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A complete description of the behavior 2:  the circuit

"Santiago Ramon y Cajal - arguably the 
most accomplished anatomist in the 
history of neuroscience - became 
recognized as such not only because of his 
incredible anatomical skills and his 
indefatigable working habits, but also 
because of his uncanny sense of the
functional implications of his work, a 
sense that made him a true genius in the 
field of biology."

Llinas, R. R. (2003). "The contribution of 
Santiago Ramon y Cajal to functional 
neuroscience." Nat. Rev. Neurosci., 4(1): 
77-80.

http://www.geocities.com/ResearchTriangle/Lab/6722/quadiicirb.html



Hudspeth and Lewis 1988

Component properties are essential
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http://synapse-web.org/learn/visualize/serial.stm

ssTEM



Animation: Julia Kuhl Denk and Horstmann 2004, Leighton 1981 
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EM contrast is provided by highly charged (heavy) nuclei
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Slide by Kevin Briggman
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Briggman and Bok, Curr. Op. Neurosci.
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A) ssTEMCA: mouse visual cortex at 4 x 4 x 45 nm3. B) ATUM-SEM: Mouse cortex at 3 x 3 x 
29 nm3 C) SBEM: mouse retina at 12 x 12 x 25 nm3. D) FIB-SEM: cortex at 5 x 5 x 5 nm3. 
Images by: D. Bock (A), K. Hayworth, J. Lichtman (B), K. Briggman (C), and G. Knott (D). 

Briggman and Bok, Curr. Op. Neurosci.



Hennig and Denk, 2007

Monte-Carlo simulations yield point-spread functions for block-face imaging
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Briggman et al. 2011
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Briggman et al. 2011



‘synapses’ all contacts

Briggman et al. 2011
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“Connectomics”…



Moritz 
Helmstaedter

10 µm

10 µm

Helmstaedter, M., K. B. Briggman, et al. (2013). "Connectomic reconstruction of the inner plexiform layer in the mouse retina." Nature: (in press).



Helmstaedter, Briggman, Turaga, Jain, Seung, Denk, 2013
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Helmstaedter, M., K. B. Briggman, et al. (2013). "Connectomic reconstruction of the inner plexiform layer in the mouse retina." Nature: (in press).
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Helmstaedter, M., K. B. Briggman, et al. (2013). "Connectomic reconstruction of the inner plexiform layer in the mouse retina." Nature: (in press).



1 µm

Helmstaedter, M., K. B. Briggman, et al. (2013). "Connectomic reconstruction of the inner plexiform layer in the mouse retina." Nature: (in press).



Helmstaedter, M., K. B. Briggman, et al. (2013). "Connectomic reconstruction of the inner plexiform layer in the mouse retina." Nature: (in press).



Helmstaedter, M., K. B. Briggman, et al. (2013). "Connectomic reconstruction of the inner plexiform layer in the mouse retina." Nature: (in press).



Long et al., 2010: Rapid depolarization underlies the burst

Hahnloser et al., 2002: Sparse time code

x

HVC

RA

Joergen Kornfeld



11x11x29 nm, ROTO stain combined with
HRP-DAB protocol for labeling, ECS 
preservation

77 µm

166 µm

166 µm

BDA labeled 
HVC(RA) neurons

+biotinylated dextran amine (BDA)

Kornfeld et al. (under review)



Quantified for 9 axons, 
504 postsynaptic dendrites
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Similar network architecture proposed by Binas et al., 2014
for cortical sequence generation (coupled winner-take-all)

HVC

Local inhibitory
zones

Distal excitatory
feedforward propagation

Kornfeld et al. 2017



Jörgen Kornfeld



2015

10 µm

Januszewski, Kornfeld, Li, Pope, Blakely, Maitin-Shepard, Tyka, Denk, Jain. arXiv 2017

2017

> 1 mm error free path length
~0.01 mm error free path length



Michal Januszewski (Google), Jeremy Maitin-Shepard (Google), Peter Li (Google), Joergen Kornfeld (MPINB), Viren Jain (Google)



10 µm

Completed reconstruction through targeted tracing with KNOSSOS
Total workload for small data set: ~900 hours

V. Jain

M. Januszewski



Januszewski, Kornfeld, Li, Pope, Blakely, Maitin-Shepard, Tyka, Denk, Jain. 2018



multi-view projection CNN
for semantic segmentation 







Songbird basal ganglia datasets

450 somata 11,000 somata



Mg-block release
eligibility trace



The three ingredients for reinforcement learning

Goldberg and Fee. J Neuroscience 2011
Fee. Current Opinion in Neurobiology 2014

3 Reward signal (dopaminergic reward prediction error)

1 Behavorial context (relative song time)

2 Trial efference copy (random song change)

M. Fee





Links between plasticity and spines e.g. Yuste and Bonnhoefer. Ann. Rev. Neuroscience 2001



spine
synapse

shaft
synapse

LMAN synapse

HVC synapse

synaptic area

Preliminary analysis with manually identified cells
11-fold higher synaptic area of LMAN shaft
synapses in comparison to HVC synapses



Optokinetic response (OKR)
(Eye movements)

Optomotor response (OMR)
(Swimming)

Rotation
(clockwise)

Translation
(forward)

With Fumi Kubo

Fumi
Kubo

Fabian
Svara



Modified from Masseck and Hoffmann (2009)

Direction-selective cells

*Accessory optic system (AOS) / 
Nucleus of the optic tract (NOT) in 
mammals

*

Retinal ganglion cells 
(RGCs)

All RGC axons cross the
midline in fish; binocular
integration therefore requires
additional crossings.



14 x 14 x 25 nm in x,y,z axis
Data size: ~12 TB

Serial block-face EM 
of whole larval brain

Pretectal Ca2+ imaging Fixation 
and staining

approx. 4-30 neurons per each type 
(approx. 200 neurons in total)

From functional imaging to electron microscopy (EM) reconstruction



Larval Zebrafish Whole-Brain EM

≈ 80’000 neurons in the brain

≈ 7 months, 28000 sections at 25 nm
(at 14 x 14 nm resolution, with standard SBEM setup)

Fish drawing: Julia Kuhl



X-ray microCT

microCT illustration adapted from
documentation by SCANCO medical AG

Allows exact measurement of sample geometry after embedding,
even in opaque epoxy



50 µm

microCT Linescanning + dynamic mosaic



Reconstruction of functionally
characterized pretectal cells:
Current status

Simple Complex

195 cells traced 
(partially consolidated)

100 µm

Tracing:
ariadne-service GmbH

Consensus path
length: 49 cm

MoNL

MoNR
MoNL
MoTR

FEL

FER
BEL
BER

FELR
BSP

FSP

Top View

Side View



C. elegans

1 mm

Fly brain

Mouse
cortical
column
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Mouse
brain

slide by Kevin Briggman



Mikula, Binding, and Denk, 2012

Shawn
Mikula



Mikula & Denk 2015



metol

semicarbazide carbohydrazide hydrazine hydrate thiourea

thioglycolic acid

thiosemicarbazide

Thiocarbohydrazide (TCH) Alternatives

1,2-benzenedithiol

cysteine

catechol
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caffeic acid
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methionine
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aniline diaminobenzidine2-aminophenol 3-aminophenol 4-aminophenol amidol

tannic acid

4-hydroxyphenylglycine

ethanolamine

hydrazino-containing

thiocarbohydrazide

Mikula & Denk 2015
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phosphate tris PIPES

ammonia

methanol ethanol 1-propanol
2-propanol 1-butanol

solvents

Improving Reduced Osmium Penetration

buffers

2-butanol tert-butanol acetic acid ethyl acetate

formamide

formic acid

N-methylformamide

glycerol
1,2-propanediolethylene glycol

acetone acetonitrile

dimethylformamide
dimethylacetamide

dimethyl sulfoxide

tetrahydrofuranpyridine
deoxycholic acid

SDS

Triton X-100, -114, -405 saponin

Tween

detergents

ethylenediamine
citrate EDTA EGTA

chelators

arabitol mannitol inositol

polyhydric alcohols

borate

Mikula & Denk 2015



Mikula & Denk 2015
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- 61 parallel beams
- Acq. rate: 1.22 Gpixel/s
- Resolution: 4-10 nm

- Pascal Anger
- Thomas Kemen
- Mario Mützel
- Stefan Schubert
- Dirk Zeidler

Beam splitter Projective
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Landing energy:
Beam deceleration: 

Pixel size:
Dwell time:

Acquisition rate:

1.5 kV 
30 kV
6 nm 
50 nS
1.22 GHz

Sample:
Coating:
Imaging:

Shawn Mikula
Benjamin Titze
Tomasz Garbowski & Dirk Zeidler
(Carl Zeiss Microscopy GmbH)
mSEM prototype system in development 500 nm1 mm

10 mm





22.21° 22.41° 22.61°





Hayworth e al. 2018



Hayworth, K. J., C. S. Xu, Z. Lu, G. W. Knott, R. D. Fetter, J. C. Tapia, J. W. Lichtman and H. F. Hess (2015). "Ultrastructurally
smooth thick partitioning and volume stitching for large-scale connectomics." Nature Methods 12: 319.



Hayworth, K. J., C. S. Xu, Z. Lu, G. W. Knott, R. D. Fetter, J. C. Tapia, J. W. Lichtman and H. F. Hess (2015). "Ultrastructurally
smooth thick partitioning and volume stitching for large-scale connectomics." Nature Methods 12: 319.



Illustration: Yamada et al., 2001
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Kormatcheva



Illustration: Julia Kuhl



Stumbling Blocks, Pitfalls, Showstoppers, etc.:

Synapses (chemical), strength and other parameters

Synapses (electrical), existence etc.

Synapses (modulatory), etc.

Channel distributions

Variation between individuals

Isn’t all that’s interesting encoded in the genome?



stimuli >> >> behaviororganism



stimuli >> >> behaviorcircuits



stimuli >> >> behaviorcircuits
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Niko Grigorieff (Janelia)
Tim Grant
Ruben Diaz-Avalos
Alexis Rohou

Janelia cryo-EM facility
Zhiheng Yu





Rickgauer et al. Elife 2017
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Rickgauer et al. Elife 2017



Rickgauer et al. Elife 2017
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Rickgauer et al. Elife 2017



Rickgauer et al. Elife 2017



Taylor and Glaeser (1976)

Grant and Grigorieff (2015)



Simulations

Rickgauer et al. Elife 2017
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Rickgauer et al. Elife 2017
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