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Supplemental information: 1 
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Fig. S1. Data analysis of AP firing by Clampfit (A) and the relationship between KB and peak 3 

calcium concentration (B).  4 

 5 

Fig S2. AP firing by WT TRN PV and SOM neurons in response to 100 pA current injection. 6 

A. Membrane potential traces of PV and SOM neurons in response to 100 pA current injection. AP 7 

firing by PV neurons exhibits two distinct modes, burst mode and tonic mode. In contrast, SOM 8 

neurons only show tonic mode. In addition, in tonic firing mode, PV neurons exhibit little adaptation 9 

whereas SOM neurons show strong frequency adaption, which is presumably calcium-dependent.  10 

B. Compared to SOM neurons, PV neurons exhibit increased AP numbers, frequency, and number of 11 

burst firings. 12 

C. Statistics. Animal numbers: 6 (PV), 5 (SOM). Neuron numbers: 10 (PV), 10 (SOM). P-value: 13 

<0.0001 (AP number), 0.0001 (Frequency), <0.0001 (burst number).    14 

 15 

Fig. S3. AP firing by WT, Shank3-/-, and HCN2-/- TRN PV neurons.  16 

A. AP firing elicited by +400 pA current injection.  17 

B. Left, time interval of tonic firing for the last 8 APs. Right, half-width.   18 

C. Half-amplitude of all APs (including Na spikes in burst firing and APs in tonic firing).  19 

D. Total number of APs (Na spikes in burst firing and APs in tonic firing). Animals used: 6 (WT), 4 20 

(Shank3-/-), 4 (HCN2-/-). Neuron numbers: 10 (WT), 10 (Shank3-/-), 10 (HCN2-/-).  P-value: 21 

WT-Shank3-/-, WT-HCN2-/-, (tonic interval) 0.011 0.0002; (half-width) 0.822 0.739, 22 

(half-amplitude 400pA) 0.013 0.627, (AP) <0.0001 <0.0001. 23 

E. AP firing by WT and HCN2-/- TRN PV neurons recorded at the RMP around -60 mV.  24 

F. Statistics of total AP numbers. Animals used: 5 (WT), 6 (HCN2-/-). Neuron numbers: 10 (WT), 10 25 

(HCN2-/-). P-value (400 pA): 60 mV, 0.0001; 70 mV, 0.001.  26 

G. Statistics of AP frequency. P-value (400 pA): 60 mV, 0.0001; 70 mV, 0.0008.  27 

 28 
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Fig. S4. Single or two Burst firings by WT and Shank3-/- TRN neurons elicited by minimal 29 

current injections.   30 

For comparison purposes, the RMP of recorded neurons was held around -70 mV through 31 

adjusting the holding current. The amplitude of depolarizing current injections was gradually 32 

increased by 1-2 pA each time, from the level of 25 pA, to approach the goal of either one or two 33 

burst firings.   34 

A. Top, single burst firing by WT, Shank3-/-, and HCN2-/- neurons. Bottom, statistics. Animals used: 35 

3 (WT), 2 (Shank3-/-), 3 (HCN2-/-). Neuron numbers: 17 (WT), 13 (Shank3-/-), 18 (HCN2-/-). 36 

P-value: peak to AHP, (WT Shank3-/-) 0.016, (WT HCN2-/-) 0.039; AHP, (WT Shank3-/-) 0.063, 37 

(WT HCN2-/-) 0.216, Latency (WT Shank3-/-) 0.747, (WT HCN2-/-),  0.94310.  38 

B. Top, two burst firing by WT, Shank3-/-, and HCN2-/- neurons. Bottom, statistics. Animals used: 5 39 

(WT), 2 (Shank3-/-), 3 (HCN2-/-). Neuron numbers: 13 (WT), 13 (Shank3-/-), 15 (HCN2-/-). 40 

P-value: peak to peak, (WT Shank3-/-) 0.047, (WT HCN2-/-) 0.024.  41 

 42 

Fig. S5. Faster decay of calcium transients in dendrites of Shank3-/- TRN PV neurons.  43 

A. IR-DIC image of the TRN region adjacent to the VB area in the thalamus (top). Two-photon 44 

fluorescence of an TRN GABA neuron filled with AF594 (red channel) and Fluo-5F.  45 

B. Current injection (top, 500 pA x 10 msec, 3 stimulations at 1 Hz), membrane potential (middle), 46 

and calcium transients recording from the soma of a WT (left) and a Shank3-/- TRN GABA 47 

neurons.  48 

C. Overlay of calcium transient traces recorded from WT and Shank3-/- TRN neurons at the soma 49 

and four dendritic positions (25, 50, 75, 100 m from the soma). 50 

D. Statistics of the time constant of calcium transients. Animals used: 5 (WT), 5 (Shank3-/-). Brain 51 

slice numbers: 6 (WT), 5 (Shank3-/-). P-value: (soma-dendrites) 1.0 0.001 0.369 0.066 0.033.    52 

E. Zoomed view over the stimulation shown in B (WT).  53 

F. Zoomed view over the stimulation shown in B 9 (Shank3-/-).  54 

 55 

Fig. S6. Immunostaining of PV protein in WT, Shank3-/-, and HCN2-/- thalamus.  56 

A. Representative fluorescence images showing PV expression in WT, Shank3-/-, and HCN2-/- in 57 

TRN and ventral basal (VB) area of the thalamus.  58 
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B. Statistical results of averaged neuron number in each brain slice (left) and mean fluorescence 59 

intensity corresponding to PV expression (right). Animals used: 3 (WT), 3 (Shank3-/-), and 3 60 

(HCN2-/-). Brain slices imaged: 12 (WT), 12 (Shank3-/-), and 12 (HCN2-/-). P-value: (neuron 61 

number) WT-Shank3-/-  0.564, WT-HCN2-/-  0.106; PV fluorescence, WT-Shank3-/- 0.046, 62 

WT-HCN2-/-, 0.0002. 63 

C. Staining results of brain slices with anti-PV antibody omitted. Fluorescence intensity was digitally 64 

enhanced to illustrate the TRN region.  65 

D. Fluorescence images of WT and HCN2-/- TRN stained by anti-PV antibody. Preparation of brain 66 

slice, procedure of immunostaining, and collection of confocal images were all identical for WT 67 

and HCN2-/- samples.  68 

E. Statistics of fluorescence intensity and cell density. Animals used: 6 (WT), 6 (HCN2-/-). Brain 69 

slices imaged: 17 (WT), 19 (HCN2-/-). P-value: (neuron number) 0.735; PV fluorescence, 70 

<0.0001.   71 

F. In-situ hybridization (ISH) data of PV (left) and the corresponding reference mouse brain atlas 72 

(right), obtained from websites of Allen Institute. A zoomed view of the TRN region is shown 73 

below.   74 

 75 

Fig. S7. Ratiometric calcium imaging of TRN PV neurons.   76 

A. Zoomed view over the stimulation shown in Fig, 5 (WT).  77 

B. Zoomed view over the stimulation shown in Fig. 5 (Shank3-/-).  78 

C. Replotting Fig. 5F (left) and 5G (right) to illustrate the intercepts between the regression line and 79 

the X-axis and the derivation of KE.   80 

D. Parameters used in Fura-8 ratiometric imaging including F values.   81 

E. Results of a representative Shank3-/- TRN neuron.  82 

F. Calcium transients after perfusion of dyes into cytosol reaching an equilibrium.  83 

 84 

Fig. S8. Adding additional EGTA in intracellular solution partially reversed the abnormal AP 85 

firing exhibited by Shank3-/- TRN neurons.  86 
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A. Membrane potential recordings in response to 50, 100, 150 pA current injections. Adding 2 mM 87 

EGTA to the pipette solution decreased the episodes of burst firing and increased the frequency 88 

of tonic firing.   89 

B. Statistics. Top, burst firing episodes (left) and tonic firing frequency (right). Bottom, half-amplitude 90 

of APs (left) and AP number (right). Statistics of half-width (left) and time interval of the last 8 AP 91 

in tonic firing (right). Animals used: 7 (WT), 6 (Shank3-/-), 4 (Shank3-/- EGTA). Neuron recorded: 92 

15 (WT), 15 (Shank3-/-), 15 (Shank3-/- EGTA). P-value: burst number, WT Shank3-/- 0.0026, 93 

Shank3-/- - Shank3-/- EGTA 0.0099, WT -Shank3-/- EGTA, 0.363; tonic frequency, WT - 94 

Shank3-/- <0.0001, WT - Shank3-/- EGTA, <0.0001; AP number, WT - Shank3-/- <0.0001, WT - 95 

Shank3-/- EGTA, <0.0001; half width, WT - Shank3-/-, 0.192, WT – Shank3-/- EGTA 0.075. 96 

C. Statistics of the latency of the 1
st
 Na spike. P-value: first latency, WT - Shank3-/- 0.741, Shank3-/- 97 

- Shank3-/- EGTA 0.0022, WT - Shank3-/- EGTA, 0.022; tonic interval, WT - Shank3-/- <0.0001, 98 

WT - Shank3-/- EGTA, <0.0001. 99 

D. Two burst firings elicited by minimal current injections.  100 

E. Statistics of time interval between the first Na spike of two burst firings. Animals used: 5 (WT), 5 101 

(Shank3-/-), 5 (Shank3-/- EGTA). Neuron recorded: 13 (WT), 13 (Shank3-/-), 10 (Shank3-/- 102 

EGTA). P-value: WT - Shank3-/- 0.047, Shank3-/- - Shank3-/- EGTA 0.248, WT - Shank3-/- EGTA, 103 

0.243. 104 

 105 

Fig. S9. Impacts of adding additional EGTA in intracellular solution on rebound burst and tonic 106 

firings in Shank3-/- TRN neurons.  107 

A. Membrane potential recordings in response to hyperpolarizing current injections.  108 

B. Statistics. Animals used: 2 (WT), 2 (Shank3-/-), 2 (HCN2-/-). Neuron recorded: 10 (WT), 10 109 

(Shank3-/-), 10 (HCN2-/-). P-value: burst Na number, WT - Shank3-/- 0.026, Shank3-/- - 110 

Shank3-/- EGTA 0.382, WT-Shank3-/- EGTA, 0.11702; burst Na frequency, WT-Shank3-/- 0.006, 111 

Shank3-/- - Shank3-/- EGTA, 0.016, WT - Shank3-/- EGTA, 0.754; latency, WT - Shank3-/- 0.032, 112 

Shank3-/- - Shank3-/- EGTA, 0.355, WT - Shank3-/- EGTA 0.154. 113 

 114 

Fig. S10. AP firing of WT and Shank3-/- TRN PV neurons recorded in the absence of EGTA in 115 

intracellular pipette solution.  116 
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A. Statistics of burst firing number, tonic frequency, AP number, and first latency. Animal used: 3 117 

(WT), 3 (Shank3-/-). Neurons recorded, 18 (WT), 18 (Shank3-/-). P-value: Burst number (100, 150, 118 

200, 250 pA) 0.007 0.005 0.002 0.0005; AP number, 0.495; 1
st
 latency, 0.883. 119 

B. Statistics of RMP and Rin. P-value: RMP, 0.758; Rin, 0.033.   120 

C. Statistics of Na spike number, time interval of 1
st
 Na spike to AHP, time interval 1

st
 Na spikes of 121 

two burst firings. P-value: Na spike number, 0.914; 1
st
 Na spike to AHP, 0.308; burst to burst, 122 

0.126.  123 

 124 

Figure S11. Both somatic and dendritic calcium transients of HCN2-/- TRN neurons exhibit 125 

faster decay. 126 

A. Top, two-photon fluorescence image of a RTN GABA neuron filled with AF594 (red channel) and 127 

Fluo-5F.  128 

B. Overlay of normalized calcium transients recorded from the soma and four dendritic locations of 129 

TRN GABA neurons from WT and HCN2-/- mice. Notice the stimulation protocols were different 130 

between WT (500 pA x 10 msec, 3 or 4 stimulations at 1 Hz) and HCN2-/- (500 pA x 10 msec, 4 131 

stimulations at 2 Hz) neurons. Animals used, 5 (WT), 4 (HCN2-/-). Neurons recorded, 6 (WT), 5 132 

(HCN2-/-).  133 

C. Decay time constant of the calcium transients recorded from soma and four dendritic locations of 134 

WT and HCN2-/- TRN PV neurons (25, 50, 75, 100 m from soma). P-value: soma-dendrites 135 

0.090, 0.002, 0.153, 0.038, 0.141.   136 

D. A working model for downstream events caused by Shank3 deficiency: Shank3 deficiency -> HCN 137 

channelopathy -> reduced PV expression and calcium-buffering capacity.  138 

E. Statistics of time constants measured at the soma. Animals used: 5 (WT), 5 (Shanl3-/-), 4 139 

(HCN2-/-). Neurons recorded, 6 (WT), 5 (Shank3-/-), 7 (HCN2-/-). P-values: WT – Shank3-/-, 140 

0.999; WT – HCN2-/-, 0.359.  141 

F. Statistics of time constants measured in dendrites. Total data points: 17 (WT), 15 (Shank3-/-), 17 142 

(HCN2-/-). P-values: WT – Shank3-/-, <0.0001; WT – HCN2-/-, <0.0001. 143 

 144 








































