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Movie 9.  Local density map of DAN-associated presynaptic sites across an adult Drosophila 

brain.  Color-coded neuropil domains and 3D color-coded map of the local density of DAN-

associated nc82 puncta in each domain (Fig. 6A-D, fig. S23-25).  
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Movie 10.  DANs and DAN-associated presynaptic sites in different neuropil domains of an 

adult Drosophila brain.  Volume rendering DANs, DAN-associated nc82 puncta, and all nc82 

puncta across the entire brain, color coded by neuropil domain, followed by magnified 3D and 

orthoslice views of DANs and DAN-associated nc82 in each of nine different domains (Fig. 6E). 

  

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/374140doi: bioRxiv preprint first posted online Jul. 23, 2018; 

http://dx.doi.org/10.1101/374140


52 

 

References and Notes:  

1.  T. C. Licquia, J. A. Newman, Improved estimates of the Milky Way’s stellar mass and star 
formation rate from hierarchical Bayesian meta-analysis. Astrophys. J. 806, 96 (2015). 

2.  C. J. Conselice, A. Wilkinson, K. Duncan, A. Mortlock, The evolution of galaxy number 
density at z < 8 and its implications. Astrophys. J. 830, 83 (2016). 

3.  S. Herculano-Houzel, The human brain in numbers: A linearly scaled-up primate brain. 
Front. Hum. Neurosci. 3, 31 (2009). 

4.  K. Sharma et al., Cell type- and brain region-resolved mouse brain proteome. Nat. Neurosci. 
18, 1819–1831 (2015). 

5.  R. Yuste, The discovery of dendritic spines by Cajal. Front. Neuroanat. 9, 18 (2015). 

6.  J. W. Lichtman, W. Denk, The big and the small: Challenges of imaging the brain’s circuits. 
Science. 334, 618–623 (2011). 

7.  J. E. Heuser, T. S. Reese, Evidence for recycling of synaptic vesicle membrane during 
transmitter release at the frog neuromuscular junction. J. Cell Biol. 57, 315–344 (1973). 

8.  C. S. Xu et al., Enhanced FIB-SEM systems for large-volume 3D imaging. Elife. 6, e25916 
(2017). 

9.  Z. Zheng et al., A complete electron microscopy volume of the brain of adult Drosophila 
melanogaster. bioRxiv (2017), doi:https://doi.org/10.1101/140905. 

10.  K. D. Micheva, S. J. Smith, Array tomography: A new tool for imaging the molecular 
architecture and ultrastructure of neural circuits. Neuron. 55, 25–36 (2007). 

11.  J.-C. Rah et al., Thalamocortical input onto layer 5 pyramidal neurons measured using 
quantitative large-scale array tomography. Front. Neural Circuits. 7, 177 (2013). 

12.  A. S. Chiang et al., Three-dimensional reconstruction of brain-wide wiring networks in 
Drosophila at single-cell resolution. Curr. Biol. 21, 1–11 (2011). 

13.  A. Jenett et al., A GAL4-driver line resource for Drosophila neurobiology. Cell Rep. 2, 991–
1001 (2012). 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/374140doi: bioRxiv preprint first posted online Jul. 23, 2018; 

http://dx.doi.org/10.1101/374140


53 

 

14.  M. N. Economo et al., A platform for brain-wide imaging and reconstruction of individual 
neurons. Elife. 5, e10566 (2016). 

15.  S. Shah, E. Lubeck, W. Zhou, L. Cai, In situ transcription profiling of single cells reveals 
spatial organization of cells in the mouse hippocampus. Neuron. 92, 342–357 (2016). 

16.  J. R. Moffitt et al., High-throughput single-cell gene-expression profiling with multiplexed 
error-robust fluorescence in situ hybridization. Proc. Natl. Acad. Sci. 113, 11046–11051 
(2016). 

17.  J. Tønnesen, U. V. Nägerl, Superresolution imaging for neuroscience. Exp. Neurol. 242, 
33–40 (2013). 

18.  H. Zhong, Applying superresolution localization-based microscopy to neurons. Synapse. 
69, 283–294 (2015). 

19.  C. I. Bargmann, Beyond the connectome: How neuromodulators shape neural circuits. 
BioEssays. 34, 458–465 (2012). 

20.  J. Lu, J. C. Tapia, O. L. White, J. W. Lichtman, The interscutularis muscle connectome. 
PLoS Biol. 7, 0265–0277 (2009). 

21.  A. Nern, B. D. Pfeiffer, G. M. Rubin, Optimized tools for multicolor stochastic labeling 
reveal diverse stereotyped cell arrangements in the fly visual system. Proc. Natl. Acad. Sci. 
112, E2967–E2976 (2015). 

22.  F. Chen, P. W. Tillberg, E. S. Boyden, Expansion microscopy. Science. 347, 543–548 
(2015). 

23.  P. W. Tillberg et al., Protein-retention expansion microscopy of cells and tissues labeled 
using standard fluorescent proteins and antibodies. Nat. Biotechnol. 34, 987–992 (2016). 

24.  B. C. Chen et al., Lattice light-sheet microscopy: Imaging molecules to embryos at high 
spatiotemporal resolution. Science. 346, 1257998 (2014). 

25.  I. Pisarev, S. Saalfeld, Stitcher and N5 viewer, (available at 
https://github.com/saalfeldlab/stitching-spark and  https://github.com/saalfeldlab/n5-
viewer). 

26.  J. Tønnesen, V. V. G. K. Inavalli, U. V. Nägerl, Super-resolution imaging of the 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/374140doi: bioRxiv preprint first posted online Jul. 23, 2018; 

http://dx.doi.org/10.1101/374140


54 

 

extracellular space in living brain tissue. Cell. 172, 1108–1121 (2018). 

27.  C. J. L. Sheppard, Super resolution in confocal imaging. Optik (Stuttg). 80, 53–54 (1988). 

28.  C. B. Müller, J. Enderlein, Image scanning microscopy. Phys. Rev. Lett. 104, 198101 

(2010). 

29.  X.-T. Cheng et al., Characterization of LAMP1-labeled nondegradative lysosomal and 

endocytic compartments in neurons. J. Cell Biol. (2018), doi:10.1083/jcb.201711083. 

30.  N. Kasthuri et al., Saturated reconstruction of a volume of neocortex. Cell. 162, 648–661 

(2015). 

31.  Q. A. Liu, H. Shio, Mitochondrial morphogenesis, dendrite development, and synapse 

formation in cerebellum require both Bcl-w and the glutamate receptor δ2. PLoS Genet. 4, 
e1000097 (2008). 

32.  W. Kuehnel, Color Atlas of Cytology, Histology, and Microscopic Anatomy (Thieme 

Flexibook, ed. 4th, 2003). 

33.  V. Popov, N. I. Medvedev, H. A. Davies, M. G. Stewart, Mitochondria form a filamentous 

reticular network in hippocampal dendrites but are present as discrete bodies in axons: A 

three-dimensional ultrastructural study. J. Comp. Neurol. 492, 50–65 (2005). 

34.  M. R. Duchen, Mitochondria in health and disease: Perspectives on a new mitochondrial 

biology. Mol. Aspects Med. 25, 365–451 (2004). 

35.  S. G. Waxman, M. V. I. Bennett, Relative conduction velocities of small myelinated and 

non-myelinated fibres in the central nervous system. Nat. New Biol. 238, 217–219 (1972). 

36.  K. A. Nave, Myelination and support of axonal integrity by glia. Nature. 468 (2010), pp. 

244–252. 

37.  J. J. Harris, D. Attwell, The energetics of CNS white matter. J. Neurosci. 32, 356–371 

(2012). 

38.  A. Compston, A. Coles, Multiple sclerosis. Lancet. 372, 1502–1517 (2008). 

39.  W. A. H. Rushton, A theory of the effects of fibre size in medullated nerve. J. Physiol. 115, 
101–122 (1951). 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/374140doi: bioRxiv preprint first posted online Jul. 23, 2018; 

http://dx.doi.org/10.1101/374140


55 

 

40.  R. La Marca et al., TACE (ADAM17) inhibits Schwann cell myelination. Nat. Neurosci. 
14, 857–865 (2011). 

41.  L.-J. Oluich et al., Targeted ablation of oligodendrocytes induces axonal pathology 
independent of overt demyelination. J. Neurosci. 32, 8317–8330 (2012). 

42.  M. Zonouzi et al., GABAergic regulation of cerebellar NG2 cell development is altered in 
perinatal white matter injury. Nat. Neurosci. 18, 674–682 (2015). 

43.  O. O. Glebov, S. Cox, L. Humphreys, J. Burrone, Neuronal activity controls transsynaptic 
geometry. Sci. Rep. 6, 22703 (2016). 

44.  A. Dani, B. Huang, J. Bergan, C. Dulac, X. Zhuang, Superresolution imaging of chemical 
synapses in the brain. Neuron. 68, 843–856 (2010). 

45.  J. B. Chang et al., Iterative expansion microscopy. Nat. Methods. 14, 593–599 (2017). 

46.  N. L. Rochefort, A. Konnerth, Dendritic spines: From structure to in vivo function. EMBO 
Rep. 13, 699–708 (2012). 

47.  H. Hering, M. Sheng, Dentritic spines: Structure, dynamics and regulation. Nat. Rev. 
Neurosci. 2, 880–888 (2001). 

48.  Esther A. Nimchinsky, Bernardo L. Sabatini,  and K. Svoboda, Structure and function of 
dendritic spines. Annu. Rev. Physiol. 64, 313–353 (2002). 

49.  M. Segal, Dendritic spines and long-term plasticity. Nat. Rev. Neurosci. 6, 277–284 (2005). 

50.  S. Konur, D. Rabinowitz, V. L. Fenstermaker, R. Yuste, Systematic regulation of spine sizes 
and densities in pyramidal neurons. J. Neurobiol. 56, 95–112 (2003). 

51.  D. Dumitriu, A. Rodriguez, J. H. Morrison, High-throughput, detailed, cell-specific 
neuroanatomy of dendritic spines using microinjection and confocal microscopy. Nat. 
Protoc. 6, 1391–1411 (2011). 

52.  M. Jiang et al., Dendritic arborization and spine dynamics are abnormal in the mouse model 
of MECP2 duplication syndrome. J. Neurosci. 33, 19518–19533 (2013). 

53.  X. Yu, Y. Zuo, Two-photon in vivo imaging of dendritic spines in the mouse cortex using 
a thinned-skull preparation. J. Vis. Exp. 87, e51520 (2014). 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/374140doi: bioRxiv preprint first posted online Jul. 23, 2018; 

http://dx.doi.org/10.1101/374140


56 

 

54.  J. I. Arellano, R. Benavides-Piccione, J. DeFelipe, R. Yuste, Ultrastructure of dendritic 
spines: Correlation between synaptic and spine morphologies. Front. Neurosci. 1, 131–143 
(2007). 

55.  C. Bosch et al., FIB/SEM technology and high-throughput 3D reconstruction of dendritic 
spines and synapses in GFP-labeled adult-generated neurons. Front Neuroanat. 9, 60 
(2015). 

56.  K. Takasaki, B. L. Sabatini, Super-resolution 2-photon microscopy reveals that the 
morphology of each dendritic spine correlates with diffusive but not synaptic properties. 
Front. Neuroanat. 8, 29 (2014). 

57.  J. Tønnesen, G. Katona, B. Rózsa, U. V. Nägerl, Spine neck plasticity regulates 
compartmentalization of synapses. Nat. Neurosci. 17, 678–685 (2014). 

58.  D. L. Dickstein et al., Automatic dendritic spine quantification from confocal data with 
neurolucida 360. Curr. Protoc. Neurosci. 77 (2016), doi:10.1002/cpns.16. 

59.  E. G. Jones, T. P. S. Powell, Morphological variations in the dendritic spines of the 
neocortex. J. Cell Sci. 5, 509–529 (1969). 

60.  J. Grutzendler, N. Kasthuri, W. B. Gan, Long-term dendritic spine stability in the adult 
cortex. Nature. 420, 812–816 (2002). 

61.  L. Anton-Sanchez et al., Three-dimensional distribution of cortical synapses: A replicated 
point pattern-based analysis. Front. Neuroanat. 8, 85 (2014). 

62.  J. DeFelipe, L. Alonso-Nanclares, J. I. Arellano, Microstructure of the neocortex: 
Comparative aspects. J. Neurocytol. 31, 299–316 (2002). 

63.  C. Sala et al., Regulation of dendritic spine morphology and synaptic function by Shank 
and Homer. Neuron. 31, 115–130 (2001). 

64.  U. Thomas, Modulation of synaptic signalling complexes by Homer proteins. J. 
Neurochem. 81, 407–413 (2002). 

65.  A. Dosemeci, R. J. Weinberg, T. S. Reese, J.-H. Tao-Cheng, The postsynaptic density: 
There is more than meets the eye. Front. Synaptic Neurosci. 8, 23 (2016). 

66.  G. H. Diering et al., Homer1a drives homeostatic scaling-down of excitatory synapses 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/374140doi: bioRxiv preprint first posted online Jul. 23, 2018; 

http://dx.doi.org/10.1101/374140


57 

 

during sleep. Science. 355, 511–515 (2017). 

67.  D. Debanne, E. Campanac, A. Bialowas, E. Carlier, G. Alcaraz, Axon physiology. Physiol. 
Rev. 91, 555–602 (2011). 

68.  G. S. Tomassy et al., Distinct profiles of myelin distribution along single axons of pyramidal 
neurons in the neocortex. Science. 344, 319–324 (2014). 

69.  S. Einheber et al., The axonal membrane protein Caspr, a homologue of neurexin IV, is a 
component of the septate-like paranodal junctions that assemble during myelination. J. Cell 
Biol. 139, 1495–1506 (1997). 

70.  C. Porrero, P. Rubio-Garrido, C. Avendaño, F. Clascá, Mapping of fluorescent protein-
expressing neurons and axon pathways in adult and developing Thy1-eYFP-H transgenic 
mice. Brain Res. 1345, 59–72 (2010). 

71.  S. Ramaswamy, H. Markram, Anatomy and physiology of the thick-tufted layer 5 pyramidal 
neuron. Front. Cell. Neurosci. 9, 233 (2015). 

72.  L. M. Palmer, G. J. Stuart, Site of action potential initiation in layer 5 pyramidal neurons. 
J. Neurosci. 26, 1854–1863 (2006). 

73.  S. J. C. Caron, V. Ruta, L. F. Abbott, R. Axel, Random convergence of olfactory inputs in 
the Drosophila mushroom body. Nature. 497, 113–117 (2013). 

74.  N. J. Butcher, A. B. Friedrich, Z. Lu, H. Tanimoto, I. A. Meinertzhagen, Different classes 
of input and output neurons reveal new features in microglomeruli of the adult Drosophila 
mushroom body calyx. J. Comp. Neurol. 520, 2185–2201 (2012). 

75.  K. Eichler et al., The complete connectome of a learning and memory centre in an insect 
brain. Nature. 548, 175–182 (2017). 

76.  W. Fouquet et al., Maturation of active zone assembly by Drosophila Bruchpilot. J. Cell 
Biol. 186, 129–145 (2009). 

77.  N. Ehmann et al., Quantitative super-resolution imaging of Bruchpilot distinguishes active 
zone states. Nat. Commun. 5, 4650 (2014). 

78.  Z. Mao, R. L. Davis, Eight different types of dopaminergic neurons innervate the 
Drosophila mushroom body neuropil: Anatomical and physiological heterogeneity. Front. 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/374140doi: bioRxiv preprint first posted online Jul. 23, 2018; 

http://dx.doi.org/10.1101/374140


58 

 

Neural Circuits. 3, 5 (2009). 

79.  E. C. Kong et al., A pair of dopamine neurons target the D1-like dopamine receptor DopR 
in the central complex to promote ethanol-stimulated locomotion in Drosophila. PLoS One. 
5, e9954 (2010). 

80.  O. V. Alekseyenko et al., Single serotonergic neurons that modulate aggression in 
Drosophila. Curr. Biol. 24, 2700–2707 (2014). 

81.  S. Takemura et al., A connectome of a learning and memory center in the adult Drosophila 
brain. Elife. 6, e26975 (2017). 

82.  Y. Aso et al., The neuronal architecture of the mushroom body provides a logic for 
associative learning. Elife. 3, e04577 (2014). 

83.  Y. Aso, G. M. Rubin, Dopaminergic neurons write and update memories with cell-type-
specific rules. Elife. 5, e16135 (2016). 

84.  L. Kahsai, T. Zars, Learning and memory in Drosophila: Behavior, genetics, and neural 
systems. Int. Rev. Neurobiol. 99, 139–167 (2011). 

85.  H. Luan, N. C. Peabody, C. R. Vinson, B. H. White, Refined spatial manipulation of 
neuronal function by combinatorial restriction of transgene expression. Neuron. 52, 425–
436 (2006). 

86.  B. D. Pfeiffer et al., Refinement of tools for targeted gene expression in Drosophila. 
Genetics. 186, 735–755 (2010). 

87.  M. J. Dolan et al., Facilitating neuron-specific genetic manipulations in Drosophila 
melanogaster using a split GAL4 repressor. Genetics. 206, 775–784 (2017). 

88.  D. D. Bock et al., Network anatomy and in vivo physiology of visual cortical neurons. 
Nature. 471, 177–184 (2011). 

89.  T.-W. Chen et al., Ultrasensitive fluorescent proteins for imaging neuronal activity. Nature. 
499, 295–300 (2013). 

90.  B. F. Fosque et al., Labeling of active neural circuits in vivo with designed calcium 
integrators. Science. 347, 755–760 (2015). 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/374140doi: bioRxiv preprint first posted online Jul. 23, 2018; 

http://dx.doi.org/10.1101/374140


59 

 

91.  P. De Boer, J. P. Hoogenboom, B. N. G. Giepmans, Correlated light and electron 
microscopy: Ultrastructure lights up! Nat. Methods. 12, 503–513 (2015). 

92.  T. J. Chozinski et al., Expansion microscopy with conventional antibodies and fluorescent 
proteins. Nat. Methods. 13, 485–488 (2016). 

93.  T. Ku et al., Multiplexed and scalable super-resolution imaging of three-dimensional 
protein localization in size-adjustable tissues. Nat. Biotechnol. 34, 973–981 (2016). 

94.  U. Schnell, F. Dijk, K. A. Sjollema, B. N. G. Giepmans, Immunolabeling artifacts and the 
need for live-cell imaging. Nat. Methods. 9, 152–158 (2012). 

95.  D. R. Whelan, T. D. M. Bell, Image artifacts in single molecule localization microscopy: 
Why optimization of sample preparation protocols matters. Sci. Rep. 5, 7924 (2015). 

96.  D. Li et al., Extended-resolution structured illumination imaging of endocytic and 
cytoskeletal dynamics. Science. 349, aab3500 (2015). 

97.  W. R. Legant et al., High-density three-dimensional localization microscopy across large 
volumes. Nat. Methods. 13, 359–365 (2016). 

98.  K. J. Hayworth et al., Ultrastructurally smooth thick partitioning and volume stitching for 
large-scale connectomics. Nat. Methods. 12, 319–322 (2015). 

99.  Y.-G. Yoon et al., Feasibility of 3D reconstruction of neural morphology using expansion 
microscopy and barcode-guided agglomeration. Front. Comput. Neurosci. 11, 97 (2017). 

100.  S. M. Asano et al., Expansion microscopy: Protocols for imaging proteins and RNA in cells 
and tissues. Curr. Protoc. Cell Biol. (2018), doi:10.1002/cpcb.56. 

101.  Y. Zhao et al., Nanoscale imaging of clinical specimens using pathology-optimized 
expansion microscopy. Nat. Biotechnol. 35, 757–764 (2017). 

102.  T. L. Liu et al., Observing the cell in its native state: Imaging subcellular dynamics in 
multicellular organisms. Science. 360, eaaq1392 (2018). 

103.  K. Smith et al., CIDRE: An illumination-correction method for optical microscopy. Nat. 
Methods. 12, 404–406 (2015). 

104.  S. Preibisch, S. Saalfeld, P. Tomancak, Globally optimal stitching of tiled 3D microscopic 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/374140doi: bioRxiv preprint first posted online Jul. 23, 2018; 

http://dx.doi.org/10.1101/374140


60 

 

image acquisitions. Bioinformatics. 25, 1463–1465 (2009). 

105.  D. Hörl et al., BigStitcher: Reconstructing high-resolution image datasets of cleared and 

expanded samples. bioRxiv (2018), doi:https://doi.org/10.1101/343954. 

106.  M. Emmenlauer et al., XuvTools: Free, fast and reliable stitching of large 3D datasets. J. 
Microsc. 233, 42–60 (2009). 

107.  A. Bria, G. Iannello, TeraStitcher - A tool for fast automatic 3D-stitching of teravoxel-sized 

microscopy images. BMC Bioinformatics. 13, 316 (2012). 

108.  T. Pietzsch, S. Preibisch, P. Tomančák, S. Saalfeld, ImgLib2—generic image processing in 

Java. Bioinformatics. 28, 3009–3011 (2012). 

109.  J. Schindelin et al., Fiji: An open-source platform for biological-image analysis. Nat. 
Methods. 9, 676–682 (2012). 

110.  T. Pietzsch, S. Saalfeld, S. Preibisch, P. Tomancak, BigDataViewer: Visualization and 

processing for large image data sets. Nat. Methods. 12, 481–483 (2015). 

111.  I. R. Wickersham et al., Monosynaptic Restriction of Transsynaptic Tracing from Single, 

Genetically Targeted Neurons. Neuron. 53, 639–647 (2007). 

112.  H. Dionne, K. L. Hibbard, A. Cavallaro, J. C. Kao, G. M. Rubin, Genetic reagents for 

making split-GAL4 lines in Drosophila. Genetics. 209, 31–35 (2018). 

113.  L. Tirian, B. Dickson, The VT GAL4, LexA, and split-GAL4 driver line collections for 

targeted expression in the Drosophila nervous system. bioRxiv (2017), 

doi:https://doi.org/10.1101/198648. 

114.  S. Truckenbrodt et al., X10 Expansion Microscopy enables 25 nm resolution on 

conventional microscopes. EMBO Rep., e45836 (2018). 

115.  J. A. Bogovic, S. Saalfeld, BigWarp, (available at https://github.com/saalfeldlab/bigwarp). 

116.  J. A. Bogovic, P. Hanslovsky, A. Wong, S. Saalfeld, in Proceedings - International 
Symposium on Biomedical Imaging (2016), pp. 1123–1126. 

117.  F. Aguet et al., Membrane dynamics of dividing cells imaged by lattice light-sheet 

microscopy. Mol. Biol. Cell. 27, 3418–3435 (2016). 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/374140doi: bioRxiv preprint first posted online Jul. 23, 2018; 

http://dx.doi.org/10.1101/374140


61 

 

118.  P. A. Yushkevich et al., User-guided 3D active contour segmentation of anatomical 
structures: Significantly improved efficiency and reliability. Neuroimage. 31, 1116–1128 
(2006). 

119.  A. Rodriguez, D. B. Ehlenberger, P. R. Hof, S. L. Wearne, Rayburst sampling, an algorithm 
for automated three-dimensional shape analysis from laser scanning microscopy images. 
Nat. Protoc. 1, 2152–2161 (2006). 

120.  A. Rodriguez, D. B. Ehlenberger, D. L. Dickstein, P. R. Hof, S. L. Wearne, Automated 
three-dimensional detection and shape classification of dendritic spines from fluorescence 
microscopy images. PLoS One. 3, e1997 (2008). 

121.  S. B. Berman et al., Bcl-xL increases mitochondrial fission, fusion, and biomass in neurons. 
J. Cell Biol. 184, 707–19 (2009). 

122.  M. Kislin et al., Reversible disruption of neuronal mitochondria by ischemic and traumatic 
injury revealed by quantitative two-photon imaging in the neocortex of anesthetized mice. 
J. Neurosci. 37, 333–348 (2017). 

123.  M. Arakawa, A scanning electron microscope study of the human glomerulus. Am. J. 
Pathol. 64, 457–66 (1971). 

124.  D. Owald et al., A Syd-1 homologue regulates pre- and postsynaptic maturation in 
Drosophila. J. Cell Biol. 188, 565–579 (2010). 

125.  Q. Liu, S. Liu, L. Kodama, M. R. Driscoll, M. N. Wu, Two dopaminergic neurons signal to 
the dorsal fan-shaped body to promote wakefulness in Drosophila. Curr. Biol. 22, 2114–
2123 (2012). 

126.  K. Cichewicz et al., A new brain dopamine-deficient Drosophila and its pharmacological 
and genetic rescue. Genes, Brain Behav. 16, 394–403 (2017). 

127.  K. Xu, G. Zhong, X. Zhuang, Actin, spectrin, and associated proteins form a periodic 
cytoskeletal structure in axons. Science. 339, 452–456 (2013). 

 

  

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/374140doi: bioRxiv preprint first posted online Jul. 23, 2018; 

http://dx.doi.org/10.1101/374140


62 

 

Acknowledgments: We thank D. Bock, K. Svoboda, N. Ji, N. Spruston, L. Scheffer, E. Snapp, P. 

Tillberg, L. Lavis, E. Bloss, W. Legant, D. Hoffman, K. Hayworth and H. Hess at Howard Hughes 

Medical Institute (HHMI) Janelia Research Campus (JRC) and B. Sabatini at Harvard Medical 

School (HMS) for invaluable discussions and comments.  We also thank K. Schaefer, T. Wolff, 

C-L. Chang and H. Choi at JRC for help with sample preparation and imaging.  We gratefully 

acknowledge the shared resources and project teams at JRC, including D. Alcor, J. Heddleston, 

and A. Taylor of the Advanced Imaging Center and Light Microscopy Facility for help with 

imaging, I. Negrashov and jET for manufacturing expertise, O. Malkesman, K. Salvesen, C. 

Christoforou, G. Meissner, and the FlyLight project team for sample handling and preparation.  

Lastly, we are grateful to C. Pama and R. Karadottir at University of Cambridge, J. Melander and 

H. Zhong at OHSU, E. Karagiannis, J-S. Kang, and F. Chen at MIT for help with sample 

preparation, and H. Otsuna, T. Kawase and E. Bas at JRC, C. Wietholt at FEI Amira, M. Gastinger 

at Bitplane Inc., J. McMullen and T. Tetreault at MBF Bioscience for data analysis and 

visualization.  Funding: I.P., D.E.M., T.-L.L., V.S., A.G., J.B., J.C., C.O., J.L.-S., A.H., G.M.R., 

S.S., Y.A. and E.B. are funded by HHMI.  E.S.B. acknowledges, for funding, John Doerr, the Open 

Philanthropy Project, NIH 1R01NS087950, NIH 1RM1HG008525, NIH 1R01DA045549, NIH 

2R01DA029639, NIH 1R01NS102727, NIH 1R41MH112318, NIH 1R01EB024261, NIH 

1R01MH110932, the HHMI-Simons Faculty Scholars Program, IARPA D16PC00008, U. S. 

Army Research Laboratory and the U. S. Army Research Office under contract/grant number 

W911NF1510548, US-Israel Binational Science Foundation Grant 2014509, and NIH Director's 

Pioneer Award 1DP1NS087724.  S.U. and T.K. are funded by grants from Biogen, Ionis 

Pharmaceuticals, and NIH grant R01GM075252 (to T.K.). S.U. is a Fellow at the Image and Data 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/374140doi: bioRxiv preprint first posted online Jul. 23, 2018; 

http://dx.doi.org/10.1101/374140


63 

 

Analysis core at Harvard Medical School. K.R.M. and S.G.M. are funded by NIH grant 

R01DC015478.  S.T. and A.R. are funded by NIH grant R44MH093011.  Author contributions: 

E.B., E.S.B., and R.G. supervised the project and wrote the manuscript with input from all 

coauthors.  T.-L.L. and J.C. built the microscopes with input from E.B., D.E.M., and jET (JRC) 

and performed all microscope characterization experiments. D.E.M. created the instrument control 

software.  R.G., S.M.A., T.-L.L., V.S., J.C., and C.O. acquired all biological data with coauthors.  

G.H.H. provided the Thy1-YFP mice and R.G. and S.M.A. prepared the ExM samples.  A.G. and 

A.H. provided the Slc17a7-cre X TCGO mice and prepared the ExM samples.  Y.Z. provided the 

human kidney sections and prepared the ExPath samples.  Y.A. and G.M.R. created the split-GAL4 

fly strains, Y.A. optimized the IHC conditions, and R.G. and S.M.A prepared the ExM samples.  

K.R.M., S.G.M., S.M.A., and T.-L.L. provided the initial stitching software packages. I.P. and S.S. 

created the automated flat-field, stitching, and N5 visualization pipeline and I.P., R.G., J.B., and 

S.S. deconvolved, flat-fielded, and stitched all image data.  Y.A. performed segmentation and 

tracing, and supervised analyses of all fly image data.  C.Z., S.T., and A.R. provided customized 

commercial software packages and helped with segmentation, tracing and reconstruction of 

neurites and dendritic spines using these packages.  S.U. and R.G. processed and performed 

quantitative analysis of all image data.  S.U., R.G., E.B., and Y.A. produced all figures and movies.  

Competing interests: Portions of the technology described herein are covered by U.S. Patent 

7,894,136 issued to E.B., assigned to Lattice Light of Ashburn, VA, and licensed to Carl Zeiss 

Microscopy; U.S. Patents 8,711,211 and 9,477,074 issued to E.B., assigned to HHMI, and licensed 

to Carl Zeiss Microscopy; U.S. Patent application 13/844,405 filed by E.B. and assigned to HHMI; 

and U.S. Patent 9,500,846 issued to E.B. and assigned to HHMI.  E.S.B. is a co-inventor on 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/374140doi: bioRxiv preprint first posted online Jul. 23, 2018; 

http://dx.doi.org/10.1101/374140


64 

 

multiple patents related to ExM and is also a cofounder of a company that aims to provide kits and 

services relating to ExM to the public. R.G. is a co-inventor on multiple patents related to ExM.  

Data and materials availability: All data needed to evaluate the conclusions in the paper are 

present in the paper or the supplementary materials. Documentation for construction of a lattice 

light-sheet microscope can be obtained by execution of a research license agreement with HHMI. 

  

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/374140doi: bioRxiv preprint first posted online Jul. 23, 2018; 

http://dx.doi.org/10.1101/374140


65 

 

Supplementary Materials 

Supplementary Notes 

Figures S1-S29 

Table S1-S5 

Movies S1 to S6 

References (1-127) 

 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/374140doi: bioRxiv preprint first posted online Jul. 23, 2018; 

http://dx.doi.org/10.1101/374140

