuits are dominated by rapid 514 

and strong feedforward and feedback inhibition, which creates challenges for maintenance of 515 

persistent activity. For these reasons biophysical models of persistent activity overcome these 516 

challenges by invoking long-duration excitatory currents. Closed T-C-T circuits producing re-517 

entrant feedback excitation may be a key specialization whereby frontal cortical circuits maintain 518 

memory-related persistent activity over seconds. In particular, PT neurons evoke little inhibition 519 

in the thalamus and the thalamic feedback to ALM is ‘excitation only’, overcoming the above-520 

mentioned obstacles to maintenance of persistent activity. This circuit may incorporate additional 521 

mechanisms, such as locally recurrent intracortical excitation, NMDA receptors, and synaptic 522 

facilitation to promote positive feedback (Wang, 1999; Wang et al., 2006; Mongillo et al., 2008; 523 

Kawaguchi, 2017). The localization of VM→PT synapses to apical tuft dendrites suggests that 524 
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excitation might evoke slow dendritic spikes (Xu et al., 2012; Major et al., 2013) and involve 525 

regulation via H-current neuromodulation (Labarrera et al., 2018), which has previously been 526 

shown to regulate signaling in motor cortex circuits in a highly PT-specific manner (Sheets et al., 527 

2011). Indeed, pharmacological blockade of HCN channels caused a marked increase in the 528 

amplitude of EPSPs generated by activating VM inputs to PT neurons’ apical tuft dendrites in 529 

layer 1, indicating a candidate neuromodulatory mechanism likely to be involved in regulating 530 

activity in this T-C-T loop as well. By identifying key connections in this circuit, our results can 531 

facilitate targeted investigation of the mechanisms regulating in vivo activity in this system. 532 

Additionally, because aberrant activity in motor-related T-C-T loops – thalamocortical 533 

dysrhythmia – has been implicated in movement disorders (Llinas et al., 2005), our results can 534 

guide studies of pathophysiological mechanisms in disease models.  535 

The finding that ALM PT input is specific to ALM- rather than M1-projecting VM 536 

neurons was unexpected, since the wide spread of VM axons across motor cortex observed in 537 

single-axon reconstructions suggests high divergence and convergence of VM→cortex pathways 538 

(Kuramoto et al., 2013). Although species differences (rat versus mouse) may contribute, 539 

technical differences may be a greater factor. In particular, our measurements were of 540 

electrophysiological connections, not anatomical projections, and involved sampling from a 541 

potentially large population of presynaptic terminals, not single axons. It is also important to 542 

consider that the ALM and M1 are located relatively far apart in the frontal cortex, at its rostral-543 

most and caudal-most extents, respectively. The extent to which VM projections to motor areas 544 

located between ALM and M1 are anatomically and functionally segregated remains to be 545 

determined. Nevertheless, our findings indicate that the thalamic part of the recurrent loop 546 

involving ALM is restricted to an ALM-associated medial subdivision of VM, distinct from an 547 
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M1-associated lateral subdivision of VM. Thus, the connectivity patterns reported here appear 548 

broadly consistent with the concept of parallel pathway organization proposed for premotor 549 

pathways based on studies in non-human primates (Strick, 1986; Middleton and Strick, 2000).  550 

 551 
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Figure Legends 715 

 716 

Fig. 1 – Excitatory input from VM TC axons to back-projecting ALM neurons is much 717 

stronger to layer 5B PT neurons than to layer 6 CT neurons. 718 

(A) Fluorescence image (right) showing ALM-projecting TC neurons in VM following injection 719 

of retrograde tracer into ALM (left).  720 

(B) Left: Strategy for retrogradely labeling ALM PT and CT neurons from the pons and 721 

thalamus, and anterogradely labeling thalamocortical projections from VM. Right: Fluorescence 722 

image (right) showing projections of TC axons from VM following injection of AAV-ChR2-723 

Venus into VM in a wild-type animal. White box: anterior cortex, including ALM. 724 

(C) Cortical labeling pattern in ALM slices following the injections depicted in panel B, with 725 

VM axons (left, green) at particularly high density in layer 1 (arrow), demarcation of layer 5B by 726 

retrograde labeling of pons-projecting PT neurons (right, red), and labeling (cyan) of both VM-727 

projecting PT neurons (in layer 5B) and CT neurons (in layer 6).  728 

(D) Monosynaptic EPSCs recorded in VM-projecting PT (blue) and CT (green) neurons in ALM, 729 

evoked by a brief photostimulus (blue bars above traces) to activate ChR2-expressing VM axons, 730 

in the presence of TTX and 4AP (see Methods). Traces represent group-averaged responses (± 731 

s.e.m., gray lines). 732 

(E) Cell-based group comparison. Input to PT and CT neurons (circles). Error bars represent the 733 

median input across cells (± median average deviation). Results for WT and Calb1-Cre mice 734 

were similar and therefore pooled for analysis. The p-value for the rank-sum test comparing the 735 

two groups is shown, along with the numbers of cells per group.  736 
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(F) Animal-based group comparison. Pairwise comparison of input to the same groups of PT and 737 

CT neurons, averaged by animal (each datum represents one animal). The p-value for the sign 738 

test comparing the two groups is shown, along with the number of animals. 739 

(G) Animal-based ratios. The ratio of input to PT divided by input to CT is shown for each 740 

animal (circles), along with the geometric mean and the geometric standard factor (bars). 741 

(H) Schematic depiction of the cellular connectivity pattern. 742 

 743 

Fig. 2 – VM axons also strongly excite layer 2/3 neurons in ALM. 744 

(A) Similar to Fig. 1D, but comparing VM input to ALM-projecting PT versus layer 2/3 neurons 745 

(red). Results for WT (circles) and Calb1-Cre mice (diamonds) were similar and pooled for 746 

analysis  747 

(B) Cell-based group comparison. 748 

(C) Animal-based group comparison. 749 

(D) Animal-based ratios.  750 

(E) Schematic depiction of the cellular connectivity pattern. 751 

   752 

Fig. 3 – Localization of VM excitatory synapses to apical tuft dendrites of PT neurons. 753 

(A) Recording arrangement for sCRACM mapping of the locations of presynaptic VM terminals 754 

across the dendritic arbors of VM-projecting PT neurons. The top edge of the stimulus grid was 755 

aligned to the pia, and a laser beam controlled by mirror galvanometers was used to sequentially 756 

stimulate each location in a stimulus grid consisting of 260 or more sites.  757 

(B) Example map showing strong monosynaptic excitatory input to layer 1 dendrites of a VM-758 

projecting ALM PT neuron.  759 
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(C) Average map for n = 12 VM-projecting PT neurons. Several rows at the bottom are not 760 

shown as there was no input. Plot to the right shows the average (± s.e.m., gray lines) across 761 

maps of the summed input per map row. Note strong input to layer 1 dendrites (arrow). 762 

(D) Left: Voltage responses to focal photostimulation of VM inputs to apical and basal dendrites 763 

of VM-projecting PT neurons, before (gray) and after (magenta) bath-application of ZD7288 (10 764 

μM) to block H-current. Right: Comparison of response amplitudes (calculated as the average 765 

voltage from 0 to 250 ms post-stimulus) before and after ZD7288, evoked by activation of VM 766 

inputs to apical (cyan) and basal (blue) dendrites of VM-projecting PT neurons. The p-values are 767 

for the sign test comparing response amplitudes before and after ZD application for each group, 768 

along with the number of neurons. 769 

(E) Schematic depiction of the subcellular connectivity pattern. 770 

 771 

Fig. 4 – ALM PT axons excite ALM-projecting VM TC neurons, but not M1-projecting 772 

VM TC neurons. 773 

(A) Left: Schematic summary of injection strategy. Right: Average responses (± s.e.m., gray 774 

lines) recorded in ALM-projecting and M1-projecting VM neurons.  775 

(B) Cell-based group comparison. 776 

(C) Animal-based group comparison. 777 

(D) Animal-based ratios.  778 

(E) Schematic depiction of the cellular connectivity pattern. VMʹ represents M1-projecting VM 779 

neurons. 780 

(F) Bright-field view of thalamic slice, showing VM located dorsolateral to the 781 

mammillothalamic tract (mtt). 782 
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(G) Merged fluorescent image showing thalamic distributions of ALM-projecting (cyan) and 783 

M1-projecting (red) neurons in medial and lateral, respectively, parts of VM. 784 

(H) Fluorescence image of ALM PT axons (green) following injection of AAV-FLEX-ChR2-785 

tdTomato into ALM of an Rbp4 animal; ic, internal capsule. 786 

(I) Merged image of all three channels. 787 

 788 

Fig. 5 – M1 PT axons excite M1-projecting VM TC neurons, but not ALM-projecting VM 789 

TC neurons 790 

(A) Left: Schematic summary of injection strategy. Right: Average responses (± s.e.m., gray 791 

lines) recorded in ALM-projecting and M1-projecting VM neurons.  792 

(B) Cell-based group comparison. 793 

(C) Animal-based group comparison. 794 

(D) Animal-based ratios.  795 

(E) Schematic depiction of the cellular connectivity pattern. 796 

(F) Bright-field view of thalamic slice, showing VM located dorsolateral to the 797 

mammillothalamic tract (mtt). 798 

(G) Merged fluorescent image showing thalamic distributions of ALM-projecting (cyan) and 799 

M1-projecting (red) neurons in medial and lateral, respectively, parts of VM.  800 

(H) Fluorescence image of ALM PT axons (green) following injection of AAV-FLEX-ChR2-801 

tdTomato into M1 of an Rbp4 animal;; ic, internal capsule. 802 

(I) Merged image of all three channels. 803 

 804 

Fig. 6 – Excitatory input from ALM PT axons is stronger to VM than to MD 805 
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(A) Left: Schematic summary of injection strategy.  806 

(B) Merged bright-field and fluorescence image showing site of ALM injection with AAV-807 

FLEX-ChR2-tdTomato (displayed as green) and tracer (red). 808 

(C) Merged image showing thalamic labeling. 809 

(D) Higher-magnification views of thalamus, showing labeling of ALM PT axons (left, green) 810 

and ALM-projecting TC neurons (middle, red) separately, and in a merged image (right). MD: 811 

mediodorsal nucleus. 812 

(E) Average responses (± s.e.m., gray lines) recorded in ALM-projecting VM neurons and MD 813 

neurons.  814 

(F) Cell-based group comparison. 815 

(G) Animal-based group comparison. 816 

(H) Animal-based ratios.  817 

(I) Schematic depiction of the cellular connectivity pattern. 818 

 819 

Fig. 7 – ALM CT axons excite both RTN and back-projecting VM neurons, while ALM PT 820 

axons excite primarily the latter  821 

(A) Schematic of injection strategy. 822 

(B) Average responses (± s.e.m., gray lines) recorded in RTN and ALM-projecting VM neurons. 823 

(C) Cell-based group comparison of ALM CT input to VM-projecting VM neurons versus RTN 824 

neurons. 825 

(D) Animal-based group comparison.  826 

(E) Animal-based ratios. 827 

(F) Schematic depiction of the cellular connectivity patterns. 828 
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(G) Schematic of injection strategy in Ntsr1-Cre line crossed with Ai14 reporter line. 829 

(H) From left to right: bright-field image, Cre+ CT neurons labeled by tdTomato, retrogradely 830 

labeled PT and CT neurons that project to VM, retrogradely labeled PT neurons that project to 831 

pons, combined image of Cre+ CT neurons labeled by tdTomato with retrogradely labeled PT 832 

and CT neurons that project to VM, and combined image of Cre+ CT neurons labeled by 833 

tdTomato with retrogradely labeled PT and CT neurons that project to VM with retrogradely 834 

labeled PT neurons that project to pons. 835 

(I) Schematic of injection strategy. 836 

(J) Average responses (± s.e.m., gray lines) recorded in RTN and ALM-projecting VM neurons. 837 

(K) Cell-based group comparison of ALM PT input to VM-projecting VM neurons versus RTN 838 

neurons. 839 

(L) Animal-based group comparison.  840 

(M) Animal-based ratios. 841 

(N) Schematic depiction of the cellular connectivity patterns. 842 

(O) Schematic of injection strategy in Rbp4-Cre animal. 843 

(P) From right to left: bright-field image, Cre+ PT neurons labeled by AAVretro-FLEX-844 

tdTomato, retrogradely labeled PT and CT neurons that project to VM, retrogradely labeled PT 845 

neurons that project to pons, combined image of Cre+ PT neurons labeled by AAVretro-FLEX-846 

tdTomato with retrogradely labeled PT and CT neurons that project to VM, and combined image 847 

of Cre+ PT neurons labeled by AAVretro-FLEX-tdTomato with retrogradely labeled PT and CT 848 

neurons that project to VM with retrogradely labeled PT neurons that project to pons. 849 

 850 

Fig. 8 – Schematic summary. 851 
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Key connections (arrows) as well as notably weak or absent connections (marked by “ ”) 852 

identified in T-C-T loops of ALM and VM are depicted as a wiring diagram. 853 


















