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Extended Data Figure 9. Visual TRN and somatosensory TRN have similar center and edge 
subcircuits. 
a, Representative images showing dLGN and LP injection sites and anterograde projections to 
TRN. dLGN projects to the central zone whereas LP projects to the edges of the visual sector of 
TRN. This experiment was replicated in 5 mice with dLGN viral injections, and in 13 mice with LP 
viral injections.  
b, Two representative examples (left and middle panels) of synaptic responses from cells across 
the medial-lateral axis of visual TRN evoked by photostimulation of dLGN. Cells in the center of 
visual TRN received strong input from dLGN, whereas inputs to cells located near the edges of 
TRN were very weak or undetectable (average of 10 sweeps, -84 mV). Right, relationship 
between soma location in TRN and synaptic response amplitude (n=19 cells, 6 slice preparations, 
each preparation represented by a different symbol shape; means for the 3 zones are represented 
by filled symbols and connected by lines), showing that cells in the center of visual TRN respond 
strongly to dLGN input and those in the medial and lateral edges have minimal dLGN inputs (as 
in Fig. 2, and Extended Data Fig. 4).   
c, Same as (b) except characterizing synaptic inputs to TRN from LP. Cells along the medial edge 
(and in some cases along the lateral edge) of visual TRN received strong input from LP. In 
contrast, cells located in the center of visual TRN generally had weak or no responses to LP input 
(average of 10 sweeps, -84 mV; n=49 cells,12 preps). 
d, Dynamic properties of visual thalamoreticular responses. To study short-term synaptic 
depression, photostimulation intensities were chosen to evoke ~2.5 nA peak responses (average 
LED powers: 20.8 mW for LP, 6.6 mW for dLGN). EPSC areas were measured over the first 10 
ms of each response. Short-term depression was more pronounced for the central cells than the 
edge cells (p < 0.0001, ANOVA, stim. 2-10).  Depression in the two edge cell groups did not differ 
(two-tailed Bonferroni’s t-test, all p>0.99). Depression of dLGN-evoked responses in central cells 
was stronger than depression of LP-evoked responses in medial or lateral cells (two-tailed 
Bonferroni’s t-test; central vs. medial, central vs. lateral, both p<0.0001; central group: 7 cells, 5 
mice; medial group: 17 cells, 11 mice; lateral group: 7 cells, 7 mice). Analogous to subcircuits of 
the somatosensory TRN, dLGN-evoked EPSCs of central cells in the visual TRN were less 
prolonged than LP-evoked EPSCs of edge cells (not shown). For example, the ratio of the EPSC 
areas to the peak EPSC amplitudes (as in Fig. 3b) varied as a function of cell group (ANOVA, 
p<0.009; central cells ratio = 2.74 ± 0.24; medial cells ratio = 5.27 ± 0.49; lateral cells ratio = 5.14 
± 0.60, same cells as for short-term depression analysis, above). The two edge groups did not 
differ (two-tailed Bonferroni’s t-test, p=0.99). Central cell ratios were significantly lower than 
medial and lateral cell ratios (two-tailed Bonferroni’s t-test, p<0.009, <0.05, respectively).  
e, Input resistances of medial edge (n=16 cells, 14 mice), central (n=14 cells, 13 mice), and lateral 
edge cells (n=15 cells, 13 mice) varied as a function of cell group (p<0.03, ANOVA). The two edge 
groups were not different from one another (two-tailed Bonferoni’s t-test, p=0.99). Central cell 
input resistance was significantly different from medial, although not from lateral (two-tailed 
Bonferroni’s t-tests, p<0.04 and p=0.074, respectively).  
f, Central cells of visual TRN had more robust intrinsic bursting than those along the edges. Left, 
representative stimulus-offset bursts. Right, average number of spikes during bursts was 5.8 ± 
0.76 for central cells (n=19 cells, 15 mice), 0.8 ± 0.30 for medial cells (n=19 cells, 14 mice), and 
1.1 ± 0.50 for lateral cells (n=14 cells, 12 mice) (p<0.0001, ANOVA). The two edge groups were 
not different from one another (two-tailed Bonferoni’s t-test, p=0.99), but the edge cells discharged 
far fewer spikes per burst than the central cells (two-tailed Bonferoni’s t-test, p<0.0001 for both 
medial vs. central cells and lateral vs. central cells). For the experiments represented in this figure, 
the boundaries of the TRN were determined using either tdTomato expression driven by SOM-
Cre or PV-Cre, IHC for PV, or brightfield images.  Data expressed as mean ± SEM.   

.CC-BY-NC-ND 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted April 23, 2020. . https://doi.org/10.1101/2020.04.16.044487doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.16.044487
http://creativecommons.org/licenses/by-nc-nd/4.0/


To cortex

VP

POM

TRN

VP CB
Central

POM SOM
Edge

a b

Thalamocortical cell Calbindin (CB) central cell Somatostatin (SOM) edge cell

Extended Data Figure 10

.CC-BY-NC-ND 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted April 23, 2020. . https://doi.org/10.1101/2020.04.16.044487doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.16.044487
http://creativecommons.org/licenses/by-nc-nd/4.0/


Extended Data Figure 10. Organizational and operational scheme for somatosensory 
circuits of the TRN.   
a, Schematic illustrating the organization of the somatosensory sector of TRN.  Excitatory inputs 
from the primary VP thalamic nucleus innervate the CB-dense central zone of TRN (green cells), 
whereas higher-order POM inputs innervate the SOM-dense edges (red cells). The inhibitory 
projections of TRN cells to VP and POM appear to reciprocate the patterns of their inputs (colored 
axons in the schematic). The spatial organization of the neurochemically distinct TRN cell types, 
and the stark segregation of their primary and higher order connections, suggest a core-shell 
organization for somatosensory circuits of the TRN.  
b, Distinct responses of central and edge TRN cells to their thalamic inputs. The spiking 
responses of central and edge cells are determined by the dynamic synaptic properties of their 
respective thalamic inputs combined with the intrinsic physiological properties of the TRN cells 
themselves. The spiking of central cells evoked by VP input is phasic, with strong initial bursts 
that deeply depress with repetitive stimulation; this is consistent with a core circuit that processes 
transient sensory signals. In contrast, the spiking responses of edge cells to POM input are more 
sustained, with initially weaker but more persistent activation; this shell-like circuit is suited to 
processing temporally distributed higher-order signals. TRN: thalamic reticular nucleus; POM: 
posterior medial nucleus; VP: ventral posterior nucleus 
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Intrinsic physiological properties of central and edge TRN neurons 

Somatosensory TRN 

Burst Mode (-84 mV pre-stimulus Vm) Tonic Mode (-74 mV pre-stimulus Vm) 

Central Cells Edge Cells P values Central Cells Edge Cells P values 

Resting potential -83 ± 0.3 -85 ± 0.4 <0.0001 n/a n/a n/a 
(mV) (157) (101)

    

Input resistance 157 ± 7.1 316 ± 40.5 <0.0001 278 ± 24.3 495 ± 59.5 <0.001 
(MΩ) (42) (31)

 
(33) (32)

 

Membrane time constant 10.4 ± 0.34 13.3 ± 0.76 <0.0005 17.5 ± 1.16 20.5 ± 1.22 0.08 
(ms) (42) (31)

 
(33) (32)

 

Input capacitance 70 ± 2.8 51 ± 3.2 <0.0001 67 ± 2.6 49 ± 2.8 <0.0001 
(pF) (42) (31)

 
(33) (32)

 

Rheobase 
(pA) 

61 ± 4.5 39 ± 4.1 <0.0005 24 ± 3.3 16 ± 2.4 <0.05 
(25) (28)

 
(26) (28)

 

AP threshold 
(mV) 

-58 ± 0.7 -56 ± 0.8 <0.05 -56 ± 0.7 -55 ± 0.7 0.4 
(25) (28)

 
(26) (28)

 

AP amplitude 
(mV) 

69 ± 1.6 72 ± 1.7 0.2 68 ± 1.5 69 ± 1.8 0.4 
(22) (23)

 
(24) (28)

 

AP maximum rate of rise 
 (mV/ms) 

488 ± 17.8 481 ± 18.6 0.8 459 ± 16.4 434 ± 17.1 0.3 
(22) (23)

 
(24) (28)

 

AP maximum rate of fall -400 ± 17.4 -336 ± 15.4 <0.01 -384 ± 14.1 -307 ± 15.8 <0.0005  
 (mV/ms) (22) (23) (24) (28)

AP half-width 
(ms) 

0.22 ± 0.005 0.27 ± 0.010 <0.0005 0.23 ± 0.005 0.29 ± 0.013 <0.0001 
(22) (23)

 
(24) (28)

 

Fast afterhyperpolarization 
(fast AHP) (mV) 

-14.5 ± 0.71 -16.1± 0.82 0.2 -17.7 ± 0.78 -19.5 ± 0.72 0.09 
(22) (22)

 
(23) (23)

 

Afterdepolarization (ADP) 
(mV) 

na na na -10.8 ± 0.64 -13.9 ± 0.80 <0.005    
(22) (21)

 

Slow afterhyperpolarization 
(slow AHP) (mV) 

-18.2 ± 0.64 -20.1 ± 0.82 0.08 -12.9 ± 0.67 -17.4 ± 0.72 <0.0001
(22) (22)

 
(20) (21)

 

Offset burst # APs 9.6 ± 0.85 2.3 ± 0.51 <0.0001 na na na 
(34) (38)

    

Offset burst peak frequency 
(Hz) 

364 ± 23.8 108 ± 23.2 <0.0001 na na na 
(34) (38)

    

Offset burst mean frequency 
(Hz) 

243 ± 15.4 87 ± 18.6 <0.0001 na na na 
(34) (38)

    

Spike frequency adaptation 
(Last/First) 

0.13 ± 0.01 0.23 ± 0.02 <0.0001 0.32 ± 0.02 0.47 ± 0.02 <0.0001 
(31) (42)

 
(29) (40)
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Intrinsic physiological properties of central and edge TRN neurons 

Visual TRN 

 Burst Mode (-84 mV pre-stimulus Vm) Tonic Mode (-74 mV pre-stimulus Vm) 
 Central Cells Edge Cells P value Central Cells Edge Cells P value 

       
Resting potential -84 ± 0.3 -85 ± 0.4 0.47 na na na 

(mV) (21) (42)     
              

Input resistance 173 ± 23.3 296 ± 26.8 <0.01 na na na 
(MΩ) (14) (31) 

 
  

 

              
Membrane time constant 10.9 ± 0.75 12.4 ± 0.53 0.12 na na na 

(ms) (14) (31) 
 

  
 

              
Input capacitance 70 ± 4.3 51 ± 5.7 <0.05 na na na 

(pF) (14) (31) 
    

              
Offset burst # APs 5.8 ± 0.76 0.9 ± 0.27 <0.0001 na na na 

 (19) (33)     
              

Offset burst peak frequency  207 ± 23.1 32 ± 11.3 <0.0001 na na na 
(Hz) (19) (33)     

              
Offset burst mean frequency  107 ± 8.0 25 ± 13.7 <0.0001 na na na 

(Hz) (19) (33)     
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Supplementary Information 1. Intrinsic physiological properties of central and edge TRN 
cells. 
Passive membrane properties, action potential (AP) kinetics, and repetitive firing properties are 
shown for central and edge neurons of somatosensory TRN (page 1) and visual TRN (page 2). 
Properties were measured in current-clamp mode, with steady-state Vm set to either -84 mV 
(“burst mode”, left) or -74 mV (“tonic mode”, right). “Offset bursts” are intrinsic bursts triggered by 
the offset of hyperpolarizing current pulses, as illustrated in Fig. 3d and Extended Data Fig. 9f. 
The numbers of cells are shown in parenthesis. T-tests were unpaired and two-tailed. Data are 
expressed as mean ± SEM.  
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Methods 

Animals: All procedures were approved by, and complied with all ethical regulations of, the Brown 

University Institutional Animal Care and Use Committee. The following mouse lines were used: 

SOM-IRES-Cre (The Jackson Laboratory, 013044), PV-Cre (The Jackson Laboratory, 008069), 

Calb1-IRES-Cre-D (“CB-Cre”; The Jackson Laboratory, 028532), Vgut2-IRES-Cre (The Jackson 

Laboratory, 016963), GPR26-Cre (STOCK Tg(Gpr26-cre)KO250Gsat/Mmucd, MMRRC), Ai14 

(The Jackson Laboratory, 007908), ICR (Charles River, CD-1[ICR], Strain Code 022). To 

fluorescently target somatostatin (SOM) or parvalbumin (PV) cells in TRN, we bred the respective 

homozygous Cre mice (SOM-IRES-Cre, PV-Cre) with homozygous Cre-dependent tdTomato 

reporter mice (Ai14).  In some experiments we instead injected viruses carrying Cre-dependent 

GFP genes into Cre mice (specified in the descriptions of the individual experiments, below). Of 

the 124 mice used in this study, 91 had C57 genetic backgrounds, 10 had ICR genetic 

backgrounds, and 23 had mixed C57/ICR backgrounds. Mice were maintained on a 12:12-hr light-

dark cycle, group-housed, and provided food and water ad libitum. 

 

Immunohistochemistry: Mice from postnatal ages 22-26 days were deeply anesthetized with 

Beuthanasia-D and intracardially perfused with 0.1 M phosphate buffer (PB) followed by 4% 

paraformaldehyde (in PB).  Brains were post-fixed overnight at 4℃ in the same fixative and then 

transferred to a 30% sucrose/0.1 M PB solution until sectioning (4°C, 2-3 days). Forty µm-thick 

brain sections were cut on a freezing microtome at a somatosensory thalamocortical plane (35° 

tilt from coronal) 46 designed to contain the somatosensory thalamus, TRN, barrel cortex and 

many of their interconnections.  Next the sections were immunostained.  Briefly, they were 

washed 5 times in 0.1 M phosphate buffer containing 0.15 M NaCl, pH 7.4 (PBS) (5 min per 

wash), pre-incubated for 2 h at room temperature with a blocking solution (10% normal goat 

serum, 2% Triton X-100, 0.1% Tween 20 in 0.1 M PB), then incubated with primary antibodies for 

5 days at 4℃. After the primary incubation, sections were washed 8 times in PBS (5 min per 

wash), pre-incubated for 2 h in blocking solution, incubated with a secondary antibody solution 

for 3 days at 4°C, then washed 8 times in PBS and 3 times in PB (5 min per wash).  Sections 

were mounted and cover-slipped using Prolong Gold or Prolong Gold with DAPI (Molecular 

Probes P36930 or P36931). Primary antibodies were: mouse monoclonal anti-parvalbumin 

(1:1000, Swant clone 235, Lot 10-11F), rabbit polyclonal anti-Calbindin D-28k (1:1000 Swant 

clone CB-38a, Lot 9.03), mouse monoclonal anti-Calbindin D-28k (1:1000 Swant clone 300, Lot 

07(F)), mouse monoclonal anti-NeuN (1:1000, Millipore MAB377, Clone A60, Lot 2549411). 

.CC-BY-NC-ND 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted April 23, 2020. . https://doi.org/10.1101/2020.04.16.044487doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.16.044487
http://creativecommons.org/licenses/by-nc-nd/4.0/


Secondary antibodies were goat anti-mouse IgG (H+L) cross-adsorbed secondary antibody 

Pacific Blue (1:250, Molecular Probes P31582), goat anti-rabbit IgG (H+L) cross-adsorbed 

secondary antibody Alexa Fluor 647 (1:500, Molecular Probes A21244), goat anti-mouse IgG 

(H+L) cross-adsorbed secondary antibody Alexa Fluor 488 (1:250, Molecular Probes A11001), 

goat anti-rabbit IgG (H+L) highly cross-adsorbed secondary antibody Alexa Fluor 488 (1:250, 

Molecular Probes A11034).  To test the specificity of the antibodies, no-primary and no-secondary 

controls were conducted for each.  In addition, for the calbindin antibodies, we performed assays 

in which the antibodies were pre-adsorbed with calbindin protein (3.33 µg/1 µl of antibody, Swant 

recombinant rat Calbindin D-28) before tissue incubation.  There was no clear labeling under any 

of the control conditions, providing support for the effectiveness and specificity of the antibodies. 

Confocal image stacks were taken on a Zeiss LSM 800, 20X objective, 0.26 µm pixel diameter. 

For analysis of the immunohistochemical material, we selected sections spanning the 

somatosensory sector of TRN (approximately -1.7 mm to -1.1 mm from bregma), generally 

focusing on the anterior-posterior center of that range (i.e., -1.4 mm from bregma). The 

CellCounter ImageJ plugin was used to count cells positive for the tested markers. For accurate 

alignment across subjects and sections, small differences in TRN shapes were minimized by 

warping them to an average reference TRN image using the bUnwarpJ plugin in ImageJ.  At least 

12 landmark points were applied around the outer boundaries of each TRN (evenly spaced, 100 

µm between points) for alignment. The TRN boundaries were identified using either the SOM-Cre 

x tdTomato or PV-Cre x tdTomato channel.  Resulting corrections were applied to all channels.  

 

Fluorescence in situ hybridization (FISH): Mice (P21-P27) were deeply anesthetized with 

isofluorane and decapitated. The brains were removed while submerged in 4°C saline solution 

and fresh-frozen on liquid nitrogen. Frozen brains were sectioned (18 µm thick) at the 

somatosensory thalamocortical plane (described above) using a cryostat (Leica), adhered to 

SuperFrost Plus slides (VWR, 48311-703), and refrozen (-80°C) until used. Samples were fixed 

(4% PFA), processed as instructed in the ACD RNAScope Multiplex Fluorescent v2 Assay, and 

then immediately incubated with DAPI and cover-slipped with ProLong Gold (Molecular Probes 

P36930).  Probes for PV (Mm-Pvalb-C3, Cat# 421931-C3), SOM (Mm-Sst, Cat# 404631), CB 

(Mm-Calb1-C2 Cat# 428431-C2), and tdTomato (tdTomato-C3 cat# 317041-C3) were purchased 

from Advanced Cell Diagnostics. Probes were visualized using the TSA® Plus Fluorescein 

(1:1000, Perkin Elmer NEL741E001KT), TSA® Plus Cyanine 3 (1:1000, Perkin Elmer 

NEL744E001KT), and TSA® Plus Cyanine 5 (1:1000, Perkin Elmer NEL745E001KT) evaluation 
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kits. Confocal image stacks were taken on a Zeiss LSM 800, 20X objective, 0.26 µm pixel 

diameter. 

One section was selected from each of 6 mice for the FISH analysis. These sections were 

centered on the somatosensory sector of the TRN (approximately 1.4 mm posterior to bregma).  

Four of the 6 mice were C57 wild-types. The remaining 2 mice were PV-Cre x Ai14 mice that 

expressed tdTomato in PV-Cre cells (the tdTomato-C3 probe, cat# 317041-C3, was used as a 

proxy for PV for these 2 mice).  Images were quantified using ImageJ. Regions of interest (ROIs) 

were manually drawn for each cell based on the fluorescence signal of all three channels (SOM, 

CB, and either PV or tdTomato). For quantification, the mean fluorescence intensity for a cell’s 

ROI was expressed as a percentage of the intensity range across the TRN of the section: 100 x 

[(mean intensity for the cell’s ROI) / (Maximum Pixel Intensity in the TRN - Minimum Pixel Intensity 

in the TRN)]. Cells were considered positive for an RNA marker if this normalized expression for 

the marker was greater than 7.5%, which best matched qualitative visual assessment of 

expression thresholds. 

Probes for PV (Mm-Pvalb-C4, Cat# 421931-C4), Cre (CRE-C3, Cat# 312281-C3), and SOM (Mm-

Sst, Cat# 404631) were used to assess correspondence between Cre and SOM mRNA 

expression in the SOM-Cre mouse line (4 SOM-Cre x ICR Mice).  

 

Cell Count Analysis: For both immunohistochemical and FISH analysis, cells were counted in a 

region centered on somatosensory TRN extending 300 µm along the dorsal-ventral axis of the 

nucleus (dorsal-ventral boundaries indicated by the brackets in Fig. 1a-b, or the boxes in 

Extended Data Figs. 1b, 2a). This region consistently received axonal projections from S1 cortex 

(data not shown) and somatosensory thalamus (VP and POM; Fig. 2, Extended Data Fig. 4). 

Central/edge boundaries drawn at 20% and 80% of the medial-lateral distance across TRN. 

 

Stereotactic Injection Procedure: Mice were anaesthetized with a Ketaset-Dexdormitor mixture 

diluted in sterile saline (Ketaset, 70 mg/kg; Dexdormitor, 0.25 mg/kg; intraperitoneally). Once 

deeply anesthetized, mice were placed into a stereotactic frame, and a craniotomy was made 

over VP, POM, dLGN, LP, or TRN. Virus solution was then pressure-ejected into the brain via a 

glass micropipette attached to a Picospritzer pressure system at a maximum rate of ~0.05 

µl/min (10-30 min total injection times). Following injection, the pipette was left in place for ~10 

min before being slowly withdrawn from the brain. After surgery, mice were given Antisedan (2.5 
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mg/kg) to reverse the effects of Dexdormitor, and they were allowed to recover on a heating pad 

for ~1 h before being returned to their home cage.  Experiments were usually performed ~ 10 

days after the virus injections to allow for sufficient EGFP or opsin expression (mean: 10.4 ± 

0.3, range: 8-19 days). 

Adeno-associated viruses (AAVs) and lentiviruses were acquired from the University of North 

Carolina, Addgene or the University of Pennsylvania Vector Cores and used at the following 

titers: (1) rAAV2/hSyn-ChR2(H134R)-eYFP-WPREpA (titer = ~3.93 x 1012 [vg]/ml), (2) pLenti-

Synapsin-hChR2(H134R)-EYFP-WPRE (titer = ~2.53 x 1010 [vg]/ml), (3) 

AAV2.Syn.DIO.hChR2(H134R)-EYFP.WP.hGH (titer = ~2.32 x 1013 [vg]/ml), (4) rAAV2/hSyn-

ChR2(H134R)-mCherry-WPREpA (titer = ~2.2 x 1012 [vg]/ml), (5) 

AAV9.Syn.DIO.EGFP.WPRE.hGH (titer = ~6.25 x 1012 [vg]/ml), (6) rAAV2/Syn-Flex-ChrimsonR-

TdT (titer = ~3.8 x 1012 [vg]/ml).  

For experiments testing projections from specific thalamocortical nuclei to TRN (or from subtypes 

of TRN cells to thalamocortical nuclei) relatively small volumes (0.16 – 0.33 µl) of either AAV2 or 

lentivirus (described above) were stereotactically injected into individual presynaptic nuclei using 

the following mouse strains and coordinates.  To test VP projections to TRN (Figs. 2-3, Extended 

Data Figs. 4-6), virus was injected into SOM-Cre x Ai14 (n=15), ICR (n=4), Vglut2-Cre x ICR 

(n=5), or PV-Cre x Ai14 (n=1) mice between postnatal days 12 and 16 (P12-16; mean = P13.1 ± 

0.2 d). Average coordinates from bregma for VP were 1.99 mm lateral, -0.74 mm posterior, 3.08 

mm depth. For POM projections to TRN (Figs. 2-3, Extended Data Fig. 4-6), virus was injected 

into SOM-Cre x Ai14 (n=8), ICR (n=6), PV-Cre x Ai14 (n=2), or GPR26-Cre x ICR (n=2) mice 

between P11-P14 (mean = P12.0 ± 0.3). Coordinates for POM were 1.36 mm lateral, -1.17 mm 

posterior, 2.86 depth. For dLGN projections to TRN (Extended Data Fig. 9), virus was injected 

into SOM-Cre x Ai14 (n=2), PV-Cre x Ai14 (n=2) or GPR26-Cre x ICR (n=1) mice between P14-

19 (mean = P16.0 ± 0.8). Coordinates for dLGN were 2.38 mm lateral, -1.45 mm posterior, 2.35 

depth). For LP projections to TRN (Extended Data Fig. 9), virus was injected into SOM-Cre x Ai14 

(n=6), PV-Cre x Ai14 (n=6) or CB-Cre x Ai14 (n=1) mice between P14-17 (mean = P15 ± 0.3). 

Coordinates for LP were 1.63 mm lateral, -1.36 mm posterior, 2.3 mm depth. For tests of the 

inhibitory outputs of TRN cell subtypes to VP and POM neurons (Extended Data Fig. 8), virus was 

injected into SOM-Cre x ICR (n=5), CB-Cre x Ai14 (n=1) or CB-Cre x ICR (n=2) mice between 

P12-15 (mean = 13.7 ± 0.3). Coordinates for these TRN injections were 2.2 mm lateral; -0.53 mm 

posterior, 3.0 mm depth.   
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For assessments of the positions of TRN cell subtypes (Fig. 1e, Extended Data Fig. 1, 3), 

relatively large volumes (1.3-2 µl) of AAV9 (described above) were injected across the entire 

dorsal-ventral extent of the TRN in SOM-Cre x Ai14 (n=10), SOM-Cre x ICR (n=2) or PV-Cre x 

Ai14 (n=4), or ICR (n=2) mice between P14 and P25 (mean 16.3 ± 0.9). Average coordinates for 

these TRN injections were 2.2 mm lateral; -0.53 mm posterior, with continuous outflow of virus 

solution from 2.2 to 4.4 mm depth. 

 

Slice Preparation: Brain slices were prepared from P22-34 mice of either sex as previously 

described40. Mice were deeply anesthetized with isofluorane and decapitated.  The brains were 

removed while submerged in cold (4°C) oxygenated slicing solution containing (in mM): 3.0 KCl, 

1.25 NaH2PO4, 10.0 MgSO4, 0.5 CaCl2, 26.0 NaHCO3, 10.0 glucose, and 234.0 sucrose. Brains 

were then mounted, using a cyanoacrylate adhesive, onto the stage of a vibrating tissue slicer 

(Leica VT1000 or VT1200S) and somatosensory thalamocortical brain slices (300 μm thick, 35° 

tilt from coronal46) containing VP, POM, TRN, S1, and portions of dLGN and LP were obtained.  

Slices were incubated for ~1 min in the cold sucrose-based slicing solution, then transferred for 

20 min to a holding chamber containing warm (32°C) oxygenated (5% CO2, 95% O2) artificial 

cerebrospinal fluid (ACSF) solution.  Finally, the slices were allowed to equilibrate in ACSF for 60 

min at room temperature before imaging or recording.  The ACSF solution contained (in mM): 

126.0 NaCl, 3.0 KCl, 1.25 NaH2PO4, 1.0 MgSO4, 1.2 CaCl2, 26.0 NaHCO3, and 10.0 glucose. 

 

Live Imaging: 300 µm live sections centered on the somatosensory sector of TRN (-1.4 mm from 

bregma) were imaged using Nikon or Zeiss upright microscopes with 2.5-5X objectives and Andor 

Zyla sCMOS cameras. Both epifluorescent and transmitted light (brightfield) images were 

obtained to characterize the topographical positions of the TRN cell types and their connections 

with thalamic relay nuclei.  

To generate the group maps showing the average VP and POM projections to TRN (Fig. 2b), the 

TRN of each live slice was first outlined using either tdTomato expression driven by SOM-Cre 

(n=6 for POM, n=4 for VP) or bright field images (n=3 for POM, n=4 for VPM). Those outlines 

were then used to warp the slice images to a common reference TRN (with the bUnwarpJ plugin 

in ImageJ - described for the immunohistochemical analysis above), allowing precise alignment 

across mice for averaging. The central/edge boundaries were drawn at 20% and 80% of the 

medial-lateral distance across the TRN. 
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Whole-Cell Recording Procedure: Brain slices (300 µm) were placed in a submersion-type 

recording chamber maintained at 32 ± 1℃ and continuously superfused with oxygenated ACSF 

(above). Neurons were visualized for recording using DIC-IR optics with 40X water immersion 

objectives. Patch pipettes had tip resistances of 3-6 MΩ when filled with a potassium-based 

internal recording solution containing (in mM): 130.0 K-gluconate, 4.0 KCl, 2.0 NaCl, 10 HEPES, 

0.2 EGTA, 4.0 ATP-Mg, and 0.3 GTP-Tris, 14.0 phosphocreatine-K (pH 7.25, ~290 mOsm). 

During all recordings, pipette capacitances were neutralized.  Series resistances (~12-32) were 

compensated online (100% for current-clamp, 60-70% for voltage-clamp). Pharmacological 

agents (stated in the figure legends when utilized) were diluted in ACSF just before use and 

applied though the bathing solution. Voltages reported here were corrected for a 14 mV liquid 

junction potential. The reversal potential for GABAA receptor-mediated responses in thalamic 

relay cells was -91 mV.  

 

Measurements of Intrinsic Physiological Properties: Resting membrane potentials were measured 

within 2 min of break-in. Steady-state potentials were adjusted to -74 mV or -84 mV with 

intracellular current to test physiological properties in tonic or burst mode, respectively. Input 

resistances (Rin) and membrane time constants (m) were calculated from voltage responses (~3 

mV deflections) to small negative current injections (3-25 pA, 600 ms). For m, the voltage 

responses were fitted with a single exponential to the initial 50 ms of the response, omitting the 

first ms.  Rin values were measured using Ohms law and input capacitances Cin were calculated 

as m / Rin.  

Threshold (rheobase) currents were measured as the minimum injected currents required to 

discharge an action potential (AP; determined using 1 sec duration currents, 5 pA step 

increments). All other AP and after-AP properties were measured from the first AP discharged at 

the threshold current, but APs were only analyzed if discharged in the initial 200 ms). AP voltage 

thresholds were measured, and verified by visual inspection, as the potential at which the rate of 

rise became greater than 10 V/s. AP amplitudes and after-AP properties were measured relative 

to the threshold potential. AP widths were measured at half of the AP amplitude (threshold voltage 

to peak). Fast afterhyperpolarizations (fast AHPs) were measured as the most 

hyperpolarized potential immediately succeeding the AP. In tonic mode, afterdepolarizations 

(ADPs) were measured as the most depolarized potential within 20 ms of the AP, and slow AHPs 

(sAHPs) were measured as the most hyperpolarized potential within 100 ms after the ADP. In 
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burst mode, the AHP following the burst was measured as the minimum potential within 150 ms 

following the burst. ADP and sAHP measurements were not considered if a second AP (or tonic 

APs after a burst) confounded the measurements. 

Repetitive spiking properties in tonic and burst mode were measured using positive current steps 

(25-200 pA, 25 pA increments, 1 s duration). Spike frequency adaptation was quantified as an 

adaptation ratio (frequency of the last 2 APs divided by the frequency of the first 2 APs) averaged 

across all sweeps in which the frequency of the last 2 APs was 20-60 Hz.  

To elicit offset bursts (Fig. 3, Extended Data Fig. 9 and Supplementary Information 1), the steady-

state potential was adjusted to -74 mV with intracellular current, then 1 s duration negative 

currents were injected. Offset bursts were measured from trials in which negative current (20-300 

pA, 20-25 pA test increments) led to an average voltage of -92 ± 2 mV at the end of the current 

step.  

 

Photostimulation: Synaptic physiology experiments were performed on inputs to TRN cells from 

excitatory thalamic relay neurons (Figs. 2,3), and on inhibitory outputs of TRN cells to thalamic 

relay neurons. In both cases, ChR2 was optically excited using white light-emitting diodes (LEDs) 

(Mightex LCS-5500-03-22) controlled by Mightex LED controllers (SLCAA02-US or BLS-1000-2). 

The light was collimated and reflected through a 40X water immersion objective, resulting in a 

spot diameter of ~400 µm and a maximum LED power at the focal plane of 29.2 mW. The stimuli, 

delivered as 10 Hz trains of 1 ms flashes, were typically directed at ChR2-expressing presynaptic 

terminals by centering the light spot over the recorded postsynaptic cells (the postsynaptic cells 

did not express ChR2).   

In a subset of experiments (Extended Data Fig. 6 a-c), within-cell comparisons were made of TRN 

cell responses to stimulation directed at opsin-expressing presynaptic axons/terminals (from VP 

or POM) versus stimulation directed further upstream, at or near the VP or POM cell bodies of 

origin. These experiments tested whether short-term synaptic plasticity differed when 

optogenetically stimulating soma/proximal axons of presynaptic cells versus their terminal 

boutons, as has been shown for some pathways.47 

 

Simulated Synaptic Current Injections: Simulated excitatory postsynaptic current (EPSC) 

waveforms for thalamic (VP and POM) inputs to TRN were generated from averaged 

measurements of optogenetically evoked synaptic responses (recorded in voltage clamp at -84 
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mV) from central and edge TRN cells (as in Fig. 3).  These simulated synaptic currents for VP 

and POM inputs were matched for total synaptic charge across the 10 Hz trains (49.5 pC) and 

injected into the central and edge TRN cells to test features of integration in each cell type 

(described in the main text and legend of Fig. 4). 

 

Data Analyses: Analyses of electrophysiological data were performed in CED Signal 6, 

Molecular Devices Clampfit 10, Matlab, and Microsoft Excel. Analyses of anatomical data were 

performed in ImageJ (plugins used: CellCounter, ROIManager, bUnwarpJ), and Microsoft Excel.   

 

Statistical Analyses: Statistical comparisons were performed in GraphPad Prism7 or SigmaPlot. 

Statistical tests used are indicated in the Results and Figure Legends.  For representation of 

group data, center values are means and error bars show standard error of mean (SEM). 

Statistical significance was defined as p <0.05, unless otherwise noted in the Results. 

 

Additional References: 

46 Agmon, A. & Connors, B. W. Thalamocortical responses of mouse somatosensory 
(barrel) cortex in vitro. Neuroscience 41, 365-379 (1991). 

47 Jackman, S. L., Beneduce, B. M., Drew, I. R. & Regehr, W. G. Achieving high-frequency 
optical control of synaptic transmission. J Neurosci 34, 7704-7714, 
doi:10.1523/JNEUROSCI.4694-13.2014 (2014). 
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