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SUMMARY

Neocortical layer 6 (L6) is less understood than other more superficial layers, largely
owing to limitations of performing high-resolution investigations in vivo. Here, we
show that labeling with the Challenge Virus Standard (CVS) rabies virus strain en-
ables high-quality imaging of L6 neurons by conventional two-photon microscopes.
CVS virus injection into the medial geniculate body can selectively label L6 neurons
in the auditory cortex. Only three days after injection, dendrites and cell bodies of
L6 neurons could be imaged across all cortical layers. Ca®* imaging in awake mice
showed that sound stimulation evokes neuronal responses from cell bodies with
minimal contamination from neuropil signals. In addition, dendritic Ca?* imaging re-
vealed significant responses from spines and trunks across all layers. These results
demonstrate a reliable method capable of rapid, high-quality labeling of L6 neurons
that can be readily extended to other brain regions.

INTRODUCTION

The neocortex is composed of six neuronal layers in mammals.’ Compared to other layers, Lé is the first to
develop but remains relatively understood.”™ L6 corticothalamic (CT) neurons, as the largest component of
the corticofugal projection system, provide CT feedback to the first-order thalamus and send projections to
the higher-order thalamus, which integrate many cortical and extracortical synaptic inputs along their den-
dritic arbors.”™® Although many biomarkers and projections properties of L6 neurons have been revealed,
the mechanistic synaptic circuitry underlying information processing in L6 remains obscure, mainly because

of the technical difficulties of imaging neurons within deep cortical layers in vivo.”'"

Because the initial implementation of two-photon (2P) microscopy in neuroscience, numerous studies of
brain function have been performed in mammalian brains at single-cell and subcellular resolution
in vivo."?° However, the effective optical penetration depth in practice is primarily restricted to
~500 um, reaching, e.g., layer 5a in adult mouse cortex from the pial surface.”’** High-resolution imaging
of deeper layers across the whole cortex is technically challenging but essential for understanding the
contribution of L6 to brain function and behavior.

To date, there are three main approaches to enable the visualization of deeper brain tissues in vivo while
maintaining high optical resolution. First, to replace 2P excitation with three-photon excitation.”””° For the
same biological fluorophores, the longer wavelength of excitation light can result in less scattering through
tissue. Likewise, simply using red-shifted fluorophores can also improve imaging depth.”’"*® Second, to
shape the wavefront of excitation light, i.e., use adaptive optics to correct the optical wavefront aberrations
induced by brain tissue and thus enable deeper imaging.””*° It is also possible to combine these two ap-
proaches to further improve the optical penetration depth.?”*' Third, to remove the excess tissue by sur-
gery and/or to use a prism to convert the side-view along depth to the top-view of microscopy.*”* This
surgical approach enables unlimited optical access to any arbitrary depth and location in the brain at
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In this study, we present a new approach for deep-layer microscopic imaging in the auditory cortex (AuC) https://doi.org/10.1016/].isci.
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virus with the glycoprotein gene deleted and pseudotyped with the N2C glycoprotein (CVS-N2c¢-AG) is em-
ployed to establish a spatially limited expression profile of L6 CT neurons with significantly improved im-
aging contrast. The CVS virus is injected into the post-synaptic thalamic region, and thus, the brain tissue
beneath the cranial window remains largely intact through the surgery. This method enables the expression
of structural indicators (i.e., EGFP) and functional neuronal indicators (e.g., calcium indicators such as
GCaMP) in L6 neurons and direct high-quality imaging throughout all the cortical layers with a conventional
2P microscope, without the need for the above-mentioned optical engineering challenges yet still mini-
mizing tissue damage.

RESULTS
Selective labeling of L6 CT neurons with CVS virus

In the AuC, L6 CT projections are sent to the thalamus, with axon collaterals that densely innervate
GABAergic neurons in the thalamic reticular nucleus en route to the medial geniculate body (MGB).** Ac-
cording to a previous study, L6 CT neurons can be subdivided into two morphologically distinct categories:
Those with apical dendrites terminating in L4 (32%) and those extending to L1 (68%).%° In this study, an en-
gineered retrograde virus based on the rabies virus CVS-N2c strain was used to attain high-quality struc-
tural and functional imaging of AuC L6 CT neurons with a conventional 2P microscope (see STAR Methods
for detailed definition).*® CVS-N2c-AG-EGFP virus (CVS-EGFP) was injected into the MGB (see STAR
Methods for details), which selectively transfected the axon terminals of presynaptic neurons, such as those
projecting to the MGB from the AuC (CT neurons, Figure 1A). To determine the injection site, a mixture of
CVS-EGFP virus (100 nL, 1.50E+08 titer) and Cholera toxin B conjugated to Alexa 555 (CTB-555) (final con-
centration, 0.01 mg/mL) was used (Figure 1B). After three days of expression, the labeled cell bodies were
observed in deep layers of AuC (Figure 1C). Then, additional immunofluorescence staining of Forkhead
box protein P2 (Foxp2) was performed (Figure 1D), which was known as a specific marker for L6 neurons.”’
The distances from pia (0 pm) to the upper edge of the Foxp2™ and CVS™ cells band were measured,
respectively (Figure 1E, median/first-third quartile, same notation for all subsequent data. “"CVS™:
613.00/600.25-637.25 pm, "Foxp2": 621.00/572.50-644.50 um, n = 11 slices from 4 mice). In addition, the
thickness of the CVS™ neuronal layer was slightly narrower than that of the Foxp2™ neuronal layer (Figure 1F,
“CVS": 125.00/121.75-129.00 um, “Foxp2”: 131.00/127.00-145.75 um, n = 11 slices from 4 mice,
p = 9.77e—04, two-sided Wilcoxon signed-rank test). Co-localization analysis shows that nearly all CVS™*
neurons exhibited Foxp2™ (Figure 1G, “Merge cells”: 98.08/97.88-100.00%, n = 11 slices from 4 mice).
And only a tiny fraction of CVS* neurons were found in other layers than Lé (Figure 1H, “L5 cells”: 0.91/
0.28-1.43%, n = 13 slices from 4 mice). These results suggest that CVS retrograde labeling selectively labels
cell bodies and dendrites, but not axons, of CT neurons in L6 of mouse AuC.

Anatomical studies in various species have indicated that L6 neurons in different primary sensory cortices send
feedback projections predominantly to the first-order thalamic nucleus (i.e., ventral MGB of the auditory thal-
amus, MGBV).***" In contrast, layer 5 (L5) neurons project back to medial and dorsal parts of the thalamic nuclei
(i.e., MGBd and MGBm) and other subcortical nuclei.”” Considering the labeling discrepancy among different
retrograde tracers, we compared the results of CVS labeling with other retrograde labeling methods (retroAAV
and CTB, Figures 1l and 1J). Injection of retroAAV in the MGB resulted in labeling predominantly in L5 of AuC
(Figure 11). In contrast, injection of CTB-488 resulted in labeling primarily in L6 (Figure 1J), similar to CVS. To
compare the spatial distribution of labeled neurons in different animals, we normalized the cortical thickness
of the sections and compared the gray value of the three types of retrogradely labeled cells at 10% bin steps
from pia to the L6/white matter border in AuC.*" Most neurons labeled with retroAAV were found within the neo-
cortex's 50-80% thickness range, with a dominant peak in the presumptive L5. In contrast, most neurons labeled
with CVS virus or CTB-488 were found within the 80-100% thickness range (Figures 1K and 1L). These results were
consistent with the previously reported tropism of retrograde tracers within the visual cortex.””

Rapid and effective labeling of L6 CT neurons with CVS virus

To compare the labeling characteristics of the CVS virus with other retrograde tracers, CVS-EGFP, retroAAV, and
CTB-488 were injected into the MGB, respectively. CVS-EGFP labeled neurons in AuC were examined on days 1,
2,3,7,and 21 (Figure 2A), and the results were compared with those obtained with retroAAV on day 21 (Fig-
ure 2B), as well as those obtained with CTB-488 on day 7 (Figure 2C). %34 As shown in Figure 2A, green fluores-
cence (EGPF) from CVS transfection was seen in AuC from day 1, and the fluorescence became more
pronounced on day 3. The quantitative analysis showed that the level of EGFP expression was not significantly
different on day 3 compared to day 7 or 21 (Figure 2D). Furthermore, the cell numbers and labeling density
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Figure 1. CVS virus injection in MGB selectively labels cell bodies and dendrites of L6 CT neurons in AuC

A) Schematic diagram of the injection site of CVS-EGFP in the MGB (Bregma:—3.1 mm).

B) Coronal slice showing an injection site of CVS-EGFP mixed with CTB-555 in MGB and the retrogradely labeled neurons in the AuC on day 3.

C) Higher magnification of AuC showing CVS-EGFP labeled neurons.

D) Foxp2 immunostaining of CVS-labeled section in AuC. White dashed lines show the border of Foxp2.

(E) Boxplots showing the comparison of the distance from pia (0 pm) to the Foxp2-immunopositive neurons and CVS labeled neurons border. n = 11 slices
from 4 mice. Median/first - third quartile, same notation for all subsequent data. "CVS": 613.00/600.25-637.25 pm, “Foxp2": 621.00/572.50-644.50 pm. p =
0.53, two-sided Wilcoxon signed-rank test.

(F) Boxplots showing the comparison of the distance between the upper and lower edges of the Foxp2-immunopositive or CVS labeled band. n = 11 slices
from 4 mice. "CVS": 125.00/121.75-129.00 um, “Foxp2": 131.00/127.00-145.75 um. p = 9.77e—04, two-sided Wilcoxon signed-rank test.

(G) Boxplot showing the proportions of CVS-labeled neurons expressing Foxp2 in L6. n = 11 slices from 4 mice.

(H) Boxplots showing the fraction of CVS-positive cells in each layer in AuC. n = 13 slices from 4 mice. “L5": 0.91/0.28-1.43%, "L6": 99.09/98.57-99.72%.
(I) Coronal slice showing an injection site of retroAAV in MGB and the labeled neurons in the AuC on day 21.

(J) Coronal slice showing an injection site of CTB-488 in MGB and the labeled neurons in the AuC on day 7.
(
(

(
(
(
(

K) Gray value of CVS, retroAAV, and CTB-488 labeled neurons in AuC with distance from pia (0%) to the L6/WM border (100%).

L) Boxplots showing the comparison of the gray value of CVS, retroAAV, and CTB-488 labeled neurons in L5 and Lé. n = 10 slices taken for each group from 3
mice. L5: "CVS": 17.00/16.00-18.00, "retroAAV": 67.50/51.00-78.00, “CTB": 19.00/15.00-20.00; L6: “CVS": 79.00/72.00-88.00, “retroAAV": 8.00/6.00-11.00,
"CTB": 48.00/44.00-49.00. L5: P (retroAAV, CVS) = 1.80e—04, P (retroAAV, CTB) = 1.77e—04, P (CVS, CTB) = 0.24; L6: P (retroAAV, CVS) = 1.76e—04, P
(retroAAV, CTB) = 1.72e—04, P (CVS, CTB) = 1.77e—04, two-sided Wilcoxon rank-sum test.
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Figure 2. CVS virus enables rapid and effective labeling of L6 CT neurons

(A) Coronal slice showing the labeled neurons in AuC with CVS-EGFP on days 1, 2, 3,7,21.

(B) Coronal slice showing the labeled neurons in AuC with retroAAV on day 21.

(C) Coronal slice showing the labeled neurons in AuC with CTB-488 on day 7.

(D) Boxplots showing the comparison of the cell numbers of CVS, retroAAV, and CTB-488 labeled neurons. “CVS 1d": 37.00/25.00-46.00, n = 13 slices from 3
mice; “CVS 2d": 89.00/75.00-99.00, n = 13 slices from 3 mice; “CVS 3d": 160.00/124.00-210.00, n = 13 slices from 3 mice; “CVS 7d"”: 171.00/139.00-211.00, n =
12 slices from 3 mice; “CVS 21d": 177.00/141.00-201.00, n = 12 slices from 3 mice; “CTB 7d": 194.00/138.00-214.00, n = 11 slices from 3 mice; “retroAAV 21d":
112.00/107.00-134.00, n = 105slices from 3 mice. P (CVS 1d, 2d) = 2.58e—05, P (CVS 2d, 3d) = 4.06e—05, P (CVS 3d, 7d) = 0.89, P (CVS 7d, 21d) = 0.91, P (CVS 3d,
CTB 7d) = 0.45, P (CVS 3d, retroAAV 21d) = 0.02, two-sided Wilcoxon rank-sum test.

(E) Boxplots showing the comparison of the labeling density of CVS, retroAAV, and CTB-488 labeled neurons. “CVS 1d": 0.49/0.31-0.57, n = 13 slices from 3
mice; "CVS 2d": 0.97/0.86-1.10, n = 13 slices from 3 mice; "CVS 3d": 2.41/1.95-2.76, n = 13 slices from 3 mice; "CVS 7d": 2.78/2.17-3.15, n = 12 slices from 3
mice; “CVS 21d": 2.71/2.49-3.10, n = 12 slices from 3 mice; "CTB 7d": 2.37/2.04-2.66, n = 11 slices from 3 mice; “retroAAV 21d": 1.48/1.18-1.62, n = 10 slices
from 3 mice. P (CVS 1d, 2d) = 3.27e—05, P (CVS 2d, 3d) = 1.65e—-05, P (CVS 3d, 7d) = 0.40, P (CVS 7d, 21d) = 0.80, P (CVS 3d, CTB 7d) = 0.74, P (CVS 3d,
retroAAV 21d) = 0.06e—02, two-sided Wilcoxon rank-sum test.

(labeled cell numbers per unit area) also showed no difference between CVS-labeled neurons on day 3
compared to CTB-488 labeled neurons on day 7 (Figures 2D and 2E). The cell numbers and density of CVS la-
beling on day 3 were even higher than retroAAV labeling on day 21 (Figures 2D and 2E). These results showed
that the CVS virus-based labeling strategy effectively labeled L6 CT neurons in terms of time efficiency compared
with retroAAV and CTB: only 3 days are needed for sufficient labeling.

Multiscale structural imaging of L6 CT neurons in vivo

To evaluate the CVS labeling capabilities with conventional 2P imaging, we performed structural imaging
of L6 CT neurons with CVS or AAV virus in AuC in vivo (see STAR Methods for details). Figure 3A shows a
representative z stack of the entire cortical column for CVS virus-labeled CT neurons. The labeled neurons
were strong enough in EGFP to enable high-contrast structural imaging throughout all cortical layers.
Neuronal dendrites and spines of CVS-labeled neurons had a higher level of EGFP in deeper layers than
in AAV-labeled neurons (Figures 3B and 3C). Imaging quality was substantially improved with CVS labeling,
as reflected by the much higher signal-to-background ratio, especially at greater tissue depths. Quantita-
tive measurement of the fluorescence intensity profiles of multiscale structures in different layers indicated
that CVS labeling resolved single spines down to L5 and dendritic shafts down to Lé (Figures 3D and 3E).
Thus, CVS labeling significantly improves the quality of imaging of CT neurons in L6, allowing individual
dendrites and spines to be investigated in deeper layers.
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Figure 3. CVS labeling enables multiscale structural imaging of L6 CT neurons in vivo

(A) 3D reconstruction of in vivo imaging of CVS-EGFP labeled neurons on day 3.

(B) Structure imaging of CVS labeled neurons in all layers with CVS-EGFP virus injected into MGB in C57/BL6J mice on day 3.

(C) Structure imaging of AAV labeled neurons in all layers with AAV2/9-hsyn-DIO-EGFP virus injected into AuC in Ntsr1-Cre transgenic mice on day 21.
(D) Relative gray value of CVS and AAV labeled structure along the dashed line in (B) and (C).

(E) Boxplots showing the comparison of the relative gray value of CVS and AAV labeled structure in all layers. n = 10 images taken for each group from 3 mice.
L1: "CVS": 3.30e—04/2.92e—04-3.90e—04, "AAV": 3.42e—04/3.12e—04-3.72e—04; L2/3: "CVS": 5.93e—04/5.76e—04-6.10e—04, "AAV": 3.95e—04/3.60e—04—
4.43e—04; L4: "CVS": 1.97e—04/1.88e—04-2.35e—04, "AAV": 1.46e—04/0.93e—04-1.91e—04; L5: “CVS": 2.20e—04/1.93e—04-2.38e—04, "AAV": 1.15e—04/
0.71e—04-1.35e—04; L6: "CVS": 3.53e—04/3.15e—04-4.00e—04, “"AAV": 1.59e—04/1.48e—04-2.09e—04. P (L1: CVS, AAV) = 0.59, P (L2/3: CVS, AAV) =
1.83e—04, P (L4: CVS, AAV) =0.64e—02, P (L5: CVS, AAV) = 7.69e—04, P (L6: CVS, AAV) = 1.83e—04, two-sided Wilcoxon rank-sum test.

Electrophysiological benchmarking of CVS* and CVS ™ neurons

To test the robustness of CVS-transfected cells, we performed in vitro patch-clamp recording on both CVS* and
CVS™ L6 neurons in the AuC. Because the EGFP expression level was insufficient to identify the transfected cells
onday 1, we recorded labeled cells from brain slices obtained on day 2 and day 3 (Figures 4A and 4B). No signif-
icant difference between the CVS™ and nearby CVS™ cells were found, including measures of the resting mem-
brane potential (V,,,), input resistance (R;,), action potential (AP) peak amplitude, AP rising time, and AP half-width
(Figures 4C4G). In addition, the AP frequency of recorded CVS" neurons exhibited no significant difference
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Figure 4. Electrophysiological benchmarking of CVS* and CVS ™ neurons

(A) General scheme for whole-cell patch-clamp recording in vitro.

(B) Acute slice for whole-cell patch-clamp recording in vitro. Responses of these cells to injected current pulses (—150, —100, —50, 0, 50, 100, 150, 200 pA)
were recorded. 10 neurons were taken for the CVS™ group from 5 mice, 8 neurons for the CVS™ 2d from 3 mice, and 8 neurons for the CVS™ 3d from 3 mice.
(C) Comparison of the resting membrane potential. “CVS™:-63.08/-69.26—-58.68, "CVS* 2d":-66.75/-74.74—-57.84, "CVS* 3d":-67.50/-69.33--37.68. P (CVS’,
CVS* 2d) = 0.84, P (CVS", CVS™ 3d) = 0.33, P (CVS* 2d, CVS* 3d) = 0.37, two-sided Wilcoxon rank-sum test.

(D) Comparison of the input resistance. “CVS™: 228.05/184.10-276.50, “CVS* 2d": 189.85/161.70-217.50, “CVS* 3d": 144.40/140.63-198.90. P (CVS", CVS*
2d) = 0.20, P (CVS", CVS* 3d) = 0.07, P (CVS* 2d, CVS™ 3d) = 0.37, two-sided Wilcoxon rank-sum test.

(E) Comparison of the AP peak amplitude. “CVS™: 58.52/50.41-63.85, "CVS* 2d": 50.14/37.69-56.68, "CVS* 3d": 56.84/44.68-71.01. P (CVS", CVS* 2d) = 0.07,
P (CVS", CVS* 3d) = 0.82, P (CVS* 2d, CVS™ 3d) = 0.24, two-sided Wilcoxon rank-sum test.

(F) Comparison of the AP rising time. “CVS™: 1.76/1.57-2.08, “CVS™* 2d": 1.67/1.47-2.07, "CVS*3d": 1.64/1.51-1.99. P (CVS", CVS* 2d) = 0.76, P (CVS’, CVS*
3d) = 0.74, P (CVS™ 2d, CVS™ 3d) = 0.99, two-sided Wilcoxon rank-sum test.

(G) Comparison of the AP half-width. “CVS™: 2.47/2.00-3.12, “CVS* 2d": 2.55/1.71-3.18, "CVS* 3d": 2.02/1.79-2.37. P (CVS", CVS* 2d) = 0.81, P (CVS", CVS*
3d) =0.11, P (CVS* 2d, CVS* 3d) = 0.27, two-sided Wilcoxon rank-sum test.
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Figure 4. Continued

(H) Comparison of the spike frequency. 150pA: “CVS™: 1.56/1.25-3.28, “CVS™ 2d": 1.88/0.63-3.13, “CVS* 3d": 1.56/0.781-2.81; 200pA: “CVS™: 2.50/1.72—
4.38,"CVS* 2d": 1.88/0.78-3.75, "CVS* 3d": 1.88/0.78-4.22. 150pA: P (CVS", CVS* 2d) = 0.89, P (CVS’", CVS™ 3d) = 0.64, P (CVS™ 2d, CVS™ 3d) = 0.64; 200pA: P
(CVS’, CVS* 2d) = 0.55, P (CVS", CVS™ 3d) = 0.55, P (CVS* 2d, CVS™ 3d) = 1.00, two-sided Wilcoxon rank-sum test.

(I) 1=V curves of three group data.

compared with CVS™ neurons when responding to the current stimulation (Figure 4H), and the current-voltage
characteristic (I-V) curve also showed no significant difference (Figure 4l). These results confirm that the CVS-
labeled neurons exhibit electrophysiological properties that are indistinguishable from those of normal neurons.

Low-contamination Ca®* imaging of L6 CT neuronal populations

We next performed functional imaging of L6 CT neurons in AuC labeled by the CVS-N2¢c-AG-GCaMPés
(CVS-GCaMPés) virus 3 days after injection in MGB in vivo in awake mice. As expected, the CVS-
GCaMPés virus showed the same tracing retrograde properties as CVS-EGFP (Figures 5A and 5B). One
common issue in population Ca®* imaging in vivo was that neuronal signals were often contaminated by
the adjacent neuropils.”® To ensure that CVS labeling was not prone to such contamination, we randomly
sampled the signals of several neurons and their adjacent neuropils (Figures 5C-5E). The amplitude of
broadband noise (BBN)-evoked responses from cell bodies were much higher than that from nearby neuro-
pils (Figures 5D and 5E, the amplitude of “Neuron”: 1.38/1.14-1.80, the amplitude of “Neuropil”: 0.13/
0.09-0.18, n = 25 neurons from 4 mice, p = 1.22e—05, two-sided Wilcoxon signed-rank test). The data above
verified that CVS-GCaMPés labeling enabled low-contamination Ca®* imaging of CT neurons from L6.

Next, we performed functional population imaging of L6 CT neurons labeled by CVS-GCaMPés in awake
mice and calculated the amplitude of each neuron evoked by BBN. Ten focal planes from 4 mice were
superimposed to show the characteristics of responses within a window of 200 um X% 200 um (Figure 5F),
and the activity level for all the 897 imaged neurons were sorted by their relative change from pre-sound
to post-sound (Figure 5G). We then examined the success rate of BBN-evoked responses, which was
defined as the percentage of detectable responses (repetition >10). Note that neurons with a success
rate <50% to BBN stimuli were defined as “Unreliable” neurons, including those without BBN-evoked re-
sponses but with Ca®* transients. The neurons with a success rate >50% were defined as “Reliable,” and
“Silent” neurons showed no clear Ca®* transients during the entire recording duration (Figure 5H). Here,
5.71/0.00-16.76% of the recorded neurons were “Reliable” neurons, 48.00/40.29-60.07% were "Unreliable”
neurons, and 38.46/29.08-56.47% were "Silent” (Figure 51, n = 897 neurons from 5 mice).

High-quality Ca®* imaging of single-cell subcellular structures across cortical layers

In addition to population imaging, CVS labeling enabled high-quality Ca®* imaging of a single cell at sub-
cellular resolution from superficial to deep cortical layers in the anesthetized mice (Figure 6A). The Ca?*
signals of single spines in L1 were easily resolved, with apical trunks in layer 2-5, and cell bodies in L6 (Fig-
ure 6A). Ca®* signals from different parts of the same neuron were found from superficial to deep layers
(Figures 6C and 6D, n = 7 neurons from 4 mice). However, the amplitude and frequency of Ca®" transients
from apical trunks in L4 and L5 were increased considerably compared with superficial layers (Figures 6C
and 6D). One neuron was selected to fully reconstruct the functional profile in temporal and spatial dimen-
sions, and a total of 20 focal planes of the neuron were recorded to show the response characteristics of all
structures (Figure 6E, from pia to the cell body, 0-608 um). Together these suggest that by imaging the
apical dendrites and somata of L6 CT neurons at single-cell resolution, CVS labeling provides a suitable
way to study the ability of dendrites to integrate inputs from spatially isolated pathways.

DISCUSSION

In this study, we developed a CVS-based labeling strategy that enables high-contrast, multiscale, struc-
tural, and functional imaging of CT neurons in L6 of AuC in mice in vivo.

The CVS-based labeling strategy enables rapid, high-quality imaging of structural and functional details of
labeled neurons at large cortical depths. The 2P microscope has been widely used to record neuronal ac-
tivities within ~500 um of mouse cortex.”'*? Here we present a simple approach to improve the depth pene-
tration using only a conventional 2P microscope. We conducted experiments comparing CVS labeling with
AAV labeling (Figure 3). For structural imaging, subcellular profiles of neurons can be obtained after just
3 days of expression whereas other labeling methods usually require more than 1 week (Figure 3A). For
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Figure 5. CVS labeling enables low-contamination Ca?* imaging of L6 CT neuronal populations

(A) Schematic diagram of the injection site of CVS-GCaMPés in the MGB.

(B) Series slices showing the labeled neurons in AuC from Bregma —2.2 mm to —3.7 mm.

(C) An example of 2P image with CVS-GCaMPés labeling in vivo. The dashed circles indicate the neurons and neuropils for which Ca?* activity is shown in (D).
(D) BBN-evoked Ca?* signal of neurons and adjacent neuropils in the awake mice. Left: Ca’* activity traces of the example neurons and neuropils (marked in
(C)). Right: Data were from 25 neurons and their corresponding 25 adjacent neuropils (4 mice).

(E) Boxplots showing the comparison of the amplitude of neurons and neuropils. n = 25 neurons from 4 mice. “Neuron”: 1.38/1.14-1.80, “Neuropil”: 0.13/
0.09-0.18. p = 1.22e—05, two-sided Wilcoxon signed-rank test.

(F) Distribution of the BBN-evoked response in the imaging window of 200 pm X 200 um (n = 10 focal planes from 4 mice). Each circle represents one neuron.
The color code is on the right side of (G).

(G) A pseudo-colored plot summarizing the trial-integrated Ca®* activity trace for each neuron identified as BBN-evoked. n = 897 neurons from 5 mice.
Neurons were sorted by their relative increment of activity level (from pre-sound to post-sound). “0” indicated the onset of the BBN stimuli. The color code is
on the right side.

(H) Distribution of the success rate for BBN-evoked responses. n = 897 neurons from 5 mice. Neurons defined as “Unreliable” were neurons with a success
rate <50% to BBN stimuli, including non-BBN responsive neurons, which showed spontaneous Ca®* transients. The neurons of BBN responses success rate
>50% were “Reliable.”.

(1) Boxplot showing the percentage of neurons responsive to BBN stimuli in AuC. n = 897 neurons from 5 mice. “Silent neurons": 38.46/29.08-56.47%,
“Unreliable neurons”: 48.00/40.29-60.07%, "Reliable neurons”: 5.71/0.00-16.76%. Neurons were defined as “Silent” when they showed no clear Ca®*
transient during the entire recording duration.
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Figure 6. CVS labeling enables high-quality Ca?* imaging of single-cell subcellular structures across cortical layers

(A) Reconstruction of a single neuron labeled by the CVS-GCaMPés virus in all cortical layers.

(B) Left: 2P imaging of a single neuron in all layers with CVS-GCaMPés. Right: BBN evoked Ca®* signal traces in the anesthetized mice.

(C) Comparison of the Ca?* amplitude in all layers of every single neuron. Ca®* signal response of L1 spine, L2-5 trunk, and L6 cell body. n = 7 neurons from 4
mice. “L1": 0.00/0.00-0.00, “L2/3": 0.00/0.00-1.00, “L4": 1.33/1.14-2.04, “L5": 2.40/2.02-2.63, “L6": 0.78/0.60-2.41. P (L2/3, L4) = 0.01, P (L4, L5) = 0.04, two-
sided Wilcoxon signed-rank test.

(D) Compoarison of the Ca* frequency in all layers of every single neuron. Ca®* signal response of L1 spine, L2-5 trunk, and L6 cell body. n = 7 neurons from 4
mice. “L1":0.00/0.00-0.00, “L2/3":0.00/0.00-6.25%, "L4": 20.00/13.33-37.25%, "L5": 37.50/34.17-58.37%, ""L6": 50.00/34.17-58.37%. P (L2/3, L4) = 0.20e—02,
P (L4, L5) = 0.01, two-sided Wilcoxon signed-rank test.

(E) Front view: A pseudo-colored plot of one single neuron responses to BBN throughout the cortex. Side view: Reconstruction of a single neuron of L6. Top
view: Apical dendrites of L6 neuron. The color code is on the right side.

functional imaging, high-quality Ca?* imaging of L6 CT neurons can be performed with CVS-GCaMPés virus
by day 3 post-injection (Figures 5F-5I). The high signal-to-background ratio in structural (Figures 3B-3E) and
functional (Figures 5C-5E) imaging suggests that the CVS-based labeling strategy is a low-contamination
method for in vivo imaging. In addition, CVSis capable of labeling the complete cell morphology at subcel-
lular resolution from spines to cell bodies, thus allowing functional imaging of single-cell subcellular struc-
tures (Figure 6). In particular, this strategy provides a suitable approach for studying dendritic integration
and characterizing input-output transformations in individual neurons with complex dendritic processes.””
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CVS-based labeling primarily relies on the application of projection-specific retrograde labeling. The
deep-layer pyramidal neurons are a major source of output from the neocortex.® By exploiting the retro-
grade nature of rabies virus infection (Figure 1), CVS labeling avoids potential damage to the imaging
window because of dye loading/virus injection into the target area, ensuring more excellent stability
and consistency in imaging results. In addition, combining CVS with the Cre-loxP recombination system
allows both type- and projection-specific neuron labeling.”® However, the deep injection required for Lé
labeling is accompanied by a higher risk of missing the target site and hitting a blood vessel. It should
be noted that labeling selectivity must be carefully assessed before drawing conclusions (see below).

Viruses have emerged as powerful tools for analyzing the structure and function of neural circuits. The CVS-
N2c-AG rabies virus strain, a recently engineered self-inactivating AG rabies virus lacking the polymerase
gene, exhibits strong neurotropism. Although our data show no significant differences in electrophysiolog-
ical properties between CVS* and CVS™ neurons (Figure 4), the infection period allowing the most precise
imaging should be determined in future work. Previous studies have revealed that reliable neural activity
using the CVS-GCaMPés virus can be maintained for at least 21 days, as recorded by fiber photometry.*®
In acute forebrain slices, CVS-N2c-AG-hChR2-YFP reliably elicits action potentials in transfected cortical
neurons for at least 28 days after infection.”® These results suggest that the CVS strain significantly reduced
neuronal toxicity compared to the traditional rabies virus. However, it is still unclear if the CVS-based label-
ing method is suitable for a chronic investigation that lasts for months.

Itis long known that different viruses exhibit different infection tropisms in different brain regions.*” The distinct
tropism of different tracers in the central nervous system may because of the differences in the presence of the
corresponding receptors that initiate their entrance into neurons.*® Also, host-limiting factors may also repress
viral transcription or replication, thus influencing the ultimate efficiency of circuit mapping.’? Although the
detailed mechanism underlying the selectivity still needs to be further resolved, the labeling preference also
enables the investigation of a certain neuronal population. However, it must be kept in mind that, with other la-
beling methods such as CTB and retroAAV, the specificity of the CVS-based labeling strategy must be double-
checked with other methods such as immunofluorescence/in situ hybridization.

Finally, it warrants mention that we used the virus to study the deep layer of AuC, but it has been shown to
have similar layer specificity in the visual cortex.”” In future studies, it will be interesting to apply this
approach to the functional studies of deep layers in other brain regions. The CVS-based labeling approach
used in the current work has no additional costs except for the engineered viruses and is thus both afford-
able and technically tractable for most labs, with fewer surgery-associated risks.”® Furthermore, by
combining CVS with adaptive optics and/or three-photon imaging, maximum imaging depth can be
increased and may eventually be used to detect neuronal network activity in regions previously inaccessible
by functional imaging studies in vivo.”**°

Limitations of the study

This study also has some limitations. For example, it is unclear if the CVS-based labeling method is suitable
for a chronic functional study lasting several months. In addition, although we have proved that the method
is applicable in AuC, and the layer specificity in the visual cortex has been reported, the applicability to
other cortices is still unclear, which still needs further investigations in future studies. At the same time,
the functional studies in the AuC Lé of different-projection neuronal subsets are also worth further studies.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

CVS-N2c-AG-EGFP BrainCase Co., Ltd., Shenzhen, China BC-RV-N2C862
CVS-N2c-AG-GCaMés BrainCase Co., Ltd., Shenzhen, China BC-RV-CVS715

AAV 2/retro-hSyn-EGFP BrainVTA, China PT-1990
AAV2/9-hsyn-DIO-EGFP BrainVTA, China PT-1103

Antibodies

Goat anti-Foxp2 Abcam ab1307; RRID: AB_1268914
Alexa Fluor 594-conjugated donkey anti-goat IgG Invitrogen A-11058; RRID: AB_142540

Chemicals, peptides, and recombinant proteins

Invitrogen™ Cholera Toxin Subunit B (Recombinant), Invitrogen C34775
Alexa Fluor™ 488 Conjugate

Invitrogen™ Cholera Toxin Subunit B (Recombinant), Invitrogen C34776
Alexa Fluor™ 555 Conjugate

DAPI Sigma-Aldrich Cat# D9542

Experimental models: organisms/strains

C57BL/6J mouse Beijing HFK Bioscience Co., Ltd. (China) https://www.jax.org/; JAX:000664;
RRID: IMSR_JAX:000664
Ntsr1-Cre mouse B6.FVB (Cg)-Tg (Ntsr1-Cre) Gn220Gsat/ https://www.jax.org/strain/033365

Mmucd (Jackson Laboratory)

RESOURCE AVAILABILITY
Lead contact

Requests for resources and reagents should be directed to the lead contact Jianxiong Zhang
(jlanxiong_zhang1988@tmmu.edu.cn).

Materials availability

All the head-fixation apparatus as will be made available on request after completion of a method transfer.

Data and code availability

® The original data reported in this paper is available from the lead contact upon request.
® This paper does not report original code.

e Additional information related to this study is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

C57/BL6&J adult (6 to 8 weeks old, male) mice were provided by the Laboratory Animal Center at the Third
Military Medical University. B6.FVB (Cg)-Tg (Ntsr1-Cre) Gn220Gsat/Mmucd (Ntsr1-Cre) mice were from the
Jackson Laboratory. Mice were housed in groups (5 maximum per cage) under a 12 h light/dark cycle with
free access to food and water. All animal procedures were approved by the Animal Care Committee of the
Third Military Medical University and were performed in accordance with the principles outlined in the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory Animals.
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METHOD DETAILS
Virus injections, immunofluorescence staining, and confocal imaging

Mice were anesthetized with 1% to 2% isoflurane in pure oxygen and placed in a stereotactic frame (Beijing
Zhongshi Dichuang Technology Development Co., Ltd.). A warm heating pad was used to keep the animals
at a proper body temperature (36.5°C to 37.5°C). A small craniotomy (0.5 x 0.5 mm) was made above the
MGB (AP -3.1mm, ML 2.0 mm, DV -2.8 mm from dura). Viruses and dyes were used as follows: CVS-N2c-AG-
EGFP (BC-RV-N2C862) and CVS-N2c-AG-GCaMés (BC-RV-CVS715) were packaged by BrainCase Co., Ltd.,
Shenzhen, China. The retroAAV-hSyn-EGFP (AAV 2/retro, PT-1990) virus was packaged by BrainVTA. CTB-
488 (C34775) and CTB-555 (C34776) were from Invitrogen, Carlsbad, CA, USA. In all the injections, approx-
imately 100 nL of materials were injected into the MGB over ~5 min. The micropipette was held in place for
10 min before retraction. Tissue glue (3M Animal Care Products, Vetbond) was used for bonding the scalp
incision. For slice preparation, mice were perfused transcardially with 4% paraformaldehyde in phosphate-
buffered saline. Brains were postfixed in 4% paraformaldehyde overnight at 4°C and cut into 50 um sections
on a cryostat microtome (Thermo Fisher, NX50, Waltham, MA). The Foxp2 immunostaining was performed
with the standard protocols. Briefly, a blocking solution was prepared with 5% normal serum (donkey
serum, Sigma) and 0.3% Triton-X 100. Selected brain sections were incubated in an appropriate blocking
solution at room temperature for 90 min, followed by the application of primary antibodies: goat anti-
FOXP2 (1: 500, Abcam, ab1307) for 24 hat 4°C. After washing in PBS, secondary antibodies Alexa Fluor
594-conjugated donkey anti-goat IgG (Invitrogen, A-11058) in the blocking solution was applied at room
temperature for 80 min. Mounted sections were imaged on a scanning confocal microscope (TCS SP5,
Leica).

Comparative different materials injections, imaging, and quantification

The number of labeled cells per layer was determined by counting the number of EGFP* cells in the tissue
slice. Layer boundaries were determined by expert visualization of DAPI labeled nuclei, where available,
and pia-WM distance. For the gray value analysis, the distance of CVS, CTB-488, or retroAAV labeled cells
present within the region of interest (ROI) was measured from pia to the L6/\'WM border, and then propor-
tional distance was obtained at 1% steps by normalizing the distance to the cortical thickness with pia and
the L6/WM border being 0% and 100%, respectively. The gray value was measured using the Plot Profile
(pixel intensity counting) function of Image J. The number of cells at each step was averaged across ani-
mals. Cells with a partial structure near the edge of the analysis area were excluded from the analysis.

Two-photon structural imaging

All mice used for structural imaging (Figure 3) were in the anesthetized state. For acute two-photon Ca?*
imaging experiments, a cranial window over the right AuC of the mouse was made. In brief, the animal was
anesthetized with isoflurane and kept on a heating pad (37.5°C). The skin and muscles over the AuC were
removed after local lidocaine injection. A custom-made plastic chamber was glued to the skull with cyano-
acrylate glue (UHU), followed by a small craniotomy (~2 mm X 2 mm) (the center point: Bregma —3.0 mm,
4.5 mm lateral to the midline). To prevent cortical jitter for stable imaging, a piece of glass coverslip was
placed on the cranial window and sealed with cyanoacrylate and dental cement.”’ The isoflurane was
then reduced to 0.4 — 0.8%, and the animal was transferred to the imaging system.

For CVS labeling (Figures 3A and 3B), mice were used for imaging experiments 3 days after the CVS-EGFP
virus was injected into MGB in C57/BL6J mice. Since injection of retroAAV in MGB resulted in labeling pre-
dominantly in L5 of AuC (Figure 11), we performed in vivo structural imaging on the neurons labeled with
AAV-DIO-EGFP in adult Ntsr1-Cre mice which specially labeled L6 CT neurons (Figure 3C). Mice were
used 21 days after the AAV2/9-hsyn-DIO-EGFP (PT-1103, BrainVTA) virus was injected into AuC (AP
-3.1mm, ML 3.8 mm, angle 20°, DV -1.4 mm from dura) for AAV labeling. The field-of-view (FOV) was chosen
some distance away from the area of the brightest EGFP labeling since relative sparseness was useful for
substructure identification.

Two-photon imaging was performed with a custom-built 2P microscope system based on a 12.0 kHz reso-
nant scanner (model “LotosScan 1.0”, Suzhou Institute of Biomedical Engineering and Technology).
Two-photon excitation light was delivered by a mode-locked Ti: Sa laser (model “Mai-Tai DeepSee,”
Spectra-Physics) at a wavelength of 920 nm. A 40x/0.8 NA (Nikon) water-immersion objective was used
for imaging, and this objective had a long working distance of 3.5 mm. The typical size of the imaging
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FOV was ~200 pm X 200 um. In a typical experiment, time-lapse imaging recording at different focal
depths could be performed sequentially. The average power of the output laser (under the objective)
was in the range of 30 — 120 mW, depending on the depth of imaging. For the reconstruction of the
neuronal morphology, Z-stack fluorescent images were projected into an averaged image using projection
software (Image J). For structural images, the background intensity of each section was subtracted from raw
grayscale intensity profiles to minimize the differences.

Two-photon functional imaging

All mice used for population functional imaging (Figure 5) were in the awake state, and for single-cell im-
aging (Figure 6) were in the anesthetized state. A custom-made plastic chamber (head post) designed for
head-fixed mouse experiments was used.”” The mouse underwent head-fixation training for 3 days (3h per
day). During this training period, the head and the whole body were rotated around 70° based on the cra-
niocaudal axis to keep the surface of AuC perpendicular to the microscope objective. After head-fixation
training, mice gradually adapted to this posture and could sit comfortably for 4 h. On the recording day, a
small craniotomy (~2 X 2 mm) was performed on the right AuC after local lidocaine injection under isoflur-
ane anesthesia (1-2%). The recording chamber was perfused with normal artificial cerebral spinal fluid
(ACSF) containing 125 mM NaCl, 4.5 mM KCI, 26 mM NaHCOs3, 1.25 mM NaH,POy4, 2 mM CaCl,, 1 mM
MgCls, and 20 mM glucose (pH 7.4 when bubbled with 95% oxygen and 5% CO5).

In vitrowhole-cell patch-clamp recording

For brain slice electrophysiology recordings, 11 adult C57/BL6J mice were used. CVS-N2¢c-AG-EGFP was
injected into the MGB. After 2 or 3 days, mice were dissected in ice-cold ACSF containing 125 mM NaCl,
2.5mMKCI, 1.25 mM NaH;PO,4, 2 mM CaCly, 1.3 mM MgSQy, 26 mM NaHCO3 and 10 mM glucose, pH 7.4.
Coronal sections of 300 pm containing the MGB and AuC were cut using a vibroslicer (752M; Campden In-
struments) and recovered in oxygenated ACSF at 35°C for at least 30 min. The slices were then transferred
to a submersion-style recording chamber, held in place with a nylon-wired platinum grid, and continuously
superfused (4—6ml/min) with oxygenated ACSF at 20 —24°C (room temperature). The membrane voltage
was recorded using the whole-cell patch-clamp technique and a MultiClamp 700B patch-clamp amplifier
(Molecular Devices). The patch electrodes were pulled from thick-walled borosilicate glass capillaries
with resistances of 4 — 7MQ when filled with an intracellular solution containing 125 mM K*-gluconate,
10 mM HEPES, 10 mM EGTA, 4 mM Mg-ATP, 0.3mM GTP, 2 mM KCl, 0.1 mM CaCl,, 8 mM phosphocreatine
sodium, pH 7.2. The data were obtained at 10 kHz using a Digidata 1322A interface (Molecular Devices)
linked to a personal computer controlled by pCLAMP 9.2 (Inchauspe et al. 2012). Recordings were made
from visually identified neurons expressing EGFP or no fluorescence. The responses of neurons were
observed with injected current pulses (-150, -100, -50, 0, 50, 100, 150, 200 pA). In each slice, multiple neu-
rons were recorded.

Auditory stimulation

The sounds were broadcasted by a free-field ES1 speaker with an ED1 electrostatic speaker driver (Tucker
Davis Technologies, USA).>* The broadband noise (BBN, bandwidth 0-50 kHz, duration 50 ms) was gener-
ated by a custom-written software based on LabVIEW 2014 (National Instruments, USA) and transduced to
an analog voltage by a PClI 6731 card (National Instruments, USA). During experiments, the speaker was put
at a distance of ~6 cm to the left ear of the animal. All sound levels were calibrated with a '/4-inch pressure
pre-polarized condenser microphone system (377A01 microphone, 426B03 pre-amplifier, 480EQ9 signal
conditioner, PCB Piezotronics Inc, USA). Data were sampled at 1 MHz via a high-speed data acquisition
board USB-6361 from National Instruments and analyzed using custom-written software in LabVIEW
2014. The BBN was applied at ~a 65 dB sound pressure level (SPL). The background noise (~55 dB SPL)
was below the BBN stimulation level.

Ca?* imaging data analysis

Data were analyzed using custom-written software in LabVIEW 2012 (National Instruments), Igor Pro 5.0
(Wavemetrics), and MATLAB 2014a (MathWorks). To correct motion-related artifacts in imaging data, a
frame-by-frame alignment algorithm was used to minimize the sum of squared intensity differences be-
tween each frame image and a template, which was the average of the selected image frames. To extract
fluorescence signals, neurons were visually identified, and drawing regions of interest (ROls) based on fluo-
rescence intensity was performed. Fluorescence changes (f) were calculated by averaging the
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corresponding pixel values for each ROI. Relative fluorescence changes Af/f = (f—fo)/fo was calculated as
Ca?* signals, where the baseline fluorescence f, was estimated as the 25th percentile of the entire fluores-
cence recording. For the Ca®* signals from each neuron recorded in the 2P imaging data, we performed
automatic Ca®* transient detection based on thresholding criteria regarding peak amplitude and rising
rate.” The noise level was set to be 3 times the standard deviation of the baseline (window length: 1s).
The peak amplitude and the rate of rising of the Ca®* signals were calculated to determine whether it
was a true transient. The trace of the detected Ca®* transient was first extracted by exponential infinite im-
pulse response (IIR) filtering (window length: 200 ms) and then subtracted from the original signal. The re-
sidual fluorescence trace was used as the baseline for the next transient detection, similar to previously
published peeling approaches.™

QUANTIFICATION AND STATISTICAL ANALYSIS

To compare data between groups, we used the nonparametric Wilcoxon rank sum test (unpaired), and Wil-
coxon signed-rank test (paired) to determine statistical significance (P < 0.05) between them. In the text,
summarized data are presented as the median/ 25th-75th percentiles. In the figures, the data presented
in the box-and-whisker plot indicate the median (center line), 25th and 75th percentiles (Q1 and Q3),
i.e., interquartile range (IQR) (box), Q1-1.5 x IQR and Q3 + 1.5 X IQR (whiskers), and all other data with
error bars are presented as the mean + s.e.m.
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