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Abstract 21 

The motion/direction-sensitive and location-sensitive neurons are two major functional types in 22 

mouse visual thalamus that project to the primary visual cortex (V1). It has been proposed that 23 

the motion/direction-sensitive neurons mainly target the superficial layers in V1, in contrast to 24 

the location-sensitive neurons which mainly target the middle layers. Here, by imaging calcium 25 

activities of motion/direction-sensitive and location-sensitive axons in V1, we find no evidence 26 

for these cell-type specific laminar biases at population level. Furthermore, using a novel 27 

approach to reconstruct single-axon structures with identified in vivo response types, we show 28 

that, at single-axon level, the motion/direction-sensitive axons have middle layer preferences and 29 

project more densely to the middle layers than the location-sensitive axons. Overall, our results 30 

demonstrate that Motion/direction-sensitive thalamic neurons project extensively to the middle 31 

layers of V1, challenging the current view of the thalamocortical organizations in the mouse 32 

visual system. 33 

  34 
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Introduction 35 

In mammalian visual systems, functionally specific thalamocortical projections from dorsal 36 

lateral geniculate nucleus (dLGN) to primary visual cortex (V1) serve as major feedforward 37 

inputs for cortical computation. When compared with higher mammals, the mouse dLGN shows 38 

more diverse response properties. Particularly, besides cells with classical spatial receptive fields 39 

that are sensitive to stimulus location (Grubb & Thompson, 2003; Denman et al., 2016), a 40 

significant portion of the cells in mouse dLGN are sensitive to motion direction (Marshel et al., 41 

2012; Piscopo et al., 2013; Zhao et al., 2013; Durand et al., 2016; Suresh et al., 2016; Román 42 

Rosón et al., 2019). How these motion/direction-sensitive dLGN cells project to V1 is not fully 43 

understood. One current view is that the motion/direction-sensitive cells, resembling the W cells 44 

in cats, preferentially project to the superficial layers (layer 1), in contrast to the location-45 

sensitive cells which have a middle layer bias (deep layer 3 and layer 4), resembling the X/Y 46 

cells in cats (Cruz-Martin et al., 2014,  see review Seabrook et al., 2017). But the evidence for 47 

this laminar specificity is scarce and controversial: while one study found in support of this view 48 

that the middle layers in V1 receive slightly less direction-sensitive inputs from dLGN than the 49 

superficial layers (Kondo et al., 2016), another study found contradictory evidence that middle 50 

and superficial layers receive the same amount of direction-sensitive inputs from dLGN (Sun et 51 

al., 2016). This inconsistency is likely because both studies drew their conclusions from bulk 52 

labeled population distributions but neither investigated single axon morphology. In this study, 53 

we investigated the projection patterns of motion/direction-sensitive and location-sensitive 54 

dLGN axons in V1 at population level and, more importantly, at single-axon level. We found 55 

strong evidence that the motion/direction-sensitive dLGN axons project extensively to the 56 
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middle layers in V1, providing an alternative model of functional specificity in mouse 57 

thalamocortical projects. 58 

  59 
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Results 60 

To measure the population distribution of different dLGN inputs to V1, we labeled dLGN cells 61 

and their axons with calcium indicator by injecting AAV viruses containing Cre-dependent 62 

GCaMP6s into the dLGN of Vipr2-IRES2-Cre-neo transgenic mice (Figure 1A), which have 63 

concentrated Cre expression in dLGN (Figure S1). We then measured the calcium activities of 64 

labeled dLGN axons in V1 in awake, head-fixed animals using two-photon imaging (Figure 1B, 65 

C). In total, 158 planes from 6 mice were imaged with imaging depths ranging from 50 to 400 66 

µm below pia and calcium traces were extracted from 40008 regions of interest (ROIs) 67 

representing putative axonal boutons. We mapped the spatial receptive fields with locally sparse 68 

noise, and measured the tuning for orientation/direction, and spatial/temporal frequency (SF/TF) 69 

with full-field drifting gratings. A subset of experiments was carried out using adaptive optics in 70 

order to increase the fluorescence intensity and signal-to-noise ratio (Figure S2A, C). The 71 

response properties were statistically indistinguishable with and without adaptive optics (Figure 72 

S2B, D, E), so the data were pooled together.  73 

Among all ROIs, 19967 were responsive to at least one type of displayed visual stimuli 74 

(Methods). Within these responsive boutons, many showed significant spatial receptive fields 75 

(RF strength ≥ 1.6, Method, Figure 1D) indicating sensitivity to stimulus locations (location-76 

sensitive, LS), and many showed strong selectivity to one grating direction (gDSI > 0.5, 77 

direction-sensitive, DS, Figure 1E, F, middle) or two opposite grating directions (gOSI > 0.5, 78 

orientation-sensitive, OS, Figure 1E, F, bottom) indicating sensitivity to visual motion directions. 79 

The LS group (58.3%) and DS/OS group (23.5%) were largely separate with only 5.6% overlap 80 

(Figure 1G) which was significantly less than chance (0.583 x 0.235 = 13.7%, p=0.0000, Chi-81 
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square test). Consistent with previous electrophysiology studies (Piscopo et al., 2013), the 82 

DS/OS boutons preferred higher SF and lower TF than LS boutons (Figure 1H, DS/OS vs. LS, 83 

preferred SF: 0.10±0.02 vs. 0.04±0.01 cpd, p=1.6x10-14; preferred TF: 1.50±0.31 vs. 2.68± 0.61 84 

Hz, p=3.3x10-14, Wilcoxon rank test). A small number of boutons showed distinct types of 85 

response properties such as suppressed-by-contrast (data not shown) as reported previously 86 

(Piscopo et al, 2013, Durand et al., 2016, Suresh et al., 2016). But since they were relatively rare 87 

and not the focus of this study, they were grouped into the non-LS and non-DS/OS (nLSnDS/OS) 88 

group. Both LS and DS/OS boutons distributed evenly across all measured cortical depths 89 

(Figure 1I), consistent with one previous report (Sun et al., 2016). In addition, all measured 90 

response metrics showed no depth bias except preferred SF, which was higher at greater depths 91 

(Figure S3). Thus, LS and DS/OS boutons appear to form two distinct feedforward input types in 92 

V1 that are present in both superficial (layer 1 and superficial layer 2/3) and middle layers (deep 93 

layer 2/3 and layer 4). 94 

  95 
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 96 
Figure 1. Labeling strategy, calcium imaging, classification, and depth distribution of dLGN 97 
boutons in V1. 98 
(A) GCaMP (green) expressions in a mouse prepared for calcium imaging experiments. Coronal 99 
sections. Inset: viral labeling. Blue: DAPI. Green: GCaMP6s. Scale bar: 500 µm 100 
(B) Sketch of in vivo imaging setup.  101 
(C) Mean projection of two-photon calcium images from an example imaging plane at 400 μm 102 
below pia. Scale bar: 50 µm. 103 
(D-F) The ON and OFF Z-score receptive fields, averaged calcium responses to gratings, and 104 
direction tuning curves, respectively, of three example putative boutons. Traces in (E): mean df/f 105 
± standard deviation across trials. Only responses to peak temporal frequency are shown. For 106 
each ROI, responses were normalized to peak responses. Grey boxes: time windows used to 107 
calculate responses. Columns: direction. Rows: spatial frequency. LS: location-sensitive. DS: 108 
direction-sensitive. OS: orientation-sensitive. Numbers in (F), top: gDSI, bottom: gOSI. 109 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 9, 2021. ; https://doi.org/10.1101/2021.07.07.451534doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.07.451534
http://creativecommons.org/licenses/by-nc-nd/4.0/


8 
 

(G) Venn diagram describing the relations among the four different functional groups.  110 
(H) Comparisons of preferred spatial frequencies and temporal frequencies between DS/OS and 111 
LS boutons. The mean preferred SF and TF were calculated for each imaging plane and paired 112 
comparisons between DS/OS and LS boutons were made. ***: p < 0.001, Wilcoxon rank sum 113 
test. Bar graph: mean ± sem. 114 
(I) The ratio of each of the four groups in (G) across cortical depths. 115 
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 116 

Figure S1. Cre expression characterization of Vipr2-IRES-Cre-neo mouse line. 117 
(A) Coronal sections with tdTomato positive cells in thalamus (left) and axons in V1 (right) from 118 
a Vipr2-IRES-Cre-neo;Ai14 mouse. 119 
(B) Ratio of Cre+ cells to Nissl labeled cells in visual thalamus and V1. Data from Allen Brain 120 
Atlas Transgenic Characterization dataset (experiments: 576523754, 576524006). 10 fields of 121 
view were manually selected for each brain region. For each field of view, Cre+ cells and Nissl+ 122 
cells were manually counted and the ratio between the two are calculated. dLGN sh: dLGN shell. 123 
dLGN co: dLGN core. LP: lateral posterior nucleus of thalamus. V1: primary visual cortex. Bar 124 
graph: mean ± sem. Independent t-test: dLGN sh vs. dLGN co: t=2.3, p=0.034; dLGN co vs. LP, 125 
t=5.8, p=1.8x10-5; LP vs. V1, t=4.4, p=0.00037 126 
  127 
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 128 
Figure S2. Comparisons of response amplitude, direction selectivity and orientation selectivity 129 
between conditions with and without adaptive optics (AO).  130 
(A) Point spread function with and without AO by imaging 2 µm beads deposited between a 131 
coverglass and the brain surface in an awake mouse.  132 
(B) Example orientation/direction tuning curves from 4 example boutons.  133 
(C - E) Comparisons of peak dF/F, gDSI, and gOSI, respectively, between with AO and without 134 
AO conditions. Two imaging planes in two mice (300 µm and 350 µm below pia). In AO 135 
conditions, laser beam wave front was corrected separately for each mouse. Significance test: 136 
paired t-test. Statistics are shown as insets. 137 
  138 
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139 
Figure S3. Metrics across depth. 140 
(A - E) different response properties across cortical depth. For each metric, the mean of each 141 
imaging plane was calculated first and the mean and s.e.m. across depths were plotted here. For 142 
gDSI, gOSI, peak SF, and peak TF, only boutons with significant responses to drifting gratings 143 
(Methods) were included. One-way ANOVA, RF strength: F=1.47, p=0.19; gDSI: F=0.42, 144 
p=0.89; gOSI: F=1.76; p=0.10; peak SF: F=3.79, p=0.001; peak TF: F=1.70, p=0.12. 145 
  146 
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In analyzing a population, it is important to link the boutons that arise from the same axon, 147 

which we achieved by using a correlation-based hierarchical clustering procedure (Methods, 148 

Liang et al., 2018). With this procedure, ROIs with highly correlated activities were grouped into 149 

separate clusters (Figure 2A, B).  and the correlation coefficients showed non-overlapping 150 

distribution between within-cluster and between-cluster bouton pairs (Figure 2F). The boutons 151 

from single clusters showed highly correlated calcium activities (Figure 2C) and near-identical 152 

response properties (Figure 2D, E), further confirming their high likelihood of being from same 153 

axons. For each cluster, we used summed calcium traces weighted by ROI intensities of its 154 

boutons to calculate its response properties and used same criteria to group them into DS/OS 155 

clusters and LS clusters. 156 

We then compared the structural properties between the DS/OS and LS clusters. For each cluster, 157 

we measured the bouton number, maximum bouton distance, and cortical coverage area. 158 

Interestingly, the values for DS/OS clusters were greater than for LS clusters for all three metrics 159 

(Figure 2G, DS/OS vs LS, bouton number: 2.84±0.08 vs. 2.44±0.05, p=7.2x10-6; max bouton 160 

distance: 91.5±2.0 vs. 84.3±1.6 µm, p=0.002; axon coverage: 1324±81 vs. 957±51 µm2, 161 

p=3.8x10-6, Wilcoxon rank test). To directly visualize the bouton spread of DS/OS and LS 162 

clusters, we generated stacked population cluster masks for each group (Figure 2H). The results 163 

showed that the DS/OS clusters had substantially greater bouton spread than the LS clusters 164 

consistent with above measurements (Figure 2I, distances from every bouton to its cluster center, 165 

DS/OS vs. LS, 42.2±27.3 µm vs. 39.7 ± 27.9 µm, p=1.22x10-8, Mann-Whitney test). The greater 166 

bouton count and larger coverage of DS/OS cluster suggests that the DS/OS axons had denser 167 

axon arbors than LS axons.  168 
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 169 
Figure 2. DS/OS bouton clusters have larger bouton spread than LS bouton clusters  170 
(A) An example imaging plane showing all active boutons (grey) and three example bouton 171 
clusters (colored). Scale bar: 50 µm 172 
(B) Clustered correlation coefficient matrix for the imaging plane in (A). Example clusters in (A) 173 
are indicated by colored boxes.  174 
(C) Calcium traces from the example clusters in (A). Each row represents a cluster with 175 
matching color. Colored traces: traces from each bouton in the cluster. Grey traces: weighted 176 
average traces for each cluster. Numbers: mean pair-wise correlation coefficient. Grey boxes: 177 
time windows of detected calcium events used for performing correlation (Methods). 178 
(D, E) Superimposed direction tuning curves and receptive field contours, respectively, of 179 
individual boutons from each cluster.  180 
(F) Normalized distribution of correlation coefficients between within-cluster boutons and cross-181 
cluster boutons. Solid line: data from the example plane in (A). Dashed line: data from all 182 
imaging planes. 183 
(G) Comparisons of bouton per cluster, maximum bouton distance, and cluster coverage area 184 
between DS/OS and LS clusters. Means of each matric were calculated for each plane and paired 185 
comparisons were made between DS/OS and LS clusters. Each grey line represents one imaging 186 
plane. **: p< 0.01. ***: p<0.001. Wilcoxon rand sum test. 187 
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(H) Stacked masks are generated by superimposing centered individual cluster masks.  188 
(I) Stacked masks showing DS/OS clusters having larger bouton spread than LS clusters. A: 189 
anterior; L: lateral.  190 
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Using in vivo two-photon images to estimate axon structures, however, had substantial 191 

incomplete sampling: a two-photon imaging plane (~180 x 180 x 6 µm) only sampled less than 1% 192 

of an axon arbor which can extend to a volume of ~500 x 500 x 500 µm (Antonini et al., 1999, 193 

Figure 4). To overcome this limitation, we developed a novel approach that allowed us to 194 

investigate the structures of complete axon arbors with identified in vivo response properties 195 

(Figure 3A, Methods). In this approach, dLGN axons were sparsely labeled with GCaMP6s and 196 

blood vessels were labeled with a red fluorescent dye (Dextran Texas Red). The same visual 197 

stimuli and imaging protocols were used to identify response types. The brain tissue was then 198 

fixed and sectioned tangentially, followed by antibody staining to enhance GCaMP signal and a 199 

counterstain to label blood vessels. Finally, the tissue was cleared using the CUBIC clearing 200 

method (Susaki et al., 2015). The labeled and cleared tissue volumes were then imaged by a 201 

confocal microscope. Using the labeled blood vessels, the in vivo two-photon images were 202 

spatially aligned to the confocal image stacks (Figure S4), allowing precise coregistration 203 

between the functional recordings of the boutons and their anatomical locations allowing tracing 204 

and 3D reconstruction. Due to the high sparsity of the labelling, different boutons with very 205 

similar response properties (even across different imaging sessions) always appeared to belong to 206 

same reconstructed axons (Figure 3B-D), confirming the reliability of our coregistration and the 207 

completeness of our reconstructions.  208 

  209 
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 210 

Figure S4. Coregistration between in vivo two-photon volumes and in vitro confocal volumes.  211 
For in vivo two-photon imaging (left column), the dLGN axons were sparsely labeled with 212 
GCaMP by AAV viral labeling and blood vessels were labeled by fluorescence dye (dextran-213 
Texas Red). For in vitro confocal imaging (right column), the imaged tissue volume was 214 
collected and cleared, the GCaMP signal was enhanced by antibody labeling, and blood vessels 215 
were labeled by fluorescence dye (lectin-DyLight). Blood vessels labeled in both imaging 216 
modalities were used as fiducial structure for locating the same region in both two-photon and 217 
confocal images (bottom row, red lines), and the same axons imaged in vivo were identified in 218 
the confocal volumes (second row, green lines).  219 
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 220 
Figure 3. Reconstructing 3D structures of axons with identified response properties. 221 
(A) sketches showing the workflow to reconstruct 3D structures of axons with identified in vivo 222 
response properties. Mouse brain was shown as sagittal sections. dLGN axons was sparsely 223 
labeled by injecting mixture of AAV9-hSyn-Cre and AAV1-Syn-FLEX-GCaMP6s (1:40000) 224 
into the dLGN of wildtype mice. Blood vessels were labeled by fluorescent dyes in both in vivo 225 
and in vitro imaging experiments and used as fiducials for coregistration across imaging 226 
modalities. Green lines: labeled axons. Red lines: labeled blood vessels.  227 
(B) All axon segments from a single mouse with identified response properties (pooled from 228 
three imaging sessions). Each color represents a bouton cluster identified using calcium activity 229 
correlation-based clustering method (Figure 2). In total, 6 axon segments were identified. 230 
(C) Three reconstructed axon arbors (marked as different grey levels) contained the 6 segments 231 
marked in (B). 232 
(D) Top, the receptive fields and direction tuning curves from the 6 segments marked in (B) with 233 
color matched boxes. Note the segments imaged in different sessions can show similar (within 234 
column) or different (cross column) response properties.  235 
Bottom, three views of the three reconstructed axon arbors showing that the segments having 236 
similar response properties across different imaging sessions belong to same arbors and segments 237 
having different response properties belong to different arbors.  238 
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In total, six LS, five DS/OS, and one LS&DS/OS axons were reconstructed (Figure 4A). All 239 

axons projected extensively to the middle layers (150 – 250 µm below pia) and extended to the 240 

superficial layers (0 – 150 µm below pia). Three LS axons (axon 2, 4, and 5 in Figure 4A) but no 241 

DS/OS axons showed secondary clusters in the deep layers (250 – 600 µm below pia). Although 242 

no significant difference was found in the horizontal coverages (shaded circles in Figure 4A, 243 

Methods) between LS and DS/OS axons (Figure 4F, coverage diameter, DS/OS vs. LS, 794 ± 244 

221 vs. 770 ± 142 µm, p=0.46, Wilcoxon rank test), there were prominent differences in segment 245 

length and arbor density (defined as segment length divided by a cylindrical volume 246 

encompassing the axon, Method) between superficial and deep layers and between DS/OS and 247 

LS axons. First, both DS/OS and LS axons showed greater segment length and arbor density  in 248 

the middle layers than in the superficial layers (Figure 3B-E, middle vs superficial, DS/OS length: 249 

28.9 ± 11.3 vs. 5.9 ± 3.2 mm, p=0.03; LS length: 16.5 ± 7.3 vs. 3.0 ± 1.6 mm, p=0.02; DS/OS 250 

density: 43.1 ± 15.9 vs. 13.0 ± 8.0 x 10-5 µm-2, p=0.03; LS density: 23.4 ± 7.7 vs. 5.7 ± 2.5 x 10-5 251 

µm-2, p=0.02, Wilcoxon test). In addition, when compared with the LS axons, the DS/OS axons 252 

had greater segment length and arbor density in the middle layers (Figure 3B-E, length: p=0.04; 253 

density: p=0.01, Mann-Whitney test). This difference was also apparent in the superficial layers 254 

but only the difference in arbor density reached statistical significance (length: p=0.06; density: 255 

0.03, Mann-Whitney test). No significant difference was found in the deep layers (length: p=0.31; 256 

density: p=0.51, Mann-Whitney test). Finally, the DS/OS arbors showed higher maximum 257 

branching order than the LS axons consistent with their higher arbor density (Figure 3G, DS/OS 258 

vs LS, 22.8 ± 6.3 vs. 16.7 ± 5.3, p=0.049, Mann-Whitney test). These results indicated that 259 

DS/OS axons, like the LS axons, preferentially target the middle layers, but with denser axon 260 

arbors.  261 
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 263 

Figure 4. DS/OS axons have denser projection in superficial and middle layers than LS axons. 264 
(A) 3D structures and response properties of all reconstructed axons. For each axon, the three 265 
views (left), density across depth (middle), receptive field (top right), and direction tuning curve 266 
(bottom right) are shown. Scale bar: 200 µm. A: anterior, L: lateral; S: superficial. Horizontal 267 
dashed lines: borders to define superficial (0 – 150 µm), middle (150 – 250 µm), and deep (250 – 268 
600 µm). Shaded circles: horizontal arbor extent defined as a circle extending from center of 269 
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mass and encompassing 95% of all segments. Shaded boxes: volumes by extruding the arbor 270 
extents along cortical depth for calculating arbor density. Numbers, indices for each axon. 271 
(B, C) Comparisons of mean total length and mean density, respectively, across cortical depth 272 
between DS/OS and LS axons. Horizontal dashed lines match those in (A). 273 
(D, E) Comparisons of total length and density, respectively, between DS/OS and LS axons in 274 
superficial, middle, and deep layers (separated by horizontal dashed lines). Colored bars: 275 
measurements from single axons ordered by the indices in (A). Open black circle: mean for each 276 
group at each depth. *: p < 0.05. Mann-Whitney U test. 277 
(F, G) Comparisons of arbor diameter and maximum branching order between DS/OS and LS 278 
axons. Colored bars: measurements from single axons ordered by the indices in (A). Open black 279 
circle: mean. *: p<0.05. Mann-Whitney U test. 280 
  281 
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Discussion 282 

In this study, we show strong evidence, at both population and single-cell level, that the 283 

motion/direction-sensitive dLGN neurons project extensively to the middle layers in V1, arguing 284 

against the hypothesis predicting their superficial projection bias (Seabrook et al., 2017), but 285 

consistent with the findings from other species (Hei et al., 2015; Bereshpolova et al., 2019). 286 

These results suggest that the motion sensitivity in the V1 middle-layer cells can be partially 287 

inherited from the dLGN motion/direction-sensitive inputs, although it can also be constructed 288 

from non-motion-sensitive inputs (Lien & Scanziani, 2018). Our results also argue against the 289 

proposed homology between the DS/OS pathway in mice and the W-pathway in cats (Seabrook 290 

et al., 2017). The DS/OS cells in this study project heavily to middle layers (Figure 4) and 291 

preferred low TF and high SF than LS cells (Figure 1H, Piscopo et al., 2013), whereas the W 292 

cells in cat dLGN predominantly project to the superficial layers (Anderson et al., 2009) and 293 

prefer lower SF than X- and Y-cells (Sur & Sherman, 1982). 294 

Compared with the rapid progress in mapping complete local functional connectomes in mouse 295 

V1 (microns-explorer.org), our knowledge about how V1 receives its major inputs from dLGN is 296 

surprisingly incomplete. A recent large-scale survey has provided morphological classifications 297 

of thalamocortical projections (Peng et al., 2020), but, without in vivo physiology, the insights it 298 

can provide for cortical computation are indirect. Our study, with its unique strength in linking in 299 

vivo functions and single-axon morphologies, will complement these large-scale studies by 300 

providing function-structure correspondence of the major feedforward inputs to V1.  301 
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Methods 302 

Surgery and animal preparation 303 

For the dense labeling experiments, a 1:3 mixture of AAV1-CAG-mRuby3 (custom made from 304 

plasmid Addgene 107744, titer: 1.6x1012 vg/ml) and AAV1-Syn (or CAG)-FLEX-GCaMP6s 305 

(Addgene: 100845-AAV1, titer 4.3x1013 vg/ml or 100842-AAV1, titer 1.8x1013 vg/ml, 306 

respectively) was injected into the dLGN of six Vipr2-IRES2-Cre-neo mice (3 male, 3 female, 307 

200nL each). For the sparse labeling experiments, a 1:1 mixture of AAV9-hSyn-Cre (1:40000 308 

dilution, Addgene: 105553-AAV9, titer: 3.3x1013vg/ml) and AAV1-Syn-FLEX-GCaMP6s 309 

(Addgene: 100845-AAV1, title: 2.5x1013vg/ml) was delivered into the dLGN of 6 wild type 310 

C57BL/6J mice (3 male, 3 female, 100nL each, Economo et al., 2016). Briefly, injection pipette 311 

was slowly lowered into left dLGN (2.3 mm posterior 2.3 mm lateral from bregma, 2.6 mm 312 

below pia) through a burr hole on the skull. 5 minutes after reaching the targeted location, the 313 

virus mixture was injected into the brain over 10 minutes by a hydraulic nanoliter injection 314 

system (Nanoject III, Drummond). The pipette then stayed for an additional 10 minutes before it 315 

was slowly retracted out of the brain. Immediately after injection, a titanium head-plate and a 5 316 

mm glass cranial window were implanted over left V1 (Goldey et al., 2014) allowing in vivo 317 

two-photon imaging during head fixation. 318 

After surgery, the animals were allowed to recover for at least 5 days before retinotopic mapping 319 

with intrinsic signal during anesthesia (Juavinett et al., 2017). After retinotopic mapping, animals 320 

were handled and habituated to the imaging rig for two additional weeks (de Vries et al., 2020) 321 

before in vivo two-photon imaging.  322 
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All experiments and procedures were approved by the Allen Institute Animal Care and Use 323 

Committee.  324 

 325 

In vivo two-photon imaging 326 

In awake animals, the calcium activities were recorded with a conventional two-photon 327 

microscope or with a multi-plane two-photon microscope (described below). In both 328 

microscopes, a 16x/0.8 NA water immersion objective (Nikon 16XLWD-PF) was rotated to 24 329 

degrees from horizontal to image visual cortex using a commercial rotating head (Sutter MOM). 330 

Emitted light was first split by a 735 nm dichroic mirror (FF735-DiO1, Semrock). The short-331 

wavelength light was filtered by a 750 nm short-pass filter (FESH0750, Thorlabs) and a 470-588 332 

nm bandpass emission filter (FF01-514/44-25, Semrock) before collected as GCaMP signal, 333 

while the long-wavelength light was filtered by a 538-722 nm band-pass emission filter (FF01-334 

630/92-30, Semrock) before collected (mRuby for dense labeling experiments and Dextran-335 

Texas Red for sparse labeling experiments). Image acquisition was controlled using Vidrio 336 

ScanImage software for both scopes (Pologruto et al., 2003, Vidrio LLC). To maintain constant 337 

immersion of the objective, we used gel immersion (Genteal Gel, Alcon). 338 

For experiment with dense labeling (6 mice), thalamocortical axons in V1 were imaged at 8 339 

cortical depths (50, 100, 150, 200, 250, 300, 350, and 400 µm below pia). Imaging was done in a 340 

columnar fashion: at each cortical location calcium activities at 3-8 depths were imaged plane-341 

by-plane over multiple sessions. 342 

For experiments with sparse labeling/axon reconstruction (6 mice), additional 30-60 uL of 343 

Dextran Texas Red (Thermo Fisher, D3328, 25 mg/mL solution with saline) was injected 344 
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subcutaneously ~20 minutes before single-plane two-photon imaging sessions to label blood 345 

vessels. For each imaging session, a local z-stack (field of view 358 x 358 µm from pia to depth 346 

of 500 µm with 4 µm step) was recorded to aid coregistration.  347 

Single-plane two-photon imaging. Two-photon excitation was generated by laser illumination 348 

from a Ti:sapphire laser (Coherent Chameleon Ultra II) tuned to 920 nm. A single z-plane (179.2 349 

x 179.2 µm) was imaged for each session at a frame rate of about 30 Hz with an 8 KHz resonate 350 

scanner (Cambridge Technology, CRS 8K).To maintain constant imaging depth automatic z-drift 351 

correction functions were implemented for experiments using the MOM motors. Briefly, a 352 

correction z-stack (± 50 µm from targeted depth, 2 µm step depth) was recorded before each 353 

imaging session and, during the session, the current imaging plane was continuously compared 354 

to each plane in the correction z-stack. If a drift in depth was detected, the stage was 355 

automatically adjusted to compensate for the drift, thus maintaining constant imaging depth. We 356 

found this procedure crucial to our experiments since the boutons are small objects and a few-357 

micron-drift in depth would result in imaging a different set of boutons. 358 

Multi-plane two-photon imaging. In this custom-built, multi-plane two-photon microscope 359 

(DeepScope, Liu et al., 2018), a liquid crystal spatial light modulator (SLM; HSP-512, 360 

Meadowlark Optics) shapes the pupil wavefront to implement fast-focusing and adaptive optics. 361 

The objective pupil was slightly underfilled (~0.65 effective NA) and correction of systemic 362 

aberrations was performed with fluorescent beads to maintain near diffraction-limited focusing 363 

over a 200 um range. Two-photon excitation was produced by laser light from a commercial 364 

solid-state laser (Spectra-Physic Insight X3 laser) tuned to 940 nm. With this microscope, we 365 

simultaneously recorded calcium activity from planes at 5 different depths (50, 100, 150, 200, 366 

250 µm) in single imaging sessions.  Individual frames (125 x 125 µm with 512 x 512 pixels 367 
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resolution) were acquired at an overall framerate of ~37 Hz with a volume rate of 7.4 Hz. The 368 

DeepScope showed nearly zero z-drift for a prolonged duration (< 2 µm over 24 hours), so we 369 

did not implement z-correction in sessions using DeepScope.  370 

In another set of experiments, we used DeepScope to assess the effect of adaptive optics adjusted 371 

on individual animals. The correction procedure was similar to the method described in Sun et al., 372 

2016. For two mice, 1 µm beads (Thermo Fisher, F8821) were deposited on top of the brain 373 

surface under the coverglass during the initial surgery. Prior to the imaging session, modal 374 

optimization over 12 Zernike modes (up to j = 15 Noll ordering, excluding piston and tilt) was 375 

run to identify the SLM pattern that maximized the beads’ fluorescent signal. Then, during the 376 

imaging session, this SLM pattern was put on and off alternatively for consecutive two-photon 377 

imaging frames (one frame on, one frame off, repeated) and drifting gratings were displayed. 378 

After imaging, the interleaving movie was separated into two movies: one with adaptive optics 379 

and the other without. Bouton’s tuning properties were then extracted from each movie and 380 

compared against each other. 381 

All imaging sessions were performed during head fixation with the standard Allen Institue Brain 382 

Observatory in vivo imaging stage (de Vries et al., 2020). 383 

 384 

Visual stimulation 385 

All visual stimuli were generated and displayed by Retinotopic_Mapping python package 386 

(https://github.com/zhuangjun1981/retinotopic_mapping, Zhuang et al., 2017) over PsychoPy 387 

software (https://www.psychopy.org, Peirce et al., 2019) on a 24-inch LCD monitor (ASUS 388 

PA248Q, frame rate 60 Hz, 1920 x 1200 pixels, mean luminance 45.3 cd/m2) placed 15 cm from 389 
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the mouse’s right eye (covering 120° x 95° of monocular visual space). We displayed locally 390 

sparse noise and full-field drifting grating in each imaging session to measure receptive fields 391 

and orientation/direction/spatial and temporal frequency tuning properties, respectively. In most 392 

sessions, we also displayed a five-minute full-field mid-luminance gray to measure spontaneous 393 

activity. For locally sparse noise, bright and dark squares (5° x 5°) were displayed in a random 394 

sequence on a grid tiling the entire monitor. At any given time, multiple squares could be 395 

displayed but the minimum distance between those squares should be no less than 50°.  Each 396 

square lasted 100 ms and in total was displayed 50 times. For drifting gratings, the combinations 397 

of 12 directions (every 30°), 3 spatial frequencies (0.01, 0.04 and 0.16 cpd) and 3 temporal 398 

frequencies (1, 4, 15 Hz) were displayed. Each display lasted 1 second and was spaced by 1-399 

second mean luminance grey period.  In total, 3 x 3 x 12 + 1 (blank) = 109 conditions were 400 

randomly displayed in each iteration and the whole sequence contained 13 iterations. Although 401 

the SFs and TFs presented in our stimulus set were not enough to map comprehensive tuning 402 

curves (limited by total imaging time of each session), they were enough to be used for 403 

comparisons between different functional groups. All stimuli were spherically corrected so that 404 

they were presented with accurate visual angles on the flat screen (Zhuang et al., 2017). 405 

 406 

two-photon Image preprocessing 407 

The recorded two-photon movies for each imaging plane were first temporally averaged across 408 

every 5 frames (Sutter scope) or 2 frames (DeepScope) retaining an effective temporal frequency 409 

of ~6 Hz. Motion-corrected was then performed on the red channel (mRuby in densely labeled 410 

samples and Texas Red in sparsely labeled samples) using rigid body transform based on phase 411 
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correlation by a custom-written python package (https://github.com/zhuangjun1981/stia, Zhuang 412 

et al., 2017). The resulting correction offsets were then applied to the green channel (GCaMP). 413 

To generate regions of interest (ROIs), the motion-corrected movies were further temporally 414 

downsampled by a factor of 3 and then processed with constrained non-negative matrix 415 

factorization (CNMF, Pnevmatikakis et al., 2016) implemented in the CaImAn python library 416 

(https://github.com/flatironinstitute/CaImAn, Giovannucci et al., 2018). The resulting ROIs were 417 

filtered by their size ([1.225, 12.25] µm2), position (ROIs within the motion artifacts were 418 

excluded) and overlap (for ROIs with more than 20% overlap, the smaller ones were excluded). 419 

For each retained ROI, a neuropil ROI was created as the region between two contours by 420 

dilating the ROI’s outer border by 1 and 8 pixels excluding the pixels within the union of all 421 

ROIs.  Same procedures of neuropil subtraction in our previous studies (Zhuang et al., 2017; de 422 

Vries et al., 2020) was then applied. As reported previously, a high skewness is an indication of 423 

active calcium activity (Mukamel et al., 2009, Dipoppa et al, 2018). Only the ROIs with 424 

skewness greater than 0.6 were defined as “active” boutons and were included in this study. For 425 

each imaging session, a comprehensive file in Neurodata Without Borders (nwb) 1.0 format was 426 

generated to store and share metadata, visual stimuli, all preprocessing results, and final calcium 427 

traces using the “ainwb” package (https://github.com/AllenInstitute/nwb-api).  428 

 429 

Bouton clustering 430 

The correlation-based bouton clustering procedure was based on previously reported algorithms 431 

(Petreanu et al., 2012; Liang et al., 2018) and the same procedure was performed on each 432 

imaging plane. First, for each ROI, calcium events were detected as up-crosses over a threshold 433 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 9, 2021. ; https://doi.org/10.1101/2021.07.07.451534doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.07.451534
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 
 

of 3 standard deviations above the mean in its calcium trace (gaussian filtered with a sigma of 434 

0.1 sec). A period of 3 seconds before and after each onset was defined as an event window and 435 

the union of all event windows for a particular ROI was saved. Second, for any given pair of 436 

boutons, the union of event windows from both boutons was generated and the calcium trace 437 

within the union window was extracted and concatenated for each bouton. Then a Pearson 438 

correlation coefficient of the two concatenated traces was calculated for this pair. By performing 439 

this procedure on all pairs of active ROIs, we generated a correlation coefficient matrix for each 440 

imaging plane. We found the event detection important because it confined the correlation to the 441 

period in which at least one bouton in the pair was active thus avoided correlating the noise 442 

during the inactive period. Third, the correlation coefficient matrices were further thresholded to 443 

reduce noise:  the correlation coefficients for a given bouton were maintained if the coefficients 444 

were larger than 0.5 or if they exceeded 3 standard deviations above the mean value of all the 445 

coefficients between this bouton and all others. Otherwise, they will be set to 0. Third, a 446 

hierarchy clustering was performed to a given imaging plane using “1 – thresholded correlation 447 

coefficient matrix” as the distance matrix using Scipy.cluster.hierarchy library with a “weighted” 448 

method 449 

(https://docs.scipy.org/doc/scipy/reference/generated/scipy.cluster.hierarchy.linkage.html). 450 

Fourth, we use a threshold of 1.3 to separate clusters since ~ 1.5 shows up as a relatively natural 451 

cut-off in the dendrograms. This threshold appeared somewhat conservative on the clustered 452 

correlation coefficient matrix. Fifth, calcium trace of each bouton cluster was calculated as mean 453 

calcium trace of all boutons belonging to this cluster, weighted by the sum of their ROI masks. 454 

For each bouton cluster, three values were extracted to estimate the morphology: (1) bouton 455 

number of this cluster; (2) maximum distance among all bouton pairs belonging to this cluster; (3) 456 
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area of the convex polygon encapsulated by all the boutons belonging to this cluster. For axons 457 

with only one bouton, the metrics 2 and 3 were set to be “nan” and were excluded from statistical 458 

analysis.  459 

To generate stacked cluster mask, we first selected bouton clusters with at least two boutons for 460 

each group. Then the binary mask of each individual cluster was centered to its own center of 461 

mass. All centered masks were summed together to generate a summed population mask for each 462 

group, normalized by its peak. LS&DS/OS bouton clusters were excluded from this analysis to 463 

avoid double counting.  464 

  465 

Spatial receptive field analysis 466 

We calculated the units’ spatial receptive fields from their responses to the locally sparse noise 467 

stimulus using reverse correlation analysis (Zhuang et al., 2013, 2017). For each stimulus 468 

location, the df/f value was calculated as (response – baseline) / baseline (with mean calcium 469 

trace [0, 0.5] second after stimulus onset as response and [-0.5, 0] second before onset as 470 

baseline). From this df/f amplitude map, a z-score map was calculated by subtracting the mean 471 

and dividing the standard deviation of the entire map. The z-score map was then smoothed 472 

(Gaussion filter, sigma = 1 pixel) and up-sampled by a ratio of 10 with cubical interpolation. RF 473 

strength was defined as the peak value of this z-score map. ROIs with a RF strength no less than 474 

1.6 were defined as having a significant spatial RF. For each significant spatial RF, an RF mask 475 

was generated by thresholding either with a value of 1.6 (for maps with a peak less than 4) or 476 

with a value of 40% of its peak (for maps with a peak greater than 4).  477 

 478 
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Grating response analysis 479 

The units’ responses to drifting gratings were analyzed by the event-triggered average procedure 480 

similar to the RF response analysis (0.5 second before onset as baseline and 1 second after as 481 

response). We used same inclusion criteria used in our previous large-scale study (de Vries et al., 482 

2020). The direction tuning curve was extracted at peak TF/SF conditions and, if the minimum 483 

response from this curve was below zero, an offset was added to the whole curve so that the 484 

minimum was zero. The SF and TF tuning curves were extracted by a similar procedure.  485 

We calculated global direction selectivity index (gDSI) as  486 

���� �  
�∑ �������

∑��  , 487 

global orientation selectivity index (gOSI) as  488 

���� �  
�∑ ��������

∑�� , 489 

and the preferred direction as the angle of ∑ 	�
��� . Where j represents different direction 490 

conditions, R represents df/f response in each direction and θ represents the direction. We 491 

defined a unit to be orientation-selective if either its gOSI was greater than 0.5 and a unit to be 492 

direction-selective if its gDSI was greater than 0.5. 493 

From the SF tuning curve, we calculated the preferred SF as 494 

�
�
 �� �  2
�∑��	
���
�∑�� �
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Where j represents different SF conditions. From TF tuning curve, we calculated the preferred 495 

TF as 496 

�
�
 �� �  2
�∑��	
���
�∑�� �

  

Where j represents different TF conditions.  497 

 498 

Perfusion 499 

To histology experiment, the brain tissues were collected by transcardial perfusion. Briefly,  500 

mice were anesthetized with 5% isoflurane and 10 ml of saline (0.9% NaCl) followed by 50 ml 501 

of freshly prepared 4% paraformaldehyde (PFA) was pumped intracardially at a flow rate of 9 502 

ml/min. Brains were immediately dissected and post-fixed in 4% PFA at room temperature for 3-503 

6 hours and then overnight at 4 °C. After fixation, brains were incubated in PBS with 10% 504 

sucrose and then stored in PBS with 30% sucrose until sectioning. 505 

 506 

Histology for expression characterization 507 

To characterize the Cre expression pattern, Vipr2-IRES2-Cre-neo mice were crossed with the 508 

Ai14 reporter line (Madisen et al., 2010) to generate Vipr2-IRES2-Cre-neo/wt; Ai14/wt animals. 509 

The brains of these animals were cut into 50 µm sections by a freezing-sliding microtome (Leica 510 

SM 2101R). Sections with dLGN and V1 were then mounted on gelatin-coated slides and cover-511 

slipped with mounting media (Prolong Diamond Antifade Mounting Media, P36965, 512 

ThermoFisher). 513 
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To verify the injection location and GCaMP expression, the brain tissues from mice in dense 514 

labeling experiments were collected and sectioned with a similar procedure after all imaging 515 

sessions with additional steps of antibody staining to enhance the GCaMP signal before 516 

mounting and coverslipping. During antibody staining, sections containing dLGN and V1 were 517 

blocked with 5% normal donkey serum and 0.2% Triton X-100 in PBS for one hour, incubated in 518 

an anti-GFP primary antibody (1:5000 diluted in the blocking solution, Abcam, Ab13970) for 519 

48-72 hours at 4 °C, washed the following day in 0.2% Triton X-100 in PBS and incubated in a 520 

Alexa-488 conjugated secondary antibody (1:500, 703-545-155, Jackson ImmunoResearch) and 521 

DAPI. 522 

The sections were then imaged with Zeiss AxioImager M2 widefield microscope with a 10x/0.3 523 

NA objective. Fluorescence from antibody enhanced GCaMP and mRuby3 were extracted from 524 

filter sets Semrock GFP-1828A (excitation 482/18 nm, emission 520/28 nm, dichroic cutoff 495 525 

nm) and Zeiss # 20 (excitation 546/12 nm, emission 608/32 nm, dichroic cutoff 560 nm), 526 

respectively.   527 

 528 

Histology for axon reconstruction 529 

To reconstruct the sparsely labeled dLGN axons, brain sections from mice in the sparse labeling 530 

experiments were cut tangentially to the imaging window surface with thickness of 350 or 400 531 

µm on a vibrotome (Leica VT1000). The sections were then (1) incubated in PBS with 8% SDS 532 

for 48 hours at 37°C for initial clearing; (2) blocked by blocking solution NDSTU (5% Normal 533 

Donkey Serum, 4M Urea, 0.2% Triton X-100) at room temperature for 1 hour; (3) incubated in 534 

primary antibody for GFP (1:5000 in NDSTU, Abcam, Ab13970) at room temperature for 48 535 
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hours; (4) incubated in secondary antibody (1:500 703-545-155, Jackson ImmunoResearch) and 536 

lectin (for labeling blood vessels, 2 µg/mL, Vector Laboratories, DL1178) at room temperature 537 

for 48 hours; and (5) mounted with CUBIC tissue clearing solution (urea 25 wt%, Quadrol 25 538 

wt%, Triton X-100 15 wt% in dH2O, Susaki et al., 2015) with spacers of appropriate depth 539 

(SunJin Lab, iSpacer). 540 

The relevant regions (field of view 1.7 x 1.7 mm or 1.7 x 1.2 mm) were then imaged by a 541 

confocal microscope (Olympus FV3000) as tiled z-stacks (30x oil immersion objective with 542 

resolution 0.414 (x) x 0.414 (y) x 0.5 (z) µm, excitation 488 nm / emission [500, 540] nm for 543 

axons and excitation 640 nm / emission [650, 750] nm for blood vessels). 544 

 545 

Coregistration, reconstruction, and morphology analysis 546 

Tiled confocal stacks were first stitched by TeraStitcher (https://abria.github.io/TeraStitcher/, 547 

Bria et al., 2012). The stitched volumes were rotated to match the standard orientation (up: 548 

anterior, left: lateral). Using surface vasculature, the field of view of each 2p session from the 549 

same mouse was located in the confocal volume. By carefully following the descending blood 550 

vessels in both 2p and confocal volumes in the red channel, the imaged depths were reached, and 551 

the imaged axon segments were identified in the green channel. From those identified axon 552 

segments, the complete axon arbor was manually traced using TeraFly/Vaa3d software 553 

(https://alleninstitute.org/what-we-do/brain-science/research/products-tools/vaa3d/). 554 

To quantify the morphological features, we calculated the total length, maximum branching 555 

number, 2D diameter, and density for each reconstrued axon arbor. To calculate 2D diameter, we 556 

first collapse all segments into a 2D xy plane, then the dimeter of a circle centered at the center 557 
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of mass and encompasses 95% of all segments was defined as the axon’s 2D diameter. The 558 

density was defined as the total length divided by the volume of the cylinder constructed by 559 

extruding the circle across cortical depth. We also calculated total length and density at different 560 

cortical depth. Specifically, we calculated total length and density with 10 µm step from 0 – 600 561 

µm to generate the depth profile. We also calculated mean density at different depth range to 562 

compare the layer specificity (superficial layer: 0 – 150 µm; middle layer: 150 - 350 µm; deep 563 

layer: 350 - 600 µm). 564 

 565 

Statistics 566 

The imaging preprocessing, nwb packaging, bouton clustering, receptive field analysis, grating 567 

response analysis, functional type classification, and axon morphology analysis were performed 568 

by a custom-written python package “NeuroAnalysisTools” 569 

(https://github.com/zhuangjun1981/NeuroAnalysisTools).  570 

 571 

To control the variability across imaging planes (different axon/bouton density, vasculature 572 

pattern, expression level), most statistics were extracted from each plane and separated for 573 

different functional types if necessary. For statistics that only one number can be drawn from 574 

each imaging plane (e.g. bouton count), they were presented as mean ± standard deviation. For 575 

statistics that a population distribution can be drawn from each imaging plane (gDSI, gOSI, peak 576 

SF/TF, RF strength, bouton per cluster, max bouton distance, axon coverage area), mean for each 577 

plane was calculated first and mean ± s.e.m. was reported across imaging planes. The 578 

comparisons between different functional types within imaging plane were performed by 579 
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Wilcoxon rank-sum test, and comparisons between imaging planes were performed by Mann-580 

Whitney U test, if not otherwise stated.  Nonetheless, we have verified our results of these two 581 

tests by paired t-test and independent t-test respectively, and they all agreed with the non-582 

parametric tests (not shown).   583 
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