
Supplemental Materials 

 

Methods 

Stereotaxic injection 

The two Brainbow AAV (AAV9.hEF1a.lox.TagBFP.lox.eYFP.lox.WPRE.hGH-InvBYF and 

AAV9.hEF1a.lox.mCherry.lox.mTFP1.lox.WPRE.hGH-InvCheTF) were obtained from the 

UPenn Vector Core and mixed to equal titer (8 x1012). This was then aliquoted and stored at -

80°C (avoid repeated freeze-thaw cycles). Immediately prior to injection, aliquots were thawed 

on ice and diluted with filter-sterilized PBS. This prepared virus can be stored at 4°C for up to 

two weeks. The final dilution factor will depend on a number of things. Ultimately the goal is to 

inject at titers that produce a rich color palette at the desired labeling density, but this depends 

largely on the tissue region of interest and the Cre lines used. Too much virus will result in 

saturated colors, whereas too little will result in mostly “simple” color labels (i.e. red, blue or 

green) making individual cell identity ambiguous. The AAV serotype 9 particles used for 

Brainbow diffuse further in brain tissue compared to other serotypes, so a useful strategy is to 

inject a high titer of virus at a site distant to the region of interest. Overall we recommend testing 

a few different titers and injection coordinates to determine the optimal protocol for your 

purposes.  

All surgeries were performed in accordance with the institutional animal guidelines and 

approvals of the University of Michigan, Harvard University, University of Washington at St. 

Louis and the Massachusetts Institute of Technology. Mice were anesthetized with either a 

mixture of ketamine (90mg/kg) and xylazine (9mg/kg) or Avertin (250mg/kg) or continuously 

delivered isoflurane and mounted on a stereotaxic frame (WPI #502600). Craniotomies were 

performed using a small dental drill and injections were performed using a 30 gauge stainless 

steel needle inserted directly through the dura. While preferred protocols and equipment for 

stereotaxic injection34 can be adapted, we recommend using the following parameters to achieve 

optimal Brainbow labeling: 1 – Insert injection needle 0.2mm ventral to the target dorsoventral 

coordinate, then raise needle back to target coordinate to create space for the fluid to accumulate 

out of the needle. 2 – Inject ~1uL volume of AAV over 8-10 mins. 3 – Leave injection needle in 

place for 3-5 mins after injection complete to allow continued slow diffusion. 4 – Slowly 



withdrawal needle in small incremental steps pausing for 30 s between each step for the first 0.5-

1 mm of withdrawal. 

Final Brainbow virus volume (µL) x titers (in GC/mL) and stereotaxic coordinates (in mm from 

Bregma/dura AP, ML, DV) used in this study are as follows: ChAT-Cre (Chattm2(cre)Lowl Jackson 

Laboratory No 006410; Rossi et al 2011) 1µL x 8x1011, (+1.1, -2.0, -3.4); POMC-Cre 

(hypothalamus) (Tg(Pomc1-cre)16Lowl Jackson Laboratory No 005965; Balthasar et al 2004) 

1µL x 1x1012, (-2.2, -0.25, -5.4); POMC-Cre (dentate gyrus) 1µL x 1.6x1012, (-2.0, -1.6, -2.0); 

PV-Cre (V1) (Pvalbtm1(cre)Arbr Jackson Laboratory No 008069; Hippenmeyer et al 2005) 1uL x 

3x1012 (-3.0, ±2.0, -0.4), PV-Cre (CA1) 1µL x 8x1011, (-2.0, -1.8, -1.6); VIP-Cre (SCN) 

(Viptm1(cre)Zjh/J Jackson Laboratory No 010908; Taniguchi et al 2011) 1µL x 1x1012 or 2.5x1011, 

(+0.4, -0.2, -5.5); Wildtype CD1 (CA2) AAV.Brainbow 1µL x 1.6x1012 + AAV.CaMKII-Cre  

1x1011 (-1.1, -1.0, -1.9). At least 3-4 weeks after injection, mice were perfused under heavy 

anesthesia with cold PBS followed by cold 4% paraformaldehyde (PFA). Brains are dissected 

immediately following perfusion and post-fixed in 4% PFA at 4°C with gentle shaking for 24 

hours.  

 

Immunohistology 

Immunohistology and imaging was performed as described previously (Roossien and Cai 2017). 

We chose non-cross-reactive primary antibodies raised from 4 distinct animal species to 

specifically recognize the 4 FPs expressed by Brainbow AAV2: rat anti-mTFP1, chicken anti-

EGFP, rabbit anti-mCherry, and Guinea Pig anti-mKate2 (available from Kerafast, Boston MA). 

The mouse anti-GAD65 primary was obtained from the Developmental Studies Hybridoma Bank 

(Gad-6) and used at 1:500 dilution. The mouse anti-PV antibody was obtained from Swant 

(#235) and used at a 1:500 dilution. Four non-cross-reactive secondary antibodies, conjugated 

with spectrally well-separated fluorophores, were chosen for the Brainbow primaries to allow 

optimal recording of enhanced fluorescence in each spectral channel throughout the brain 

sections: anti-Rat Alexa594 (Life Technologies #A21209), anti-Chicken Alexa488 Jackson 

ImmunoResearch Inc #703-545-155), anti-Rabbit Alexa546 (Life Technologies #A10040), and 

anti-Guinea Pig Alexa647 (Jackson ImmunoResearch Inc #706-605-148). The GAD65 and PV 

stains were visualized with anti-mouse 405. 



 Sections were first blocked and permeabilized in StartingBlock-PBS (ThermoFisher) with 0.5% 

Triton X-100 for 2-4 h at room temperature (RT) with gentle shaking. After wash, sections were 

incubated in all four primary antibodies each with a dilution of 1:500 in PBS with 0.25% Triton 

X-100 (PBST) and 0.2% sodium azide for 7-10 days at 4°C with gentle shaking. Primary 

antibodies were washed out of sections with three changes of 0.25% PBST for 1 hr each at RT. 

Secondary antibodies were mixed and diluted to a final concentration of ~3-4 ug/mL in 0.25% 

PBST with 0.2% sodium azide and added to sections for 3-5 days at 4°C with gentle shaking. 

After secondary incubation, two washes in 0.25% PBST for 2 h each followed by a final 2 h 

wash in PBS were performed. Sections were either mounted in Vectashield (Vector Labs #H-

1000) or treated with a gradient of fructose solution up to a final concentration of 70% (w/w) for 

refractive index matching. 

 

Imaging 

Sections were imaged on a Zeiss LSM 780. Optimal separation of fluorophores was achieved 

using a 488nm laser for Alexa488, a 543nm laser for Alexa546, and a 633nm laser for both 

Alexa594 and Alexa647 together with a fixed 488/543/647 dichroic mirror. Alexa488, Alexa594 

and Alexa647 were imaged simultaneously and fluorescence was collected in 3 separate 

channels. Alexa546 was imaged in a subsequent scan with fluorescence collected in a 4th 

channel. Objectives were either 20x W Plan APOCHROMAT NA 1.0 water or 40x C Plan 

APOCHROMAT NA 1.3 oil objective. While these settings are optimized for spectral 

separation, due consideration has also been given to scan time. For example, better spectral 

separation could be obtained by imaging Alexa594 with a 594 laser on a separate track. 

However, this would significantly increase scan time due not only to the need for an additional 

independent scan, but also for the need to switch the dichroic between twice for each frame. The 

setting we used here was much faster, but results in significant Alexa594 emission being 

collected in channel 3 as well as channel 2. Therefore, linear unmixing was performed to 

separate these two fluorescent emissions (Zimmerman 2005). The laser intensity correction in 

depth function was used in the Zen software was used to compensate for light scattering and 

photobleaching. For data sets that contain multiple tiles, 10% overlap was used between each 

tiles, but online stitching was not performed in lieu of the stitching function in our nTracer Align 

Master (see below).  



 

Supplemental Figure 1. nTracer, an ImageJ-based program to facilitate post-acquisition 

processing and tracing of Brainbow multispectral images. (a) nTracer includes GUI for 

facilitating post-acquisition processing (Align Master), batch processing (nTracer Batch 

Process), and the main tracing and annotation functions (nTracer). (b) Loaded Brainbow data 

shown as single image slice overlapped with tracing results (colored art lines) and tracing start 

point (red box) and end point (cyan box). (c) A real-time updated maximum projection image of 

8 slices above to 8 slices below the image slice showed in (b). This maximum allows easy 

finding of anchor points along the neuronal processes that may not be shown on the current 

image slice. The corresponding location of the mouse cursor in (b) (cross bars in the red box) is 

showed in (c) (tilted cross bars).  



 

Supplemental Figure 2. Post-acquisition processing to correct intensity drift and spectral 

channel registration. Hippocampal granule cells in a PomC-Cre mouse brain are labeled by 

Brainbow AAVs. (a) Due to light absorption, reflection and scattering, fluorescence signal 

gradually drops when imaging deep into the brain section (compare top row and bottom row). 

Variations of FP expression level, immune-amplification quality, different laser excitation 

efficiency and other factors causes differential signal to noise ratios in different spectral channels 

(compare red, green and blue columns). The differences are clearly revealed by the inserted 

histograms (light gray – log scale plot). In this particular example, the merged image 

demonstrated a red-blue biased color distribution due to lower signal level in the green channel. 

In addition, merged color seems to change in different z depth. (b) In a magnified view of the 

boxed region in (a), arrow heads indicate non-overlapping red and blue channels revealing that 

spatial misalignment between different spectral channels (green channel is too dim). This is due 

to imperfect optical alignment of the microscope system and chromatic aberrations. (c) nTracer 



utilizes a histogram matching algorithm, which is similar to that has been implemented in 

ImageJ/Fiji’s “Bleach Correction” plugin, to equalize intensity level in different focal plans and 

different spectral channels (d) The magnified view of the boxed region in (c) closely reveals that 

the corrected image now contains proper intensity signal in the green channel, and the arrow 

heads corresponding to those in (b) indicate spatial misalignment between different spectral 

channels are mostly corrected by the indicated translational shifts of green and blue channel 

images relative to the red channel images. Scale bars are 100 μm in (a, c) and 5 μm in (b, d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplemental Figure 3. nTracer displays Brainbow image with 4 spectral channels in RGB 

color scheme. (a) nTracer fixes two spectral channels in two pseudo-colors and displays only 

one of the rest spectral channels in the third pseudo-color at a time to maximize color separation 

of any three channels in the RGB composite. For instance, channels 2 and 3 are always pseudo-

colored in green and blue, respectively, and channels 1 (a) or 4 (b) are toggled in red by 

keyboard hotkeys. (c) Alternatively, more than one spectral channel can be assigned in the same 

pseudo-color and scaled independently to represent a weighted sum of their intensities in one 

channel of the RGB composite image. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplemental Figure 4. Image samples for comparative tracing. Maximum projections from 

100 m in the Z dimension of two different data sets of differing complexity from labeling 

density. (a) POMC-Cre labeled granule cells in the dentate gyrus and (b) ChAT-Cre labeled 

cholinergic cells in the caudate putamen. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplemental Figure 5. nTracer exports tracing result as customizable line art for 3D 

rendering. Examples of different renderings from the same tracing result. (a) Rendering of three 

parvalbumin-expressing basket cells in mouse hippocampus with complete somas contained in 

one data set, along with an apical dendrite and its spines from a pyramidal cell. (b) Dense 

reconstruction of all of the neurites and soma contained in the data set. Putative synapses are 

marked in yellow circles and connections between cells are marked in green circles. (c) 

Reconstruction of all neurites connected to the red neuron. 

 

 

 

 

 

 

 

 

 



 

Supplemental Figure 6. Analysis of CA1 hippocampal PV-basket cell convergence by 

nTracer. In the CA1 region of the hippocampus, convergence between parvalbumin-expressing 

basket cells (PV cells) has been previously estimated based on number of inhibitory synapses 

onto perisomatic regions together with the percentage of PV cells in the local region [3]. Here we 

sought to make direct measurements of PV-to-PV cell convergence in CA1. (a) A substack 

maximum Z-projection in which all PV-neurons within a 100 x 300 x 70 mm volume. (b) A 

magnified view and (c) 3D rendering of the boxed region in (a). (d) 3D tracing rendering shows 

the 85 other PV cells that make at least one bouton contact to the soma or dendritic shaft of the 

center purple PV cell. (e) 3D tracing rendering of the same purple PV cell with synaptic 

connections from other PV cells labeled as color circles corresponding to the color of the 

connected neurite. (f) Plots of PV-PV convergent connectivity statistics, and (g) histogram of the 

number of synapses a single connected neurite forms makes with a target cell. Points represent 

individual target cells and bars represent the mean from 10 PV cells. These direct measurement 

of PV-PV convergence suggest previous methods greatly underestimated PV-PV cell 

convergence. This type of information is crucial for accurate modeling of hippocampal circuits. 

Scale bars are 20 μm. 

 

 



 

Supplemental Figure 7. Circuit analysis of SCN VIP divergence in the sub-PVN and PVN. 

(a) Unilateral labeling of SCN VIP neurons using Brainbow AAVs reveals processes in the sub-

PVN and PVN (left). Using nTracer (right), more than 200 processes can be mapped from a 

single neuronal population in one brain section. Anatomical characteristics of these processes 

can be quantified including (b) number of synapses and (c) bifurcations per process. (d) A 

schematic details the number of VIP processes identified in the sub-PVN and PVN and the 

fraction that form terminals. Scale bar is 50 μm. 

 

 

 

 



 

Supplemental Figure 8. Morphology analysis of single cells in densely labeled samples by 

nTracer. (a) Granule cells from POMC-Cre mouse injected in dentate gyrus. (b) Individual 

granule cells from (a) were exported from tracing results and displayed with color-coded 

compartments (red = dendrites, blue = axons). Here, cells 1-4 were localized in the granule cell 

layer (GCL) while cells 5-6 were localized in the hilus. (c) Granule cells localized in the hilus 

had longer total dendrite length, more primary branches and bifurcations than those localized in 

GCL; but they all had the same maximum branch order.  Note that all granule cells used for 

analysis were taken from the same dentate gyrus section. All values reported as mean +/- s.e.m. * 

p < 0.05, ** p < 0.01 by unpaired two-tailed Student’s t-test. Detailed single-cell morphometric 

analyses of all of the cells in this figure can be found in Supplementary Table 1.  Scale bars are 

50 μm. 

 

 

 

  



Supplementary Videos 

https://www.youtube.com/playlist?list=PL4B8GFN2dRVuyH_8UeIlFVYLBIfwViY-5 

 

Video 1-4. Demo of neuronal tracing and circuit reconstruction using nTracer. Videos 1 to 

4 demonstrate how to trace Brainbow labeled soma, neurite, spine, and assign connection and 

analysis, respectively. 

Video 5-10. Tracing result rendering produced by nTracer. Videos 5 to 10 are 3D 

visualizations of fluorescence image and tracing results taken from a Brainbow AAV labeled 

PVBCs in hippocampal CA1 region as shown in Figure 5. Video 5 shows overlaying tracing 

results on confocal image optical sections. Video 6 is the 3D visualization of overlays shown in 

Video 5. Video 7 is the 3D visualization of all the traced soma and neurites. Video 8 is the 3D 

visualization of all the tracing results less the center cell. Video 9 is the 3D visualization of all 

traced neurites connecting to the center cell. Video 10 visualizes the center neuron with all the 

direct connections highlighted in large circles. All the putative synapses of other neurons are 

shown in small circles. 

  

https://www.youtube.com/playlist?list=PL4B8GFN2dRVuyH_8UeIlFVYLBIfwViY-5
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