
OPEN 0  ACCESS Freely available online PLOS BIOLOGY

A  C o m p u t a t i o n a l  F r a m e w o r k  

f o r  U l t r a s t r u c t u r a l  M a p p i n g  

o f  N e u r a l  C ir c u it r y
James R. Anderson1, Bryan W. Jones1, Jia-Hui Yang1, Marguerite V. Shaw1, Carl B. W att1, Pavel Koshevoy2'3,
Joel Spaltenstein3, Elizabeth Jurrus3, Kannan UV3, Ross T. Whitaker3, David M astronarde4, Tolga Tasdizen3'5,
Robert E. Marc1*
1 Department Ophthalmology, Moran Eye Center, University of Utah, Salt Lake City, Utah, United States of America, 2 Sorenson Media, Salt Lake City, Utah, United States of 
America, 3 Scientific Computing and Imaging Institute, University of Utah, Salt Lake City, Utah, United States of America, 4 The Boulder Laboratory For 3-D Electron 
Microscopy of Cells, University of Colorado, Boulder, Colorado, United States of America, 5 Department Electrical and Computer Engineering, University of Utah, Salt Lake 
City, Utah, United States of America

Circuitry m apping of m etazoan neural systems is difficult because canonical neural regions (regions containing one or 
more copies of all components) are large, regional borders are uncertain, neuronal diversity is high, and potential 
network topologies so num erous th a t only anatomical ground tru th  can resolve them . Complete m apping of a specific 
network requires synaptic resolution, canonical region coverage, and robust neuronal classification. Though transmission 
electron microscopy (TEM) remains the optimal tool for network m apping, the process of building large serial section 
TEM (ssTEM) image volumes is rendered difficult by the need to  precisely mosaic distorted image tiles and register 
distorted mosaics. Moreover, m ost molecular neuronal class markers are poorly com patible with optim al TEM imaging. 
Our objective was to  build a com plete framework for ultrastructural circuitry m apping. This framework combines strong 
TEM-compliant small molecule profiling with autom ated image tile mosaicking, au tom ated slice-to-slice image 
registration, and gigabyte-scale image browsing for volume annotation. Specifically we show how ultrathin molecular 
profiling datasets and their resultant classification m aps can be em bedded into ssTEM datasets and how scripted 
acquisition tools (SerialEM), mosaicking and registration (ir-tools), and large slice viewers (MosaicBuilder, Viking) can be 
used to  m anage terabyte-scale volumes. These m ethods enable large-scale connectivity analyses of new and legacy data. 
In well-posed tasks (e.g., com plete network m apping in retina), terabyte-scale image volumes th a t previously would 
require decades of assembly can now be com pleted in m onths. Perhaps more importantly, the fusion of molecular 
profiling, image acquisition by SerialEM, ir-tools volume assembly, and data view ers/annotators also allow ssTEM to  be 
used as a prospective tool for discovery in nonneural systems and a practical screening m ethodology for neurogenetics. 
Finally, this framework provides a mechanism for parallelization of ssTEM imaging, volume assembly, and data analysis 
across an international user base, enhancing the productivity of a large cohort of electron microscopists.
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Introduction

N e u r a l  n e tw o r k  r e c o n s t r u c t i o n  is a  g r a n d  c h a l le n g e  in  
n e u r o s c i e n c e  a n d  v is io n  s c ie n c e  in  p a r t i c u l a r .  D e f in in g  
c o m p le te  n e tw o r k  (C N ) m a p s  o r  c o n n e c to m e s  |1 ,2 | f o r  
c a n o n ic a l  r e g io n s  o f  a n y  m e ta z o a n  n e u r a l  a s se m b ly  r e q u i r e s  

r o b u s t  c a ta lo g u in g  o f  n e u r o n a l  c la s se s  |3 - 7 | ,  m a p p in g  s t a t i s t i ­
ca lly  d i s t in c t  n e u r o n a l  p a t t e r n s  18 — I I |, a n d  t r a c in g  c h a r a c t e r ­
is t ic  c o n n e c t io n s  112— 1 4 1. M o re o v e r ,  a n a to m ic  m e th o d s  f o r  
n e tw o r k  a n a ly s is  h a v e  n o t  k e p t  p a c e  w ith  th e  d e m a n d s  f o r  

p h e n o ty p in g  a n  im m e n s e  a n d  e x p a n d in g  l ib r a ry  o f  g e n e t ic  
m o d e ls  o f  n e u r o lo g ic  d i s o r d e r s  in  g e n e r a l  j 1 5 1 a n d  r e t i n a l  
d i s o r d e r s  in  p a r t i c u l a r  |1 6 |.  T h is  is a ll th e  m o r e  d is t r e s s in g  
s in c e , h is to r ic a l ly ,  a n a to m y  h a s  sh o w n  f a r  m o r e  p o w e r  to  
d e f in e  n e u r a l  n e tw o r k  g r o u n d  t r u t h  t h a n  e i t h e r  m o d e l in g  o r  

p h y s io lo g ic a l  s t r a te g ie s  a n d ,  in  p r a c t i c e ,  s e r ia l  s e c t io n  t r a n s ­
m is s io n  e l e c t r o n  m ic r o s c o p y  (ssT E M ) h a s  b e e n  th e  m o s t  
p o w e r fu l  g e n e r a t o r  o f  v a l id a te d  e x is t in g  n e tw o r k  m a p s . T h e  
te r m  " g r o u n d  t r u t h ” e m e r g e d  f irs t  in  r e m o te  s e n s in g  a n d  
r e f e r s  to  sp e c if ic  g r o u n d  i n f o r m a t io n  u s e d  to  v a l id a te  o p t i c a l  

d a ta  c a p t u r e d  f ro m  a fa r .  I n  n e u r o s c ie n c e ,  g r o u n d  t r u t h  is th e

p h y s ic a l  c o n n e c t iv i ty  o f  i d e n t i f i e d  n e u r o n s .  P a t t e r n s  o f  

c o n n e c t iv i ty  i n f e r r e d  f r o m  b e h a v io r ,  m o d e l in g ,  o r  p h y s io lo g y  

a r e  th u s  s u b je c t  to  th e  te s t  o f  a n a to m ic a l  g r o u n d  t r u th .  T h e  

n e e d  to  e x p a n d  ssT E M  a b i l i t ie s  b e y o n d  th e  p u r v ie w  o f  a  

l im i te d  n u m b e r  o f  s p e c ia l iz e d  l a b o r a to r i e s  h a s  n e v e r  b e e n  

m o r e  a c u te .

W e  h a v e  d e v e lo p e d  a  c o m p le te  s u i te  o f  s o f tw a r e  to o ls  a n d  

s t r a te g ie s  t h a t  le v e ra g e  e x i s t in g  u l t r a s t r u c t u r a l  r e s o u r c e s
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Building an  a ccu ra te  neural n e tw o rk  d iag ram  o f  th e  v e r te b ra te  
n ervous system  is a m ajor ch a llen g e  in n eu ro sc ien ce . D iverse g ro u p s  
o f  n e u ro n s  th a t  fu n c tio n  to g e th e r  form  co m p lex  p a tte rn s  o f 
c o n n e c tio n s  o ften  sp a n n in g  large reg ions o f  brain  tissue , w ith 
u n certa in  bo rd ers . A lth o u g h  serial-sec tion  transm iss ion  e lec tro n  
m icroscopy  rem ains th e  o p tim al to o l fo r fine  anato m ica l analyses, 
th e  tim e  an d  c o s t o f  th e  u n d ertak in g  has b e e n  p roh ib itive . W e have 
a s se m b le d  a c o m p le te  fram ew o rk  fo r u ltra structu ra l m ap p in g  using 
co n v en tio n a l transm iss ion  e lec tro n  m icroscopy  th a t  tre m e n d o u s ly  
acce le ra te s  im ag e  analysis. This fram ew ork  co m b in es  sm all-m olecu le  
profiling to  classify cells, a u to m a te d  im ag e  acqu isition , a u to m a te d  
m osaic  fo rm atio n , a u to m a te d  slice-to-slice im ag e  reg istra tion , an d  
large-scale  im ag e  b row sing  fo r v o lu m e an n o ta tio n . T eraby te-sca le  
im ag e  v o lum es requiring  d e c a d e s  o r m o re  to  a sse m b le  m anually  
can  now  b e  au to m atica lly  bu ilt in a few  m o n th s. This m akes serial- 
sec tion  transm iss ion  e lec tro n  m icroscopy  practical fo r h igh-reso- 
lu tion  ex p lo ra tion  o f all co m p lex  tissu e  sys tem s (neural o r  non- 
neural) as well as fo r u ltra structu ra l sc reen ing  o f  g e n e tic  m odels.

Author Summary

(T a b le  1). C o m m e r c ia l  [17] a n d  a c a d e m ic  [18 ,19] so f tw a re  

s o lu t io n s  f o r  sm a ll- sc a le , u s e r - g u id e d  m o s a ic k in g  a n d  m u l t i ­

m o d a l  r e g i s t r a t i o n  h a v e  lo n g  b e e n  a v a ila b le , b u t  h a v e  n o t  
p r o v e n  v ia b le  f o r  la rg e  d a ta s e ts  o r  h ig h  th r o u g h p u t .  By 

p r o v id in g  to o ls  to  p r e c is e ly  a n d  a u to m a t ic a l ly  t i le  m a n y  

im a g e s  (— 1,000) i n t o  la rg e  m o sa ic s , to  p r e c is e ly  r e g i s t e r  s e r ia l  

m o s a ic s  ( in c lu d in g  m u l t im o d a l  f ra m e s ) ,  a n d  to  b ro w s e  g ig a ­

b y te  im a g e  se ts  a n d  t e r a b y te  v o lu m e s , w e h o p e  to  e n a b le  

e x p a n d e d  a n a ly s is  o f  c o n n e c t iv i ty  p a t t e r n s  in  le g a c y  as w e ll as 
n e w  im a g e  d a ta b a s e s .

W hy a r e  s u c h  to o ls  i m p o r t a n t ?  S im p ly , th e  u n r a v e l in g  o f  

c o n n e c t i v e  p a t t e r n s  in  c o m p le x  n e u r a l  t i s s u e  a n d  th e  

c h a r a c t e r i z a t i o n  o f  d e r a n g e d  c i r c u i t r y  in  d is e a s e  s ta te s  

r e q u i r e s  s a m p lin g  sc a le s  t h a t  h a v e  b e e n  im p r a c t ic a l .  S o m e  

i m p o r t a n t  n e u r a l  r e c o n s t r u c t i o n  ta sk s  a r e  so  la rg e  th a t  th e y  
t r a n s c e n d  in v e s t ig a to r  l i f e t im e s  u s in g  c u r r e n t  r e s o u r c e s  [20], 

T h e  v o lu m e  th a t  m u s t  b e  c o n s t r u c t e d  to  a p p r o a c h  s a m p lin g

c o m p le te n e s s  in  th e  i n n e r  p le x i f o r m  la y e r  o f  th e  m a m m a l ia n  

r e t i n a  is t h r e e  o r d e r s  o f  m a g n i tu d e  l a r g e r  th a n  m o s t  ty p ic a l  
ssT E M  v o lu m e s  u s e d  in  c e n t r a l  n e r v o u s  sy s te m  s tu d ie s  f 18,21], 
O t h e r  p r o g r a m s  a r e  a d d r e s s in g  th e s e  c h a l le n g e s  b y  d e v e lo p ­

in g  n o v e l p la t f o r m s  to  a c q u i r e  p r e - a l ig n e d  s e r ia l  e l e c t r o n  
m ic r o s c o p e  im a g e s  [2 2 -2 5 ] , H o w e v e r  th e s e  p la t f o r m s  a lo n e  
a r e  n o t  th e  so le  n o r  o p t im a l  s t r a te g ie s  f o r  ssT E M  v o lu m e  
a s se m b ly , as s o m e  n e w  m e th o d s  d e s t ro y  s a m p le s , a r e  l im i te d  
i n  r e s o lu t io n  a n d  s p e e d  (T a b le  2), a n d  m o s t  o f  th e  p la t f o rm s  
a r e  d e v e lo p m e n ta l  o r  h ig h ly  r e s t r i c t e d  in  a v a ila b il i ty .  C o n ­
v e rse ly , ssT E M  h a s  h ig h  r e s o lu t io n ,  t r e m e n d o u s ly  f le x ib il i ty  in  
s t a in in g  a n d  im m u n o c y to c h e m ic a l  o p t io n s ,  v e ry  fa s t  a c q u is ­
i t i o n  t im e s , a n d  th e  p o t e n t i a l  f o r  p a r a l l e l i z a t io n ,  by  a n a lo g ) ’ 
w ith  g r id  c o m p u t in g ,  v ia  th e  s u b d iv is io n  o f  ssT E M  s a m p le s  
in t o  p a c k e ts  f o r  p a r a l le l  d a ta  a c q u is i t io n .  D a ta  a s se m b ly  c o u ld  
b e  r e a d i ly  d o n e  i f  to o ls  to  h a r m o n iz e  th e  e f f o r t  w e re  w id e ly  
a v a i la b le . W e p r e s e n t  th e  e s s e n t ia l  s o f tw a r e  to o ls  h e r e ,  
sp e c if ic a lly  th o s e  f o r  a s s e m b lin g  la rg e -s c a le  m o sa ic s  a n d  
a c h ie v in g  s l ic e - to - s l ic e  im a g e  r e g i s t r a t io n .

The Challenge of Network Diversity
Is ssT E M  re a lly  n e c e s sa ry ?  W hy c a n ’t w e d e d u c e  n e tw o rk s  

f r o m  p h y s io lo g y , c o n f o c a l  im a g in g , o r  b e h a v io r?  T h e  a n s w e r  

is t h a t  p o t e n t i a l  n e tw o r k  m o tif s  d e r iv e d  by  th e s e  m e th o d s  a r e  
n o t  u n iq u e .  D iv e rs ity  in  p o t e n t i a l  n e tw o r k  to p o lo g ie s  is so  
h ig h  [17 ,26] t h a t  o n ly  a n a to m ic a l  g r o u n d  t r u t h  c a n  p r o d u c e  a 
v a lid  c o n n e c to m e  [17], F o r  e x a m p le ,  m a m m a l ia n  r e t i n a s  a r e  
s im p le r  t h a n  th o s e  o f  m o s t  o t h e r  v e r t e b r a te s  [27], b u t  e v e n  so , 

n o  f e w e r  t h a n  70 u n iq u e  c e ll  c la s se s  e x is t  [28], A n d  th o u g h  th e  
f lo w  o f  s ig n a ls  f r o m  c o n e  p h o t o r e c e p t o r s  to  g a n g l io n  ce lls  
(G C s) in v o lv e s  s t e r e o ty p e d  n e tw o r k s  t h a t  s e e m  s im p le  [29], a 
v a s t n u m b e r  o f  s y n a p t ic  m o t i f s  c a n  b e  p r o d u c e d  f r o m  e v e n  a 
l im i te d  n e u r o n  s e t  [17], A sm a ll n e tw o r k  o f  tw o  d i f f e r e n t  
b i p o l a r  c e lls  (BCs) d r iv in g  tw o  G C  c h a n n e ls ,  i n t e r c o n n e c t e d  

b y  o n e  a m a c r in e  c e ll  (A C) c la s s  c a n  b e  c o n n e c t e d  in  9 0  f o rm a l  
m o t i f s  a n d  a t  le a s t  4 0  o f  th e s e  a r e  b io lo g ic a lly  te n a b le  (F ig u re s  
1, S I ,  a n d  S2). T h is  is f u r t h e r  c o m p o u n d e d  b y  u n k n o w n  
s y n a p t ic  w e ig h ts ,  m o l e c u l a r  d iv e r s i ty  o f  r e c e p t o r s  a n d

Table 1. Software Tools and Sources

Application Function Platform(s) Link

SerialEM * TEM Acquisition W University of Colorado, Boulder
SyncroscanRT LM Acquisition W Objective Imaging
ir-fft’’ Autotiling L, M University of Utah, SCI Institute
ir-refine-gridb Autotiling L, M University of Utah, SCI Institute
ir-translatec Metadata tiling L, M University of Utah, SCI Institute
ir-twealf Registration L, M, W University of Utah, SCI Institute
ir-stos-bruteb Autoregistration L, M University of Utah, SCI Institute
ir-stos-gricf’ Autoregistration L, M University of Utah, SCI Institute
ir-blobh Feature enhancement L, M University of Utah, SCI Institute
ir-daheb Image equalization L, M University of Utah, SCI Institute
CMPViewd Classification L, M, W University of Utah, SCI Institute
MosakBuilderc 2D viewer and annotation M University of Utah, SCI Institute
Vikingd Multislice pager and annotation W W University of Utah, SCI Institute

Web sites: Objective Imaging, http://www.objectiveimaging.com; University of Colorado, http://bio3d.colorado.edu/SerialEM/; University of Utah, http://software.sci.utah.edu/. 
aD. Mastronarde, primary author.
:'P. Koshevoy, primary author. 
rJ. Spaltenstein, primary author. 
dj. Anderson, primary author.
Abbreviations: L, Linux; M, Macintosh OS X; W, Wintel. 
doi:10.1371/journal.pbio.1000074.t001
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Table 2. Platform Comparisons for a 250 }.im Diameter x 30 }.im 
High Volume

O p era tio n ssTEM Block-Face SEMa

Sectioning Manual Automatic
Sectioning speed <1 wk NA
Risk of section loss High Low
Thickness range 40-90 nm 20-70 nm
Staining Manual, fast Manual en bloc
Staining options6 Numerous Limited
Immunochemistry Compatible Not yet compatible
Single tile size 16 megapixels 16 megapixels3
Single mosaic size 15-30 GB 16 megapixels3
Image capture time 3130 tiles/d NA
Mosaic capture time 3/d 0.5/d3
Resolution «=2 nm/pixel «=10 nm/pixel
Use constraints* None Extreme
Scalability" High Low
MRC to TIF convert 55 m NA
Build image pyramids 43 m NA
ir-translate time 16 m NA
ir-refine time 64 m NA
ir-assemble time 12 m NA
Mosaic builds/day 8 0.5
ir-stos-brute 43 s NA
ir-stos-grid 8 m NA
Pairs aligned/day >100 0.5

3 Data from GAT AN Corporation; otherwise from Denk and Horstman [22]. Bloc-face 
scanning electron microscopy (SEM) can capture —half of a 0.25-mm diameter bloc face 
daily, which is equivalent to aligning half of an image pair daily. 
bAII standard ssTEM strategies, including CMP and postembedding immunocytochemistry 
are available.
cssTEM may be interrupted at any time to image other samples. Block-face imaging 
cannot be interrupted.
dssTEM capture and processing speed can be enhanced further by parallelization.
NA, not applicable. 
doi:10.1371/journal.pbio.1000074.t002

c h a n n e ls ,  g a p  ju n c t io n  d isp la y , a n d  e l e c t r o to n ic  c o n s t r a in t s .  
W ith  e l e c t r o to n ic  c o n s t r a in t s ,  t h e  g e o m e t r i c  lo c u s  o f  a 
s y n a p t ic  c o n t a c t  m a t t e r s  [ 3 0 - 3 2 ]  a n d  t h e  n u m b e r  o f  
s t r u c tu r a l  m o t i f s  p o s s ib le  in  t h e  s im p le  f iv e -e le m e n t  e x a m p le  
e x te n d s  to  a t  le a s t  6 4 0  (F ig u re  S I) .  In  s t a r k  c o n t r a s t ,  w e  k n o w  
t h a t  t h e  o u tf lo w  o f  s ig n a ls  f ro m  th e  m a m m a l ia n  r e t i n a  is 
r e p r e s e n t e d  by  o n ly  1 5 -2 0  G C  c la sses , e a c h  r e p r e s e n t i n g  a 
d i s c r e te  f i l t e r  c h a n n e l  [5 ,33 ,34],

Anatomy Uncovers Unique Network Motifs
A n  a n a to m ic a l  a p p r o a c h  t h a t  u n a m b ig u o u s ly  d e te r m in e s  

m o tif s  is r e q u i r e d .  T h is  is ju s t i f ie d  by  th e  f a c t  t h a t  t h e  e ffic a c y  
o f  a n a to m y  d is c o v e r in g  c o m p le x  m o t i f s  is u n r iv a le d .  M a m ­
m a l ia n  n ig h t  ( s c o to p ic )  v is io n  is a  p r im e  e x a m p le .  T h e  m a in  
s c o to p ic  s ig n a l f lo w  n e tw o r k  is r o d  —> r o d  B C  —> r o d  A C , 
w h ic h  th e n  b i f u r c a te s  i n to  tw o  s y n a p t ic  a r m s  t h a t  r e e n t e r  th e  
O N -  a n d  O F F -c o n e  B C  p a th w a y s . T h is  m o t i f  w as r e p o r t e d  in  
197 4  by  H e lg a  K o lb  a n d  E .V . F a m ig l ie t t i  J r .  u s in g  ssT E M  [12]. 
■ S ubsequent p h y s io lo g ic a l  a n d  g e n e t ic  a n a ly s e s  [35 ,36] p r o ­
v id e d  c o r r e la t iv e  s u p p o r t  f o r  t h e  a n a to m ic a l  m o d e l ,  b u t  
n e i t h e r  s tu d y  w o u ld  h a v e  u n iq u e ly  y ie ld e d  th e  c o r r e c t  
to p o lo g y . M o re o v e r ,  b o th  t r a n s m is s io n  e l e c t r o n  m ic ro s c o p y  
(T E M ) [1 2 ,3 7 -4 0 ]  a n d  l ig h t  m ic r o s c o p y  (LM ) im a g in g  s tu d ie s  
[41 ,42] re v e a l  t h a t  th is  n e tw o r k  is e v e n  m o r e  c o m p le x . T h e r e  
a r e ,  in  f a c t ,  n o  p h y s io lo g ic a l  d a t a  t h a t  e i t h e r  e x p la in  o r  
p r e d i c t  th e s e  n e tw o r k  s u b m o tif s .  A n d  d e s p i te  fiv e  d e c a d e s  o f  
r o b u s t  p h y s io lo g y  o f  r e t in a l  r o d  s ig n a lin g , th e  d is c o v e ry  o f  a

F igure  1. Neuronal Elements for Building Networks 
(A) Five-elem ent micronetwork involving o n e  AC (A) m ediating cross talk 
betw een  tw o vertical channels (i, j) with BCs (B) synaptically driving GCs 
(G). There are eight discrete AC connections (0-7), and  th e  netw ork can 
be configured in 90 formal motifs, a t least 40 o f which are o f biological 
significance. Solid do ts and arrows are excitatory; op en  dots and arrows 
are inhibitory.
doi:10.1371 /journal.pbio.1000074.g001

s e c o n d  s c o to p ic  p a th w a y  w as a ls o  b a s e d  o n  ssT E M  [43,44], 
F in a lly , c o r r u p t i o n  o f  s c o to p ic  m o ti f s  in  r e t in a l  d is e a s e  w as 
d i s c o v e re d  by  T E M  [45], a g a in  d e s p i te  d e c a d e s  o f  e le c t r o -  
r e t i n o g r a p h ic  a n a ly s is . I t  is u n lik e ly  t h a t  t h e  d a y  o f  u l t r a -  
s t r u c tu r a l  d is c o v e ry  is p a s t  a n d  w e  a r g u e  t h a t  it  is ju s t 
d a w n in g .

Requirements for Building CN Maps
M a n u a lly  a c q u i r in g  e v e n  sm a ll m a p s  b y  ssT E M  r e q u i r e s  

H e r c u le a n  e f f o r t  a n d  h ig h  t e c h n ic a l  sk ill [21], T h e  g o ld -  
s t a n d a r d  f o r  su c h  m a p p in g  h a s  lo n g  b e e n  th e  C a en o rh a b d ilis  

elegctns elegctns) ssT E M  r e c o n s t r u c t io n  p r o j e c t  [4 6 -5 0 ]  w h e r e  
o v e r  3 0 0  n e u r o n s ,  o v e r  6 ,0 0 0  sy n a p se s , a n d  n e a r ly  9 0 0  g a p  
ju n c t io n s  w e r e  t r a c e d  th r o u g h  s e v e ra l in s ta n c e s  o f  1 ,0 0 0 ­
2 ,0 0 0  s e c t io n  s e r ie s ,  in i t ia l ly  a l ig n e d  a n d  m a n u a l ly  m a r k e d - u p  
u s in g  th e  c in e m a to g r a p h ic  m e th o d  o f  L e v in th a l  a n d  W a re  
[51] d e v e lo p e d  in  th e  e a r ly  1970s. W h ile  th e  a c tu a l  b u i ld  a n d  
a n a ly s is  t im e s  a r e  n o t  a v a ila b le , w e  w ill sh o w  th a t  a  ty p ic a l  
v e r t e b r a te  b r a in  c a n o n ic a l  v o lu m e  (see  b e lo w ) in v o lv e s  o n e  to  
t h r e e  o r d e r s  o f  m a g n i tu d e  m o r e  c o n n e c t io n s  a n d  v as tly  m o r e  
c o m p le x  to p o lo g y , s in c e  m o s t  o f  t h e  C. d e g a m  s e c t io n s  in v o lv e  
t r a c in g  l i n e a r  t r a c ts .  T h e  b r u t e  f o r c e  m a n u a l  m e th o d  is 
s im p ly  im p r a c t ic a l  f o r  b u i ld in g  C N  m a p s  o f  m o r e  c o m p le x  
n e u r a l  sy s te m s .

T h r e e  e s s e n t ia l  f a c to r s  in  b u i ld in g  C N  m a p s  a r e  (1) p r o p e r  
r e s o lu t io n ,  (2) s ta t i s t ic a l  c o v e ra g e , a n d  (3) c o m p le te  c la s s i­
f ic a t io n .

R e s o lu t io n  m u s t  b e  s u f f ic ie n t  to  u n a m b ig u o u s ly  id e n t i fy  
s y n a p t ic  c o n ta c t s  a n d  g a p  ju n c t io n s  [21] b u t  n o t  so  h ig h  as to  
b e  u n m a n a g e a b le :  n o m in a l ly  2 n m /p ix e l .  T h is  y ie ld s  s y n a p t ic  
v e s ic le s  s p a n n e d  by  8 - 1 0  p ix e ls  t h a t  a r e  r o b u s t  f o r  c i r c u i t r y  
t r a c in g .

C o v e ra g e  sc a le s  w ith  n e u r o n a l  d iv e r s i ty  a n d  d e n s ity :  a 
c a n o n ic a l  r e g io n  m u s t  b e  s a m p le d .  W e d e f in e  tw o  c o v e ra g e  
u n i t s  (F ig u re  2). A c a n o n ica l tile  is b o u n d e d  by  th e  V o r o n o i  
d o m a in  (see  R e e se  [11]) o f  th e  r a r e s t  n e u r o n a l  e le m e n t  in  a 
c e l lu la r  a r ra y .  In  r e t i n a ,  th is  m ig h t  b e  t h e  d o p a m in e r g ic
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Figure 2 . Voronoi Tiling of GC Classes in th e  Rabbit Retina
Panels 1-15 represent GC or AC groups defined by CMP [5]. The bo ttom  panel is th e  agg reg a te  GC pattern . Each class forms its ow n in d ependen t tiling. 
Class 6 (red) is th e  m ost orderly. Class 9 (yellow) is th e  rarest and  defines a canonical field for th e  GC cohort, containing th ree  m em bers of th e  class. Class 
14 (cyan) is th e  densest and is th e  starburst displaced AC population. The canonical field superim posed on th e  entire GC cohort (green) cap tures > 100  
cells and guaran tees a robust sam ple of all netw ork types. Modified from Marc and Jones [5]. 
doi:10.1371/journal.pbio.1000074.g002
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p o ly a x o n a l  ce ll |5 2 | o r  O F F  oe G C s |5 |.  A s lig h tly  la r g e r  
e le m e n t  is th e  c a n o n ic a l fie ld , b o u n d e d  by  th r e e  so m a s  (in  
p l a n a r  sy s te m s  su c h  a s  r e t in a )  o r  f o u r  so m a s  (in  b r a in  
v o lu m e s )  o f  th e  s p a r s e s t  n e u r o n a l  c la ss . This e n s u re s  in c lu s io n  
o f  m u l t ip le  so m a s  o f  a ll e l e m e n t  c la s se s  in  th e  r e g io n .  
H o w e v e r , n o t  all c a n o n ic a l  f ie ld s  a r e  k n o w n  a  p r i o r i  a n d ,  
a rg u a b ly , m o le c u la r  a n d  a n a to m ic  d a ta  a r e  key  p r e r e q u is i t e s  
to  d e f in in g  su c h  d o m a in s .  A s w e  w ill sh o w , a  c a n o n ic a l  f ie ld  o f  
r e t i n a  c a n  b e  a c q u i r e d  a n d  a s s e m b le d  in  less th a n  5 m o . 
C o r te x  is m o r e  c h a l le n g in g .  U s in g  n o r m a l  p r i m a te  o c u la r  
d o m in a n c e  c o lu m n  d im e n s io n s  ( > 0 .5  m m ) a n d  a s s u m in g  a 
c a n o n ic a l  r e p e a t  o f  0 .2 5  m m , th e  a c q u is i t io n  o f  V I  v isu a l 
c o r te x  w o u ld  ta k e  12 y. R e d u c in g  r e s o lu t io n  to  10 n m /p ix e l  
( s im ila r  to  b lo c - fa c e  im a g in g )  r e d u c e s  a c q u is i t io n  to  less th a n  
1 y a n d  n e w  h i g h - th r o u g h p u t  T E M  c o n f ig u ra t io n s  (e.g., th e  
H a r v a r d  C o n n e c to m e  P ro je c t )  a r e  a l lo w in g  m u c h  l a r g e r  
c a p t u r e  fie ld s , w i th  as m u c h  a s  a  10X im p r o v e m e n t  in  s p e e d . 
T h u s e v e n  c a n o n ic a l  h ig h - r e s o lu t io n  c o r t ic a l  v o lu m e s  a r e  
p o s s ib le  w ith  ssT E M .

C la s s i f ic a t io n  (i.e ., n e u r o n a l  p h e n o ty p in g )  m u s t  b e  su f f i­
c ie n t ly  r o b u s t  to  id e n t i fy  m o s t  m a jo r  e le m e n ts  in  a  c a n o n ic a l  
f ie ld  a n d  m a y  b e  th e  m o s t  e f fe c t iv e  w ay  o f  id e n t i fy in g  a  f ie ld  
in  th e  f irs t  in s ta n c e  |5 |.  I t  is n o t  p r a c t i c a l  to  d e c ip h e r  
n e tw o rk s  f r o m  la rg e  r e c o n s t r u c t io n s  w h e n  th e  n u m b e r  o f  
c la s se s  o f  n e u r o n s  is u n k n o w n . In  g e n e r a l ,  p a n e ls  o f  m a r k e r s  
c o m p a t i b l e  w i th  m a p p i n g  n e tw o r k s  a r e  a p p l i e d  to  o r  
e x p r e s s e d  in  r e g io n s  o f  i n t e r e s t  |2 ,5 3 |.  In  c o n ju n c t io n  w ith  
s e r ia l  s e c t io n  l ig h t  m ic r o s c o p y  (ssLM ), w e u se  c o m p u ta t io n a l  
m o le c u la r  p h e n o ty p in g  (C M P , se e  M a rc , M u r ry , a n d  B a s in g e r  
1541 a n d  M a rc  a n d  Jo n e s  |5 |) .  C M P  is a  h ig h - r e s o lu t io n  o p t ic a l  
im a g in g  s t r a te g y  th a t  e x p lo i t s  s e ts  o f  im m u n o g lo b u l in s  (IgG s) 
t a r g e t in g  sm a ll m o le c u le s , p r e c is e  m u l t i c h a n n e l  im a g e  r e g is ­
t r a t io n ,  a n d  c lu s te r  a n a ly s is  to  e x t r a c t  d e f in e d  n e u r o n a l  
c la s se s  in  a n y  t is s u e  1 5 ,2 7 ,5 4 ,5 5 1. S m a ll m o le c u le  o p t ic a l  C M P  
is c o m p a t ib l e  w ith  ssT E M  a n d  e n a b le s  c la s s i f ic a t io n  o f  
n e u r o n a l  e le m e n ts  v ia  d i r e c t  m u l t im o d a l  im a g e  r e g i s t r a t io n  
117,5G|. A tu to r i a l  o n  C M P  is a v a i la b le  in  P r o to c o l  S I .  In  
su m m a ry , b u i ld in g  a  C N  m a p  o f  a n y  n e u r a l  r e g io n  s u c h  as 
r e t i n a  r e q u i r e s  c a n o n ic a l  f ie ld  im a g in g , n e u r o n a l  p h e n o t y p ­
in g , im a g e  m o s a ic k in g ,  im a g e  r e g i s t r a t i o n ,  a n d  im a g e  
a n n o t a t i o n .  In  th is  p a p e r  w e  d e ta i l  c o m p le m e n ta r y  a p p l i c a ­
t io n s  t h a t  c a n  b e  u s e d  w ith  a  v a r ie ty  o f  d a ta s e t s  to  p r o d u c e  
la rg e , h ig h - r e s o lu t io n ,  a l ig n e d  m o sa ic s .

Results

W e p r e s e n t  h e r e  o u r  c o m p le te  f r a m e w o rk  a n d  w o rk flo w , 
fo c u s in g  o n  th e  im a g e  a c q u is i t io n  a n d  p r o c e s s in g  p ip e l in e  f o r  
n e u r a l  n e tw o r k  m a p p in g ,  w ith  e x a m p le s  o f  im a g e  c a p tu r e ,  
m o s a ic k in g , a n d  r e g i s t r a t io n :  f u s e d  m o le c u la r  a n d  u l t r a -  
s t r u c tu r a l  d a ta :  v o lu m e  c o n s t r u c t io n :  a n d  b r o w s in g /a n n o ta t ­
in g  la rg e  d a ta s e ts .  T he m a p p in g  w o rk flo w  is b u i l t  a r o u n d  a 
s u i te  o f  im a g e  r e g i s t r a t i o n  to o ls  (ir-tuuls) a n d  in v o lv e s  12 b a s ic  
s te p s  ( d ia g ra m m e d  in  F ig u re  3): (1) h a r v e s t  t a r g e t  t is s u e :  (2) 
p r o c e s s  f o r  o p t im iz e d  C M P  a n d  e le c t r o n  m ic ro s c o p y :  (3) 
s e c t io n  c o r r e la te d  ssT E M  a n d  ssL M  l ib ra r ie s :  (4) c a p tu r e  
im a g e  t ile s  (SerialEM, S y n c ro s c a n ) :  (5) b u i ld  m o sa ic s  (ir-ffUir- 
refine-grid, ir-translate/ir-refine-grid): (6) r e g i s t e r  s sT E M  to  
b o u n d in g  ssL M  se ts  (ir-tweak): (7) c la ss ify  ssL M  se ts  (CMPView):
(8) b u i ld  s s 'IE M  v o lu m e s  (ir-stus-briite, ir-stus-grid): (9) r e g i s te r  
ssT E M  p ro c e s s e s  to  i n t e r c a l a t e d  ssL M  c la s se s  (ir-tweak): (10) 
v isu a liz e  a n d  t r a c k  p ro c e s s e s  in  th e  v o lu m e  (MusaicBuilder,

V ik in g ): (11) ta g  s y n a p t ic  c o n n e c t io n s  (V ik in g ):  (12) s u m m a r iz e  
lo c a l c i r c u i t r y  d a ta  in to  n e tw o r k  m a p s .

T h e  c o l l e c t i o n  o f  s o f tw a r e  to o ls  f o r  s t e p s  1 -1 2  a r e  
s u m m a r iz e d  in  T ab le  1 a n d  all a r e  a v a i la b le  f o r  d o w n lo a d . 
D e ta i le d  d is c u s s io n s  o f  th e  a lg o r i th m s  r e f e r e n c e d  h e r e  a r e  
a v a i la b le  in  P ro to c o l  S I .  This f r a m e w o rk  is o b v io u s ly  n o t  
r e s t r i c t e d  to  a n a ly s is  o f  th e  n e r v o u s  sy s te m  o r  a n y  'I ’E M  o r  
s c a n n in g  e l e c t r o n  m ic r o s c o p y  (SEM ) p la t f o r m ,  b u t  a n a ly s e s  o f  
s y n a p t ic  c o n n e c t iv i ty  sp e c if ic a l ly  r e q u i r e  a  c h a r a c te r i s t i c  
r e s o lu t io n  a n d  c a n o n ic a l  f ie ld , as w ill r e c o n s t r u c t io n  o f  a n y  
o t h e r  t is s u e  v o lu m e .

Acquiring Mosaic Tiles Manually
M a n y  'IE M  fa c i l i t ie s  la c k  a u t o m a t e d  m o n ta g in g ,  b u t  th is  

d o e s  n o t  m e a n  t h a t  h ig h  q u a l i ty  im a g e ry  c a n n o t  b e  o b ta in e d .  
S t a n d a r d  IE M  im a g in g  w ith  s u f f ic ie n t  im a g e  o v e r la p  c a n  b e  
o b ta in e d  m a n u a l ly  a n d  im a g e s  s c a n n e d  a t  h ig h  r e s o lu t io n  a n d  
b i t  d e p th .  W e u s e  m a g n if ic a t io n s  r a n g in g  f r o m  5 .000X  to  
10 .000X  a n d  a  ty p ic a l  m a n u a l  s s 'IE M  p r o je c t  size  w o u ld  b e  
100 im a g e  t ile s  p e r  s e c t io n .  S im ila r ly , c o r r e s p o n d in g  b o u n d ­
in g  o r  i n t e r c a l a t e d  ssL M  s e c t io n s  c a n  b e  im a g e d  m a n u a l ly  a n d  
r e q u i r e  o n ly  a  few  t ile s  e v e n  a t  h ig h  r e s o lu t io n .  H o w e v e r , as 
th e  p o s i t io n s  o f  e a c h  ssL M  a n d  s s 'IE M  im a g e  t i le  in  th e  
o r ig in a l  s e c t io n s  a r e  o f te n  lo s t, s o f tw a r e  to o ls  to  p r o v id e  
p r e c i s e  m o s a ic  a l ig n m e n ts  a r e  n e c e s sa ry .

Acquiring Mosaic Tiles with SerialEM
L a r g e r  ss 'IE M  d a ta s e ts  c a n  b e  c a p t u r e d  w ith  a u to m a te d  

im a g in g , e x c e e d in g  1,000 tile s . S u c h  m o n ta g in g  r e q u i r e s  
r o b u s t  c o n t r o l  o f  s ta g e  p o s i t io n ,  c a m e r a  b e h a v io r ,  m e ta d a ta  
c o l le c t io n ,  a n d  e f f ic ie n t  u s e  o f  r e s o u r c e s .  All o f  th e s e  a r e  
a v a i la b le  t h r o u g h  u se  o f  S e r ia lE M  s o f tw a re  d e v e lo p e d  a t  th e  
U n iv e r s i ty  o f  C o lo r a d o .  S e r ia lE M  a llo w s  th e  u se  i r r e g u la r  
c a p t u r e  p a t t e r n s .  N o  f u r t h e r  u s e r  a t t e n t i o n  is r e q u i r e d  o n c e  
all s e c t io n s  o n  a  g r id  h a v e  b e e n  q u e u e d ,  w h ic h  a llo w s o n e  to  
u t i l iz e  th e  TEM  d u r in g  c o m m o n ly  id le  n ig h t  a n d  w e e k e n d  
p e r io d s .  In  all r e g a r d s  w e  h a v e  f o u n d  a u t o m a t e d  c a p tu r e  v e ry  
r e s o u r c e  e f f ic ie n t  c o m p a r e d  to  m a n u a l  a p p r o a c h e s .  O u r  
c u r r e n t  c o n f ig u r a t io n  c a p tu r e s  3 ,0 0 0  t i le s  in  a  d ay . T he 
e x p a n d e d  c a p a c ity  o f  ss'I E M  im a g in g  r e q u i r e s  a  c o r r e s p o n d ­
in g  a u to m a t io n  o f  ssL M  t i le  c o l le c t io n .  T h e re  a r e  a  n u m b e r  o f  
c o m m e r c ia l  m ic r o s c o p e  t i l in g  s ta g e s  a n d  o u r  in i t ia l  e x p e r i ­
e n c e  s h o w e d  th a t  th e  h ig h e s t  p r e c i s io n  s ta g e s  w e re  e s s e n tia l  
to  b u i ld in g  m o sa ic s  o f  s u f f ic ie n t  q u a l i ty  f o r  C M P . H o w e v e r , 
th e  d e v e lo p m e n t  o f  s o f tw a r e  to o ls  f o r  b u i ld in g  m o sa ic s  
i n f o r m e d  by  b u t  n o t  d e p e n d e n t  u p o n  s ta g e  m e ta d a t a  m a k e s  
th e  X -Y  p r e c i s io n  o f  th e  s ta g e  less c r i t ic a l  a s  lo n g  as o v e r la p  is 
a d e q u a te .

Building Mosaics with ir-fft, ir-translate, and ir-refine-grid
T h e re  a r e  s e v e ra l  c h a l le n g e s  in  s s 'IE M  o r  ssL M  im a g e  

m o s a ic k in g  w ith  m a n u a l  t i le  a c q u is i t io n .  F irs t ,  e v e ry  s e c t io n  
e x h ib i t s  a n  u n p r e d ic t a b l e  r o t a t io n  w h e n  p la c e d  in  th e  IE M  
o r  o n  a  s l id e  a n d  th e  n u m b e r  o f  t i le s  in  e a c h  s c a n - l in e  w ill 
d i f f e r .  T hus it is ty p ic a lly  n o t  k n o w n  w h ic h  tile s  a r e  n e ig h b o r s  
in  a  s e c t io n .  W e d e v e lo p e d  th e  ir - fft  a lg o r i th m  to  d e d u c e  th e  
t i l e  o r d e r i n g  a u to m a t ic a l ly .  T he n e x t  c h a l l e n g e  is t h e  
c o r r e c t io n  o f  n o n l i n e a r  w a rp s  i n t r o d u c e d  in to  e a c h  t i le  f ro m  
v a r ia t io n s  in  e le c t r o n  im a g in g  q u a l i ty  (F ig u re  4: a lso  se e  
M e th o d s  a n d  M a te r ia ls ) .  O u r  s o lu t io n  f in d s  p a i r s  o f  o v e r ­
l a p p in g  tile s , c o m p u te s  t h e i r  r e la t iv e  d i s p la c e m e n t ,  d e d u c e s  a 
t i le  o r d e r in g ,  b u i ld s  a  la y o u t  o f  th e  m o s a ic  w i th o u t  n o n l i n e a r
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Parallel serial section grid (ssTEM) and  slide (ssLM) libraries are built. The ssLM libraries define either th e  bounds of th e  canonical field or are intercalated. 
Each library is acquired as a se t of tiles m osaicked by ir-tools. ssLM and  ssTEM mosaics are registered by ir-tweak  and  ssTEM volum es built w ith ir-stos 
applications. CMP classified ssLM im agery is m erged w ith th e  volum e to  tag  neurons and  processes. The volum es are brow sed with M osiacBuilderA/iking  
for process tracking and annotation . 
doi:10.1371/journal.pbio.1000074.g003

Figure 3. The Workflow for the ssTEM Ultrastructural Circuitry Framework

w a rp in g ,  a n d  re f in e s  t h e  m o s a ic  by a p p ly in g  n o n l i n e a r  w a rp s  

to  e a c h  tile .

U lt im a te ly , i t  is m o r e  e f f ic ie n t  to  b u i ld  ssLM  a n d  ss 'I’KM 

m o s a ic s  w h e n  c o o r d in a t e  in f o r m a t io n  is a v a i la b le  in  th e  

im a g e  m e ta d a t a  a n d  t h e  to o l  ir-tmnslate e x p lo i t s  th is .  O n ly  

o v e r la p p in g  t i le s  a r e  m a tc h e d  u s in g  th e  F o u r i e r  s h if t  m e th o d  

(ir-fft). This r e d u c e s  t h e  c o m p le x i ty  o f  t h e  m e th o d  f r o m  a 

q u a d r a t i c  to  a  l i n e a r  f u n c t io n  o f  t h e  n u m b e r  o f  t i le s . N e x t,  w e 

d e f in e  a  te n s io n  v e c to r  p r o p o r t i o n a l  to  t h e  o f fs e t  b e tw e e n  th e  

a p p r o x im a te  p o s i t io n ,  a n d  th e  p r e f e r r e d  p o s i t io n  a s  f o u n d  by 

m a tc h in g .  T h ese  t e n s io n s  a r e  r e la x e d  by i te r a t iv e ly  m o v in g  

th e  ti le s .

R e g a rd le s s  o f  t i le  p la c e m e n t ,  m o s t  m o s a ic s  r e q u i r e  s o m e  

n o n l i n e a r  w a r p  r e f in e m e n t  a n d  th is  is a c c o m p l is h e d  w ith  ir- 

refine-grid, a n  a p p r o a c h  t h a t  p la c e s  a  c o u r s e  t r i a n g u la r  m e sh  
o v e r  e a c h  t i le .  V e r t ic e s  a r e  r e p o s i t i o n e d  by  r e g i s te r in g  t h e i r  

im m e d ia te  n e ig h b o r h o o d  to  o v e r la p p in g  t i le s  w ith  t h e  s a m e  

m a tc h in g  a lg o r i th m  u t i l iz e d  by  ir-fft. D e ta i ls  o f  a lg o r i th m  

d e v e lo p m e n t  a r e  in  P ro to c o l  S I .  E a c h  t i le  is s a m p le d  o n to  a 

c o a r s e  u n i f o r m  t r ia n g le  m e s h , a n d  sm a ll n e ig h b o r h o o d s  a r e  

s a m p le d  f r o m  all o f  t h e  t i le  n e ig h b o r s  in  t h e  m o s a ic  a n d  th e  

b e s t  m a tc h e s  d e t e r m i n e d  a s  in  ir-fft. A  s im p le  e x a m p le  o f  th e  

a b i l i ty  o f  ir-refine-grid to  m a n a g e  s u b t le  d i s to r t i o n s  is sh o w n  in  

F ig u re  5, w h e r e  t h e  TEM im a g e  t i le s  p re v io u s ly  sh o w n  

in t r a c t a b l e  u n d e r  t r a n s l a t i o n  a r e  r e a d i ly  a l ig n e d  w i th o u t  u s e r

i n t e r v e n t io n .  T h ese  a r e  low  r e s o lu t io n  tile s : a  w o r s t- c a s e  

s c e n a r io .

E v en  w h e n  th o u s a n d s  o f  t i le s  a r e  a s s e m b le d , t h e  a l ig n m e n t  

r e m a in s  e x c e l le n t .  F ig u re  6 d isp la y s  a  r a n d o m ly  s e le c te d  t i le  

f r o m  a  2 7 5 + m o s a ic  s e r ie s  o f  > 1 ,0 0 0  t i le s  e a c h , a l ig n e d  w ith  ir- 
tmnslate. A t t h e  s c r e e n  r e s o lu t io n  u s e d  f o r  s y n a p t ic  m a r k u p ,  

t h e  t i le  e d g e s  a r e  r a re ly  v is ib le . T he e r r o r  in  a l ig n m e n t  in  th is  

s e t  o f  f o u r  o v e r la p p in g  t i le s  is e x t r e m e ly  sm a ll, r a n g in g  f ro m  

n o  d e te c ta b le  m is a l ig n m e n t  a c ro s s  t h r e e  t i le s  to  7 .8 -n m  s h if t  

in  o n e  tile :  ro u g h ly  o n e - t h i r d  o f  a  v e s ic le . S u c h  e r r o r s  a r e  

r a n d o m  r a t h e r  t h a n  sy s te m a tic  t h r o u g h  t h e  v o lu m e , a n d  d o  

n o t  a c c u m u la te .

T o g e th e r ,  ir-tools a s s e m b le  s u p e r b  m o sa ic s . A s a n  e x a m p le ,  

o u r  S y n c ro s c a n  sy s te m  b u i ld s  m o sa ic s  f ro m  a r ra y s  o f  LM  tile s  

b u t  in v a r ia b ly  sh o w s s u b t le  m is a l ig n m e n ts  o r  b lu r r in g  a t  
b o u n d a r i e s  (F ig u re  7A ). C o n v e rs e ly , ir-tools p e r f o r m  b e a u t i ­

fu lly  o n  e x a c tly  t h e  s a m e  im a g e  ti le s , g e n e r a t i n g  se a m le ss  

m o s a ic s  (F ig u re  7B ). In  t r u th ,  t h e  S y n c ro s c a n  e r r o r s  a r e  so 

sm a ll (=“ 2 0 0 -2 ,0 0 0  m il)  t h a t  th e y  a r e  g e n e ra l ly  in v is ib le  w h e n  

t h e  fu ll im a g e  is v ie w e d , b u t  a  L a p la c ia n  t r a n s f o r m  (F ig u re  

7C ) sh o w s th a t  t h e r e  a r e  m a n y  o f  th e m . W h e n  m u l t ip le  

c h a n n e ls  a r e  r e g i s te r e d  f o r  C M P , th e s e  e r r o r s  a r e  a d d i t iv e ,  

r e s u l t in g  in  c o r r u p t i o n  o f  c la s s i f ic a t io n  a n d  ssL M -ssT E M  

r e g i s t r a t i o n .  T h e  LM  im a g e s  m o s a ic k e d  by  ir-tools a r e  

e s s e n t ia l ly  p e r f e c t .

F igure 4 . Distortions in Overlapping Tile Regions Visualized on Film C apture of ssTEM Data
A typical low m agnification (3,000X) field for synaptic screening in th e  rabbit inner plexiform layer was cap tured  on a Hitachi H-600 w ith film im ages a t 
®»25% overlap. (A and B) rep resen t part of th e  overlapping fields w ith slightly different densities due  to  th e  au to-exposure of different images.
(C and D) represen t th e  difference of (A and B) after translational/rotational best alignm ents for tw o regions (circles 1 and 2). W hen im agery in circle 2 is 
aligned best (C) th e  regions in circle 1 are shifted and  have a higher im age dispersion. The sam e is true  w hen im agery in circle 1 is aligned bes t (D). The 
quality of alignm ent is quantified by normalized intensity histogram s of corresponding patches. W hen spo ts are well-aligned (blue) th e  histogram s are 
narrow, w hen poorly aligned (yellow) th e  intensity variance is high. The tw o spo ts are 6 nm  apart. The histogram s are peak normalized pixel num ber 
(ordinate) versus pixel value (abscissa, 0-255). Arrows indicate various ribbon and conventional synapses. 
doi:10.1371/journal.pbio.1000074.g004
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Figure 5. Recovery of Distortion Errors in Tile Overlaps with ir-fft and  ir-grid-refine
(A and  B) are mirror im ages of th e  transparen t overlays of fully overlapping regions of tw o  tiles, bo th  with best alignm ent centers on a large 
m itochondrion (white spot). (A) was auto-registered  by ir-translate and  many m em branes appear as double im ages (arrows) due  to  nonlinear im age 
distortions betw een  th e  im age pairs.
(B) w as registered with ir-grid-refine yielding im proved m em brane definition, even a t very low m agnification (resolution is ab o u t 5 nm/pixel, which 
accounts for th e  blurring). This is a w orst-case scenario. With h igher resolutions (m ore pixels) recovery is even m ore effective. The inset panels are high- 
pass 3 X 3-pixel filtered patches of th e  sam e region, show ing severe m oire defects in (A). Scale =  2 ^irn. 
doi:10.1371/journal.pbio.1000074.g005

Figure 6 . R epresentative Tile Overlaps Randomly Selected from  a 1,000- 
Tile Array
(A) A random ly selected region of rabbit retinal inner plexiform layer 
displaying parts of section num ber 105 containing 28 overlapping tiles. 
The overlaps are invisible a t this m agnification. Image w idth =  46.6 ^m, 
M Muller cell processes.
(B) Randomly selected boxed region from  (A) containing tile overlaps, 
w idth =  4.76 ^m . Arrows indicate a corner region am ong  four tiles. A pair 
of vesicles (circled) is enlarged in th e  inset a t left show ing a misalign­
m ent b e tw een  upper and lower tiles (arrows) corresponding to  7.8 nm or 
roughly one-third vesicle. The four corner region (arrows) is enlarged in 
th e  inset a t right, show ing no significant m isalignm ent. The shaded 
m argins of each tile are due  to  im age processing ed g e  enhancem ents. 
Most tiles have no m easurable misalignm ent. AC, AC term inal. 
doi:10.1371/journal.pbio.1000074.g006

Image Registration with ir-tweak and ir-brute-stos/ir- 
refine-stos

B o th  u s e r - g u id e d  a n d  a u to m a te d  im a g e  r e g i s t r a t i o n  to o ls  
a r e  n e e d e d  f o r  ssL M  a n d  ssT E M . U s e r - g u id e d  a p p l ic a t io n s  a r e  
e s s e n t ia l  b e c a u s e  s o m e  im a g e s  (e.g ., c e r t a in  C M P  im a g e r ) )  
la c k  s u f f ic ie n t  in f o r m a t io n  to  d r iv e  a u to m a t io n .  I r - lw m k  is a n  
in te r a c t iv e ,  m u l t i th r e a d e d ,  c r o s s - p la t f o r m  a p p l i c a t i o n  f o r  
m a n u a l  s l ic e - to - s l ic e  r e g i s t r a t i o n .  A s c o n t r o l  p o in t s  a r e  
p la c e d  by th e  u s e r  in  o n e  im a g e , t h e i r  lo c a t io n s  in  t h e  o t h e r  
im a g e  a r e  e s t im a te d  by th e  c u r r e n t  t h in - p l a t e  s p l in e  t r a n s ­
f o r m  p a r a m e te r s .  W h e n  th e  u s e r  c o r r e c t s  t h e  lo c a t io n s  o f  
e s t i m a t e d  p o i n t s  in  t h e  s e c o n d  im a g e ,  t h e  t r a n s f o r m  
p a r a m e te r s  a r e  u p d a te d .  F ig u re  8 sh o w s th e  ir - tw e a k  in te r f a c e  
w h e r e  t h e  o p e r a t o r  p la c e s  p o in t s  in  t h e  f ix e d  im a g e , a d ju s ts  

t h e i r  lo c a t io n s  o n  th e  m o v in g  t a r g e t  im a g e , a n d  o b s e rv e s  th e  
r e g i s t r a t i o n  d y n a m ic a lly .

W h ile  a u t o m a t e d  m u l t im o d a l  s l ic e - to - s l ic e  r e g i s t r a t i o n  
r e m a in s  a n  o p e n  c h a l le n g e  (see  h t tp : / /p r o m e th e u s .m e d .u ta h .
e d u /-~ m a rc la b /g a l le ry __C S .h tm l f o r  p u b l ic ly  a v a i la b le  te s t
se ts) , s u c h  b o u n d a r y  o r  i n t e r c a l a t e d  r e g i s t r a t io n s  a r e  m a n a g e ­
a b le  w ith  u s e r - g u id e d  to o ls  su c h  as ir -tw ea k . C o n v e rs e ly , 
a u to m a te d  ssT E M  s lic e - to - s l ic e  (slosi im a g e  r e g i s t r a t i o n  is 
e s s e n t ia l  to  b u i ld in g  v o lu m e s , e v e n  w h e n  im a g e  m e ta d a t a  a r e  
u n a v a i la b le .  A s a n y  s e c t io n  m a y  b e  d i s to r t e d  by s t r e t c h in g  o r  
e le c t r o n - o p t i c a l  d e fe c ts ,  s los  r e g i s t r a t i o n  is s im i la r  to  ir -repne-  

g r id , w i th  tw o  d i f fe r e n c e s .  S in c e  t h e  o r i e n t a t i o n  o f  s lic e  p a i r s  
is a r b i t r a r y ,  w e c a n n o t  u se  im a g e  c o r r e la t i o n  to  e s t im a te  
im a g e - to - im a g e  t r a n s l a t i o n  p a r a m e te r s .  I n s te a d ,  w e  f i r s t  
p e r f o r m  a  b r u t e  f o r c e  s e a rc h  (ir -s la s-b ru te)  f o r  t i le  t r a n s ­
l a t i o n / r o t a t i o n  p a r a m e te r s  by d o w n s c a l in g  th e  s e c t io n  m o ­
sa ic s  to  128 X 128 p ix e l  t h u m b n a i l s  a n d  p r e p r o c e s s in g  iir-b lob) 

to  e n h a n c e  la r g e  b lo b - l ik e  f e a tu r e s ,  p r e v e n t i n g  f e a t u r e  
w a s h o u t  w h e n  d o w n s c a lin g . T h e s e  p a r a m e te r s  a r e  t h e n  u s e d  
to  in i t ia l iz e  th e  m e s h  t r a n s f o r m  a t  a  f in e  r e s o lu t io n  (ir-slos-  

g r id i  a n d  a p p l ie d  to  a  “ m o v in g "  s lic e  r e la t iv e  to  a  c h o s e n  f ix e d  
slic e . F ig u re  9  is f r o m  a  d o w n - s a m p le d  Q u ic k T im e  m o v ie  (see  
V id e o  S I )  o f  a  m o u s e  r e t in a l  m ic r o n e u r o m a  ssT E M  d a ta s e t  
a c q u i r e d  m a n u a l ly  o n  f ilm  a n d  a u to m a t ic a l ly  b u i l t  in to  a 
v o lu m e  o f  4 5  a u to - r e g i s t e r e d  m o sa ic s . T h is  is a  r e p r e s e n ta t i v e  
le g a c y  d a ta s e t  a n d  is by f a r  t h e  m o s t  c h a l le n g in g  ty p e  o f  d a ta
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Figure 7 . Auto-Registration of ssLM Im age Tiles with ir-translate  and ir-grid-refine

A thin  200-nm section was p robed with anti-AGB IgGs after excitation of th e  rabbit retinal GC layer [60], visualized by silver-intensified im m unogold 
detection  [54], captured  on a SyncroscanRT m ontaging system (182 nm/pixel), and aligned with Syncroscan softw are (A and C) and ir-translate/ir-grid- 
refine (B and D). At low magnification, bo th  im ages ap pear perfect, b u t a t near pixel level, m any small defects em erge in th e  Syncroscan-aligned mosaic 
(arrows in [A and C]) th a t include 200-2,000-nm  im age shifts and im age blurring (box). By using th e  raw im age tiles and their m etadata , ir-translate  and 
ir-grid-refine create  defect-free mosaics. While th e  im age shifts show n in (A) are irrelevant (indeed invisible) for im age display, th ey  are highly corrupting 
in m athem atically sensitive procedures such as clustering and m ultimodal alignm ents with ssTEM datasets. (A and B) are bright-field im ages and (C and 
D) are con trast-stretched Laplacian filtered im ages th a t enhance discontinuities and clearly show  alignm ent defects. The circle in im age (D) represents a 
lysosom e of approxim ately 200 nm diam eter. Its contrast is b e tte r  preserved in th e  ir-translate  and  ir-grid-refine mosaic. Scale — 20 pm. 
doitl 0.1371 /journal.pbio.1000074.g007

f o r  a u to m a t ic  m o s a ic k in g  a n d  v o lu m e  a s se m b ly  d u e  to  la c k  o f  
m e ta d a t a  a n d  th e  p r e s e n c e  o f  m a n y  s e c t io n  d e fe c ts  ( s ta in  
a r t i f a c ts ,  fo ld s , d i r t ,  b e a m  b u rn s ) .  E v e n  so , t h e  a l ig n m e n t  is 
e x c e l le n t  a n d  su g g e s ts  t h a t  m a n y  le g a c y  ssT E M  d a ta s e ts  c a n  
b e  e x p lo i te d .

T h e  a v a ila b il i ty  o f  a  l a r g e - f o r m a t  d ig i ta l  c a m e r a  f o r  T E M  
(e.g., th e  G a ta n  U l t r a s c a n  4 0 0 0 ) c o u p le d  w ith  th e  m o s t  r e c e n t  
b u i ld s  o f  S e r ia lE M  n o w  m a k e  i t  p o s s ib le  to  a c q u i r e  la rg e  im a g e  
f ie ld s  a t  s y n a p t ic  r e s o lu t io n  f ro m  a n y  s p e c im e n  a n d  b e g in  
a s s e m b l in g  v o lu m e s  a u to m a t i c a l l y ,  s u c h  a s  t h e  r e t i n a l  
c i r c u i t r y  v o lu m e  f o r  t h e  r o d  B C  la y e r  in  t h e  m o u s e  r e t i n a  
( F ig u re  10: V id e o  S2). In  th i s  e x a m p le ,  e a c h  s l ic e  w as 
a u to m a t ic a l ly  m o s a ic k e d  f ro m  16 t i le s  (5 .000X ) w ith  ir - tr a m la te  

a n d  ir -re fin e-g rid  a n d  a  v o lu m e  o f  2 0  s lic e s  a u to m a t ic a l ly  
r e g i s t e r e d  w ith  ir -s lo s  ( F ig u r e  10A a n d  10B). M a n u a l ly  
r e g i s te r in g  th e s e  d a ta s e t s  is im p o s s ib le  b e c a u s e  o f  th e  m a n y  
r e q u i r e d  d i s to r t i o n  c o r r e c t io n s  a m o n g  t i le s  a n d  s lice s. W ith  
t h e  ir-loo ls  a  y e a r ’s m a n u a l  w o rk  c a n  b e  d o n e  in  a  d ay . U p o n  
b ro w s in g  th e  v o lu m e , c h a r a c te r i s t i c  c o n n e c t io n  m o t i f s  c a n  b e  
q u ic k ly  e x t r a c t e d  (F ig u re  10C a n d  10D) a n d  g r a p h ic a l ly  
s u m m a r iz e d  (F ig u re  10E) f r o m  a  t e x t  l is t  o f  r e la t io n s .  A g a in , 
t h e  g o a l is n o t  to  r e n d e r  3D  s h a p e s , b u t  r a t h e r  b ro w se  a n d  
m a r k u p  s y n a p t ic  m o tif s .  T h is  v o lu m e  r e a d i ly  d e te c t s  c h a r a c ­
t e r i s t i c  r e c ip r o c a l  f e e d b a c k ,  G A B A e rg ic  lo c a l f e e d f o rw a r d ,  
a n d  g ly c in e rg ic  lo n g - r a n g e  f e e d f o r w a r d  s y n a p t ic  a r r a n g e ­
m e n ts  in  t h e  lo c a le  o f  th e  B C  (see  V id e o  S3). I m p o r ta n t ly ,  all 
r e g io n s  a r e  r e g i s te r e d ,  n o t  ju s t  th e  o n e s  o f  lo c a l  in te r e s t .  W e 
h a v e  s im ila r ly  b u i l t  v o lu m e s  f r o m  1 ,0 0 0 -tile  d a ta s e ts  o f  m o u s e  
r e t in a l  m ic r o n e u r o m a s  (see  b e lo w ) a n d  o v e r  2 7 5  s e r ia l  1,000- 
t i le  m o sa ic s  f r o m  a 3 6 9 - s e c t io n  s e r ie s  t h r o u g h  th e  r a b b i t  
i n n e r  p le x i f o rm  la y e r  (F ig u re  1 1), w ith  e x c e l le n t  a u to m a te d  
a l i g n m e n t  a n d  w i th o u t  a c c u m u l a t i n g  d i s t o r t i o n s .  A f t e r  
a u to m a te d  r e g i s t r a t io n  t h r o u g h  a  v o lu m e  o f  > 1 0 0  s e c t io n s  
(2 T b ), n o  e r r o r  e m e rg e s  f r o m  t r a n s f o r m in g  all s e c t io n s  in to  
t h e  s a m e  v o lu m e  sp a c e . W h ile  s u b t le  s l ic e - to - s l ic e  d i s to r t io n s

e x is t  d u e  to  p h y s ic a l  d e f o r m a t io n  o f  s e c t io n s ,  th e y  d o  n o t  
a c c u m u la te  a n d  s e c t io n - to - v o lu m e  d i s to r t i o n s  a r e  s ta tis t ic a l ly  
in d i s t in g u i s h a b le  f r o m  a n y  th o s e  o f  a n y  s lic e  p a i r .  S h o u ld  
su c h  u n lik e ly  d i s to r t i o n s  e m e rg e ,  o u r  f a s t  t r a n s f o r m  m a n a g e ­
m e n t  m e th o d  (see  “ V is u a l iz a t io n  a n d  A n n o ta t i o n ”  b e lo w ) 
a llo w s  th e  v o lu m e  to  b e  p a r t i t i o n e d  a t  a n y  p o i n t  a n d  
s t r u c tu r e s  t r a c k e d  a c ro s s  t h e  p a r t s .  W e c a n  d e f in e  b r e a k  
p o in t s  a n d  r e f e r e n c e  s lic e s  a n y w h e re  in  t h e  v o lu m e  a n d  
r a p id ly  c r e a te  n e w  s e r ie s  o f  t r a n s f o rm s .  T h is  m e th o d  is id e a l  
f o r  a u to m a te d  r e g i s t r a t io n .

CMP
C M P  is a  t h i n - s e c t i o n  o p t i c a l  m e t h o d  t h a t  p r o v id e s  

m o l e c u l a r  s ig n a ls  f o r  c la s s i f i c a t i o n  o f  c e l ls  a n d  la r g e  
p ro c e s s e s . U l t r a th in  s e c t io n s  a r e  im m u n o p r o b e d  f o r  d i f f e r e n t  
sm a ll m o le c u le s , im a g e d  o p t ic a l ly , r e g i s te r e d  by ir -loo ls , a n d  
v is u a liz e d  as m u l t i c h a n n e l  m o le c u la r  s ig n a tu r e s  o f  d i f f e r e n t  
c e ll ty p e s . A tu to r i a l  o n  C M P  is p r o v id e d  in  P ro to c o l  S I .  A ll 
c e lls  h a v e  sm a ll m o le c u le  s ig n a tu r e s  a n d  th e s e  a r e  m o s t  
e v id e n t  in  th e  c e n t r a l  n e r v o u s  sy s te m  [57 ,58] a n d  r e t i n a  
[5 ,2 7 ,5 4 ,5 9 ], A lib ra ry ' o f  f o u r  to  e ig h t  sm a ll m o le c u le s  c a n  
s e g m e n t  r e t i n a l  p o p u l a t i o n s  i n t o  2 0  o r  m o r e  n a t u r a l  
m o le c u la r  ce ll c la s se s  [5 ,55], C M P  c a n  a lso  s e g m e n t  m a n y  ce ll 
p ro c e s s e s  in to  d i f f e r e n t  f u n c t io n a l  c la s se s  w ith  h ig h  f id e lity  
[17 ,56], F ig u re  12 d is p la y s  a  r e t i n a l  m i c r o n e u r o m a  ssT E M  (F ig  
12A), i ts  b o u n d in g  C M P  ssL M  im a g e s  as m u l t i s p e c t r a l  o v e r la y s  

(F ig u re  12B a n d  12C), a n d  its  c o r r e s p o n d in g  th e m e  m a p  a f t e r  
K - m e a n s  c la s s i f ic a t io n  w ith  C M P V ie w  (F ig u re  12D). T h e  f o u r  
9 0 -n m  s e c t io n s  p r e c e d in g  th e  ssT E M  s e t  w e re  p r o c e s s e d  f o r  
C M P  u s in g  IgG s t a r g e t in g  g lu ta m a te  (Ig G  E), g ly c in e  (IgG  G ), 
t a u r i n e  (Ig G  t) ,  a n d  G A B A  (Ig G  y) a n d  a l ig n e d  w ith  th e  in i t ia l  
s sT E M  im a g e  w ith  ir -lw e a k . A f te r  c la s s i f ic a t io n  w ith  th e s e  f o u r  
s ig n a tu r e s  a lo n e ,  w e sh o w  t h a t  t h e r e  a r e  f o u r  s u p e rc la s s e s  o f  
A C s (y l ,  y2, G I ,  G 2), tw o  B C  s u p e rc la s s e s  (E t, E tG ), tw o  G C  
s u p e rc la s s e s  (E, E y), t h e  g lia l M u l le r  c e ll c la ss  ( tQ ) , a n d  th e
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Figure 8 . Registering ssTEM Im age Tiles w ith ir-tweak
The entire im age represents tw o  w indow s of th e  ir-tw eak  interface. The to p  w indow  show s tw o serial sections from a m anual film cap ture with tiles in 
different orientations (arrows), th e  left being th e  fixed and th e  right th e  moving or w arped im age. Successive control points (dots) en tered  on th e  fixed 
im age by th e  user are predictively placed on th e  moving im age based on th e  m odel calculated from  all previous points, w ith a th in-plate spline strategy 
for accom m odating  local warps. The bo ttom  panel show s th e  superim posed fixed (blue) and  w arped (orange) in real-time. 
doi:10.1371/journal.pbio.1000074.g008

r e t in a l  p ig m e n te d  e p i th e l iu m  class , s im i la r  to  r e s u l t s  in  

n o r m a l  m o u s e , p r im a te ,  a n d  r a b b i t  r e t in a s .  O n e  c r i t ic a l  

f e a tu r e  o f  s u c h  th e m e  m a p s  is c o m p le te n e s s :  e v e ry  c e ll in  th e  

T E M  m o s a ic  is c la s s if ie d  i n to  a  k n o w n  b io lo g ic a l  g r o u p  a n d  

e v e ry  p r o c e s s  t r a c e d  f r o m  i t  is s im ila r ly  ta g g e d . N o  o t h e r  

m e th o d  h a s  y e t  a c h ie v e d  th is  sc a le  o f  f u n c t io n a l  c o v e ra g e .

O n  a  l a r g e r  sc a le , a  0 .7 5 -m m  w id e  s a m p le  o f  th e  m o u s e  

i n n e r  p le x i f o r m  la y e r  w as m o s a ic k e d  a n d  a u g m e n te d  w ith  

C M P  a t  s u f f ic ie n t  r e s o lu t io n  to  id e n t i fy  m a n y  s y n a p s e s  

d i r e c t ly  (F ig u re  13). A n  e x a m p le  o f  th e  v a lu e  o f  C M P  

s ig n a tu r e s  in  d e f in in g  c i r c u i t s  is sh o w n  in  F ig u re  13B, w h e re  

a n  O N  c o n e  B C  [59 ,60] is p r e s y n a p t ic  to  a  c la s s  y l  A C  p ro c e s s , 

w h ic h  a lso  m a k e s  a  r e c ip r o c a l  sy n a p s e  b a c k  o n to  th e  BC . T h is

is a n  a r c h e ty p a l  f e e d b a c k  m o t i f  (see  F ig u re  10), o n e  o f  th e  
m o s t  c o m m o n  in  r e t i n a  f 17], In  a d d i t i o n  a  G 1 g ly c in e rg ic  A C  
p r o c e s s  is p r e s y n a p t ic  to  th e  BC . T h is  i l lu s t r a te s  th e  p o w e r fu l  
s e g m e n ta t io n  p o s s ib le  w i th  ssL M  C M P , e v e n  a t  th e  u l t r a -  
s t r u c tu r a l  sc a le , e n a b le d  by ir -tw ea k . B u t w h y  i s n ’t s im p ly  
s a m p lin g  r a n d o m  e x a m p le s  su f f ic ie n t?  A s sh o w n  by M a rc  a n d  
L iu  [17], o n e  o f  th e  m o s t  c o m m o n  m o tif s  in  r e t i n a l  s ig n a lin g  
is th e  n e s te d  f e e d b a c k  s y n a p se , y e t  i ts  fu l l  to p o lo g y  is r a r e ly  
o b s e rv e d  w i th o u t  ssT E M  r e c o n s t r u c t io n .

Visualization and Annotation
In d iv id u a l  T E M  m o sa ic s  c a n  b e  m a n y  g ig a b y te s  in  size, 

w h i le  f in a l  s sT E M  v o lu m e s  c a n  b e  m u l t i p l e  t e r a b y te s .  
E x p lo r in g  s u c h  la rg e  d a ta s e ts  r e q u i r e s  n e w  v ie w in g  to o ls .  A
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Figure 9. A Frame from a QuickTime Movie of a Volume Slice th rough  a 
M ouse Retinal M icroneuroma
The m icroneurom a is 27 pm long and 16 pm w ide a t m id-length. The 
volum e slice spans 45 sections, 90 nm each for a thickness of 4  pm. The 
original data w ere scanned from manually acquired TEM film images, 
aligned using ir-stos tools, and converted  to  a smaller movie using ir- 
s to m  (slice-to-movie), which genera tes 90 frames. Each slice is cropped  
such th a t only pixels with valid m apping on to  every slice in th e  volum e 
are kept. The raw serial im age o u tp u t from ir-stom  w as im ported into 
QuickTime Pro v7 and saved as a movie. See Video SI. 
doi:10.1371/journal.pbio,1000074,g009

s in g le  s e c t io n  c a n  e a s ily  e x c e e d  th e  3 2 -b i t  l im i t  (64  K  X 6 4  K  
p ix e ls )  o f  m o s t  c o n te m p o r a r y  im a g e  f ile  f o rm a ts .  E v e n  i f  w e 
e x p o r t e d  fu ll  r e s o lu t io n  m o s a ic s  to  a n  im a g e  f ile  f o r  u s e  w ith  
c o n v e n t io n a l  im a g in g  to o ls ,  e a c h  8 - b i t  g ra y sc a le  1 ,0 0 0 - tile  
m o s a ic  w o u ld  r e q u i r e  16 G B  o f  m e m o iy .  T his s ize  is  n o t  y e t  
c o m m o n  o n  d e s k to p  c o m p u te r s .  T o  e n a b le  r e a l - t im e  v ie w in g  

o f  th e  c o m p le t e d  m o s a ic s  w e  u s e d  th e  e s ta b l is h e d  t e c h n iq u e  
(e.g., G o o g le  E a r th )  o f  c o n s t r u c t in g  a n  im a g e  p y r a m id  f o r  
e a c h  t i le  a n d  t r a n s f o r m in g  th e m  w i th  th e  g r a p h ic a l  p r o c e s s ­

in g  u n i t .  O n ly  t i le s  v is ib le  o n  th e  s c re e n  a r e  lo a d e d  a n d  
d is p la y e d  a t  th e  n e e d e d  r e s o lu t io n  (F ig u re  14; V id e o  S3). This 
t e c h n iq u e  m a k e s  th e  v ie w e r  m e m o iy  f o o t p r i n t  e s s e n t ia l ly  
v o lu m e - in d e p e n d e n t ,  p r o v id in g  s e v e ra l  a d v a n ta g e s .  (1) F ile 
v e r s io n s  e n h a n c e d  f o r  c o n t r a s t  (ir -c la lie ), f e a tu r e s  (ir-b lob), o r  
a n y  o t h e r  p r o c e s s in g  c a n  b e  s u b s t i t u t e d  in  r e a l  t im e  b y  

p o i n t in g  th e  v ie w e r  a t  a  d i f f e r e n t  p y r a m id  a n d  u s in g  th e  sa m e  
t r a n s f o rm s .  (2) D if f e r e n t  t r a n s f o r m a t io n s  c a n  b e  s u b s t i tu te d  
to  v ie w  r e s u l t s  a t  e a c h  p ip e l in e  s ta g e . (3) R e d u c e d  m e m o iy  

a n d  b a n d w id th  r e q u i r e m e n t s  o f  th e  p y r a m id -G P U  a p p r o a c h  
m a k e  i t  p o s s ib le  f o r  v ie w e r s  to  w o r k  o v e r  a n  H T T P  

c o n n e c t io n .  T his is  a n  i m p o r t a n t  f e a tu r e  f o r  c o l l a b o r a t iv e  

a n n o t a t i o n  s in c e  th e  t e r a b y te  sc a le  o f  th e  c o m p le te d  v o lu m e  
m a k e s  i t  d i f f ic u l t  to  r e lo c a te .  (4) T he t r a n s f o r m a t io n s  b e tw e e n  
v o lu m e  a n d  s e c t io n s  a r e  k n o w n . A n n o ta t i o n  lo c i  c a n  b e  

m o v e d  f r o m  v o lu m e  s p a c e  b a c k  to  s e c t io n  s p a c e  f o r  p e r s i s t e n t  
s to r a g e ,  a l lo w in g  o n e  to  u p d a t e  t r a n s f o r m s  o r  e v e n  r e o r d e r

s e c t io n s  in  t h e  v o lu m e  w i th o u t  lo s in g  th e  l o c a t io n s  o f  

e s ta b l is h e d  a n n o ta t i o n s .
M o s a ic H u ik h r  is  o u r  c o m p le te d  M ac O S  X v ie w e r  f o r  v ie w in g  

s in g le  s e c t io n s  a n d  w as o u r  f i r s t  v i s u a l i z a t io n /a n n o ta t io n  to o l . 
M u s a ic H u ik h r  im p o r t s  th e  im a g e s  f ile s  a n d  t r a n s f o r m a t io n  
d e f in i t io n s  g e n e r a t e d  b y  th e  ir -too ls  a n d  th e n  c r e a te s  a  s in g le  
p r o j e c t  f ile  c o n ta in in g  th e  im a g e  p y r a m id  f o r  th e  s e c t io n  a n d  
a n y  a n n o ta t i o n s .  A s in g le  lo g ic a l  f ile  a llo w s  th e  f in a l  m o s a ic  to  
b e  e a s ily  m o v e d  a n d  s h a r e d  a m o n g  c o lle a g u e s .

V ik in g  is  o u r  w eb  b a s e d  v o lu m e  v ie w e r  th a t  a llo w s th e  
v ie w in g  o f  v o lu m e s  o v e r  a  r e a s o n a b ly  fa s t  i n t e r n e t  c o n n e c t io n .  
It u se s  th e  s a m e  im a g e  p y r a m id  d isp la y  s t r a te g y  a s  M o sa ic  
B u ild e r , b u t  in s te a d  o f  i m p o r t in g  file s  i n to  a  s in g le  p a c k a g e , 
Vi k in g  r e a d s  a n  X M l, f ile  c o n ta in in g  H T T P  l in k s  to  a ll 
t r a n s f o r m s  a n d  im a g e  file s . V ik in g  u s e s  th e  s l ic e - to - s l ic e  
t r a n s f o rm s  (ir-stos-grid ) to  r e g i s te r  a ll s lice s to  a  s in g le  r e f e r e n c e  
s e c tio n . The u s e r  c a n  d is p la y  a n y  s e c t io n  in  r e g i s te r  w ith  th e  
v o lu m e  a n d  c a n  e a s ily  p a g e  to  a d ja c e n t  s e c t io n s  to  tr a c k  
s t r u c tu r e s .  V ik in g  a lso  s u p p o r t s  s w itc h in g  to  v iew  a n y  g r id  

t r a n s f o r m a t io n  g e n e r a te d  b y  th e  p ip e l in e  o r  a l t e r n a t e  im a g e  
p y ra m id s  g e n e r a te d  b y  r u n n i n g  im a g e  f i l te r s  o v e r  th e  tiles .

Scripting
As to o ls  f o r  th e  f r a m e w o rk  w e re  d e v e lo p e d ,  w e  w e r e  fa c e d  

w i th  th e  o p t io n  to  b l e n d  th e  to o ls  i n to  a  s in g le  i n t e g r a t e d  
a p p l i c a t i o n  w ith  a  r i c h  u s e r  in t e r f a c e  o r  p r e s e r v e  e a c h  
a lg o r i th m  a s  a  s e p a r a te  e x e c u ta b le  in  a  l ib r a r y  o f  to o ls .  W e 
c h o s e  th e  l a t t e r  a s  i t  is  m o r e  f le x ib le  f o r  c o d e  r e f in e m e n t  a n d  
e n h a n c e m e n t .  H o w e v e r ,  b y  s c r i p t i n g  e a c h  s ta g e  o f  th e  
p ip e l in e  as a  s e p a r a te  f u n c t io n  in  a  P y th o n  p a c k a g e , w e  c a n  
in v o k e  th e m  w ith  a d d i t i o n a l  s h o r t  s c r ip ts ,  a u to m a t in g  p i p e ­
l in e  e x e c u t io n .  This p r o c e s s  a llo w s  b u i ld in g  th e  e n t i r e  v o lu m e  
s t a r t i n g  f r o m  ra w  m ic r o s c o p e  o u t p u t  u s in g  a  s in g le  c o m ­
m a n d . D a ta  c a n  b e  d r iv e n  f r o m  a n y  s o u r c e  i n to  a n y  s ta g e  o f  
th e  v o lu m e  b u i ld in g  p r o c e s s  v ia  a d d i t i o n  o f  a  n e w  f u n c t io n .  
T he c u r r e n t  s c r ip t i n g  a p p r o a c h  f o r  b u i ld in g  v o lu m e s  d o e s  

h a v e  a  h ig h e r  b a r r i e r  to  e n t r y  f o r  n e w  u s e r s  c o m p a r e d  to  a  
s in g le  a p p l i c a t i o n .  T h o u g h  P y th o n  is n o t  n e a r ly  as t e c h n ic a l  
a s  th e  C-H- e n v i r o n m e n t  u s e d  to  c r e a te  th e  ir -too ls , c h a n g in g  
th e  p ip e l in e  (e.g ., a d d in g  s u p p o r t  f o r  a  n e w  m ic r o s c o p e  
p la t f o r m )  d o e s  r e q u i r e  so m e  p r o g r a m m in g  sk ill. T he ir-too ls  

h a v e  e l im in a te d  th e  m o s t  d if f ic u l t  te c h n ic a l  c h a l le n g e s  to  
v o lu m e  c o n s t r u c t io n ,  b u t  th e  c u r r e n t  s ta te  o f  th e  te c h n o lo g y  
s til l  m a n d a te s  s u p p o r t  f r o m  sk il le d  p r o g r a m m in g  p e r s o n n e l  
f o r  th e  c o m p u ta t io n a l  s id e  o f  th e  r e c o n s t r u c t i o n  e f f o r t  to  b e  
su c c e ss fu l.

Framework Parameters
T h o u g h  s e c t io n in g  a n d  s ta in in g  a  4 0 0 +  s e c t io n  d a ta s e t  is  in  

i t s e l f  a  t o u r  d e  f o r c e ,  i t  is  w e ll w i th in  th e  a b i l i t ie s  o f  m a n y  
u l t r a s t r u c t u r a l  l a b o r a to r i e s  a n d  c a n  b e  d o n e  in  a  fe w  w o rk  
d ay s . A n d  w h ile  e v e n  m a n u a l  EM  c a p tu r e  c a n  t a k e  m u c h  
lo n g e r  t h a n  s e c t io n in g ,  m u l t ip le x in g  th e  ta sk  a c ro s s  s e v e ra l  
T E M s a n d  o p e r a t o r s  a lso  m a k e s  th e  ta s k  o f  a c q u i r in g  ssT E M  
d a ta  p r a c t ic a l .  T he im a g e  p r o c e s s in g  s te p  h a s  a lw ay s  b e e n  th e  
r e a l  “ s h o w - s to p p e r "  w h e n  la rg e  sc a le  ssT E M  p r o je c t s  w e re  
c o n c e iv e d .  T ab le  3 s u m m a r iz e s  th e  c a n o n ic a l  f ie ld , c a p tu r e ,  
a n d  im a g e  p r o c e s s in g  p a r a m e t e r s  a n d  t im e l in e s  f o r  a  
c o n c r e t e  p r o je c t :  a  C N  m a p  o f  th e  r a b b i t  r e t i n a l  i n n e r  
p le x i f o r m  la y e r . T his p r o j e c t  s p e c if ie s  a  r e s o lu t io n  o f  2 .1 8  n m  I 
p ix e l ,  w h ic h  is s u f f ic ie n t  to  id e n t i f y  c o n v e n t io n a l / r ib b o n  
sy n a p se s  a n d  m o d e r a t e  sc a le  g a p  ju n c t io n s .  In  b r o a d  te rm s .
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(A and B) autom atically m osaicked slice 1 (A) and 10 (B) from an autom atically registered 20-slice volume. Scale, 10 ^m.
(C and D) Slices 5 (C) and 9 (D) from th e  boxed regions in (A and B) show ing th a t definition of reciprocal synapse identity requires ssTEM data. AC 
process Al receives excitatory synaptic ribbon (r3) input from BC term inal BI in (C), but does not show  a feedback synapse until slice 9 (D). Similarly, AC 
process A ll show a feedback synapse in slice 5 (C) bu t does not receive excitatory synaptic ribbon (r4) input from BC term inal BI until slice 9 (D). 
Arrows d eno tes synaptic polarity. Scale, 1 ^im.
(E) Partial sum m ary of connections from markup of th e  volum e. BC BI drives five GABAergic (y) ACs with reciprocal feedback and five glycinergic (gly) 
ACs. Four putative y ACs provide feedforw ard inhibition on to  som e of th e  gly AC profiles. The origin of th o se  processes is yet unknow n. 
doi:10.1371 /journal.pbio.1000074.g010

Figure 10. Automatic Neural Volume Assembly

a n  o p t im a l  c a n o n ic a l  v o lu m e  c a n  b e  c a p t u r e d  in  a b o u t  3 - 5  
m o  w ith  a  c o m p le te  v o lu m e  b u i ld  o n  a  s in g le  m a c h in e .

Discussion

O u r  u l t r a s t r u c tu r a l  m a p p in g  f r a m e w o rk  r e m o v e s  t h r e e  
m a jo r  b a r r i e r s  to  la rg e  sc a le  ssT F M  r e c o n s t r u c t io n :  m o s a ic k ­
in g , r e g i s t r a t io n ,  a n d  v ie w in g . W h ile  m a th e m a t ic a l ly  r o b u s t  
to o ls  h a v e  lo n g  e x is te d  f o r  a n a ly s t -g u id e d  n o n l i n e a r  m o s a ic k ­
in g  a n d  r e g i s t r a t i o n  (e.g., P C I G e o m a tic a ;  se e  M a rc  a n d  
C a m e r o n  [2 7 1), a n d  m a n y  s o l id  e f fo r t s  h a v e  b e e n  m a d e  to  
p r o v id e  s m a ll -v o lu m e  to o ls  [ lf l|, th e  sc a le  o f  ssT F M  c a n o n ic a l  
v o lu m e  r e c o n s t r u c t i o n  p r e c lu d e s  a  u s e r - g u id e d  s o f tw a r e  
s o lu t io n .  T he a b i l i ty  o f  ir -fftJ ir -g r id -rep n e  to  a u to m a t ic a l ly  
m o s a ic  in d iv id u a l  t i le s  a n d  ir-s to s-b ru teH r-sto s-g rid  to  a u t o m a t i ­
c a lly  r e g i s t e r  m o sa ic s  m e a n s  t h a t  w e  h a v e  e n a b le d  a n y  
l a b o r a to r y  to  b u i ld  h ig h - p e r f o r m a n c e  ssT F M  v o lu m e s . S in c e  
s c a n n e d  f ilm  im a g e ry  c a n  b e  r e a d i ly  m a n a g e d ,  w e h a v e  a lso  
e n a b le d  v o lu m e  c o n s t r u c t i o n  a n d  e x p lo r a t i o n  o f  le g a c y  
d a ta s e ts .  M a n y  e x t r e m e ly  h ig h  q u a l i ty  ssT F M  d a ta s e ts  h a v e  
b e e n  p r o d u c e d  in  th e  p a s t  t h r e e  d e c a d e s  [ 4 0 ,6 I - 6 5 |,  b u t  t h e i r  
a n a ly s e s  h a v e  b e e n  r e s t r i c t e d  to  o n e - t im e  m a n u a l  ta b u la t io n s ,  
d ra w in g s , a n d  r e p r e s e n ta t i v e  h a l f to n e  im a g e ry . A rg u a b ly , a 
k ey  a d v a n c e  f o r  a n a to m y  w o u ld  b e  th e  a b i l i ty  to  a llo w  g lo b a l 
p r im a r y  d a ta  a c c e ss , s im i la r  to  g e n e  a c c e s s io n s . O u r  to o ls  
p r o v id e  th e  f r a m e w o rk  f o r  su c h  g lo b a l a c c e ss  v ia  a  c e n t r a l  
r e p o s i to r y .  A n d  d e s p i te  th e  d e v e lo p m e n t  o f  e a r ly  f a r - s ig h te d  
r e c o n s t r u c t io n  f ra m e w o rk s  [ 6 6 1 a n d  s u b s e q u e n t  e n h a n c e ­
m e n ts ,  th e  c o d e ,  p la t f o rm s ,  a n d  th r o u g h p u t  o f  th o s e  s c h e m a ta  
r e a c h e d  n e i t h e r  th e  p e r f o r m a n c e  n o r  a v a i la b i l i ty  r e q u i r e d  f o r  
c a n o n ic a l  f ie ld  r e c o n s t r u c t io n s .

CMP and ssTEM
T he i m p o r t a n c e  o f  m o le c u la r  c la s s i f ic a t io n  o f  n e u r a l  d a ta  

c a n n o t  b e  o v e r s ta te d .  W i th o u t  e v e n  p a r t i a l  c la s s i f ic a t io n , 
ssT F M  r e c o n s t r u c t io n s  r e m a in  o f  l im i te d  v a lu e . This o b s e r ­
v a t io n  r e m a in s  t r u e  e v e n  w ith  th e  a b i l i ty  to  n o m in a l ly  
id e n t i fy  in d iv id u a l  c e lls  by s to c h a s t ic ,  m u l t iv a r ia te  p r o t e i n  
e x p r e s s io n  [2 |. In  c o n t r a s t ,  sm a ll m o le c u le  C M P  a llo w s  th e  
c a te g o r iz a t io n  o f  c la s s  p a r t n e r s  in  n e tw o r k s  b e f o r e  th e  
n e tw o r k  is b u i l t  f r o m  ssTK M . C la s s i f ic a t io n  by  p o s t  h o c  
u n r a v e l in g  o f  c o n n e c t iv i ty  is u n d o u b te d ly  th e  m o s t  u n w ie ld y  
a n d  s ta t is t ic a l ly  c h a l le n g in g  w ay to  id e n t i fy  s y n a p t ic  p a r tn e r s .

The Retinal CN Mapping Framework
O u r  sp e c if ic  o b je c t iv e  in  d e v e lo p in g  th e s e  to o ls  is r e t in a l  

C N  m a p p in g .  W e h a v e  b e g u n  im p le m e n ta t i o n  o f  th is  p r o c e s s  
by  d e v e lo p in g  a  r a b b i t  r e t in a l  p r e p a r a t i o n  w ith  s t r o n g  im a g e  
s e g m e n ta t io n .  A s sh o w n  p r e v io u s ly  [5 ,6 0 ,6 7 1, a u g m e n t in g  
C M P  l ib r a r ie s  w ith  th e  a c tiv ity  m a r k e r  l - a m in o - 4 - g u a n id o -  
b u t a n e  (A G B ) g e n e r a te s  a  n e a r ly  c o m p le te  n e u r o n a l  c la s s i­
f ic a t io n .  T hese  s ig n a ls  a r e  a lso  fu lly  c o m p a t ib le  w ith  ssT F M  
[56 |. W e h a v e  p r e p a r e d  a  s in g le  r e t in a l  p r e p a r a t i o n  w ith  16 
p a tc h e s  e a c h  d e f in e d  as a  c a n o n ic a l  f ie ld  f o r  C N  m a p p in g .

T h ese  p a tc h e s  a r e  b e in g  s e c t io n e d ,  s ta in e d ,  a n d  c a p t u r e d  w ith  
a n  e s t im a te d  c o m p le t io n  d a t e  o f  m id -M a r c h  200?). The 
s t r a te g y  u se s  h o r iz o n ta l  s e r ia l  s e c t io n s  ( s e c tio n s  in  th e  p la n e  
o f  th e  r e t in a )  b e g in n in g  f r o m  e i t h e r  th e  A C  o r  G C  s id e  o f  th e  
i n n e r  p le x i f o rm  la y e r  (F ig u re  15). T h o se  c e l lu la r  la y e rs  a r e  
f i r s t  c la s s if ie d  as C M P  b o u n d in g  la y e rs  r e g i s te r e d  to  th e  
ss 'I 'FM  s e t  o f  > 4 0 0  s e c t io n s ,  w ith  e a c h  s e c t io n  c a p t u r e d  in  
m o sa ic s  o f  ?)50— 1,100 tile s . U p o n  c o m p le t io n  o f  e a c h  v o lu m e , 
i t  w ill b e  a v a ila b le  f o r  o u r  o w n  a n d  c o m m u n i ty  b ro w s in g  a n d  
a n n o t a t i o n ,  d e s c r ib e d  as fo llo w s.

A Proposal for Multi-TEM Projects
M o s t o f  th e  e x a m p le  ss 'I 'F M  v o lu m e s  o u r  g r o u p  h a s  

p r o d u c e d  so  f a r  h a v e  b e e n  c o l l e c te d  w ith  a  s in g le  h ig h -  
p e r f o r m a n c e  m ic r o s c o p e .  W e c a n  c a p t u r e  3 ,0 0 0  ti le s /d a y . 
H o w e v e r , th e  in s ta l l  b a se  o f  m a n u a l  TK M  sy s te m s  o r  f ilm - 
b a s e d  sy s te m s  w ith  m o n ta g in g  s ta g e s  f a r  e x c e e d s  th o s e  w ith  
h ig h - r e s o lu t io n  d ig i ta l  c a m e ra s .  F u r th e r ,  th e  p e r f o r m a n c e  o f  
f ilm  is s till s u p e r i o r  to  a n y  d ig i ta l  sy s te m  a n d  th e  p o t e n t i a l  f o r  
c a p t u r i n g  h ig h  b i t - d e p th  s c a n n e d  im a g e s  m a n u a l ly  a u g ­
m e n te d  w ith  p o s i t io n a l  m e ta d a t a  m a k e s  o u r  u l t r a s t r u c tu r a l  
f r a m e w o r k  e v e n  m o r e  p r a c t i c a l .  B y f r a g m e n t i n g  l a r g e  
p r o je c t s  in to  p a c k e ts  o f  g r id s  th a t  c a n  b e  c a p t u r e d  in  p a r a l le l ,  
i t  is p o s s ib le  to  s p e e d  t i le  a c q u is i t io n  m u l t ip l ic a t iv e ly  a n d  
th e n  d i s t r i b u t e  t i le s  to  a  c e n t r a l  r e s o u r c e  f o r  v o lu m e  b u ild s .

The n e x t  p h a s e  o f  C N  m a p p in g  is an a ly s is : b u i ld in g  a 
d e s c r ip t i o n  o f  c o n n e c t iv i ty  by  ta g g in g  c e lls  a n d  p r o c e s s e s  a n d  
m a r k in g  sy n a p se s . O u r  g o a l is n o t  to  r e n d e r  3D  u l t r a -  
s t r u c tu r a l  im a g e s , b u t  r a t h e r  t a b u la t e  c o n n e c t io n s  w ith in  th e  
v o lu m e . W h ile  i t  is p la u s ib le  to  d e v e lo p  a u to m a te d  s y n a p s e  
a n d  g a p  ju n c t io n  r e c o g n i t io n  to o ls  ( p e rh a p s  a u g m e n te d  by 
m o le c u la r  p ro b e s ) ,  th o s e  to o ls  a r e  in  e a r ly  d e v e lo p m e n t  
s ta g e s . O u r  e x p e r ie n c e  is t h a t  a n a ly s ts  c a n  p e r f o r m  e x c e l le n t  
ta g g in g  a n d  s y n a p s e  m a r k u p  w ith  th e s e  to o ls .  F u r th e r m o r e ,  
l a rg e  d a ta s e ts  c a n  b e  a n a ly z e d  in  p a r a l le l  by  la rg e  g r o u p s .  A  
w o n d e r fu l  e x a m p le  o f  th is  is th e  w w w .g a la x y z o o .o rg  p r o je c t  
to  c la s s ify  m il l io n s  o f  g a la x ie s  im a g e d  by  v a r io u s  p la t f o rm s  
su c h  as th e  S lo a n  D ig ita l  Sky S u rv e y  (w w w .sd ss .o rg ). G iv e n  th e  
im p o r t a n c e  o f  m a m m a l ia n  c e n t r a l  n e r v o u s  sy s te m  c i r c u i t r y  
a n a ly s is  in  n e u r o lo g ic a l  d i s o r d e r s ,  th e  n o t i o n  o f  a  s in g le  la b  
p e r f o r m in g  c r a d le - to - g r a v e  p r o c e s s in g  o n  a  sy s te m  is in c r e a s ­
in g ly  im p ra c t ic a l ,  as is th e  n o t io n  th a t  c o m p u ta t io n a l  p a t t e r n  
r e c o g n i t i o n  c a n  a d e q u a te ly  s c r e e n  d a t a  w i th o u t  m is s in g  
im p o r t a n t  o b s e rv a t io n s .  H u m a n  ey es r e m a in  th e  b e s t  p a t t e r n  
r e c o g n i t io n  sy s te m s  f o r  ss l'F M  d a ta .  T he v a lu e  o f  o u r  s t r a te g y  
to  d e v e lo p  a  sc a la b le , w e b - c o m p l ia n t  v ie w e r  f o r  c o m m u n i ty  
m a r k u p  lie s  in  th e  f a c t  t h a t  n e w , p o w e r fu l  a c q u is i t io n  
p la t f o r m s  [23—2 5 1 a n d  t h e i r  d e s c e n d a n ts  w ill s o o n  c r e a t e  an  
a d d i t i o n a l  d e lu g e  o f  h ig h - q u a l i ty  d a ta .

Future Developments
O u r  n e x t  p h a s e s  o f  d e v e lo p m e n t  t a r g e t  six  a r e a s . (1) A u to ­

t r a c k in g :  C o m p u ta t io n a l  t e c h n iq u e s  f o r  s e g m e n t in g  a n d  
t r a c in g  in d iv id u a l  n e u r o n s  a c ro s s  a  la rg e  n u m b e r  o f  ss l'FM
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Figure 11. A utom atic Registration of Canonical Scale Mosaics
The left tw o  colum ns are six 1,000+ tile mosaics from a series of over 120 horizontal plane 70-nm sections of th e  rabbit inner nuclear layer (sections 1, 
20 ,40 , 61, 80, 103) spanning over 9 |.im. Each mosaics is 250 (.im wide. The m iddle colum n show s mosaics 20, 40, 61, 80, 103 with a colored overlay of 
th e  tile ad justm ent m esh (the true  subtile m esh is m uch finer). The high contrast version of th e  mosaic 20 m esh show s th a t th e  bounding  and  bisecting 
lines only slight deviations from linearity d u e  to  slice-to-slice distortions. However, these  do  no t accum ulate. The arrow indicates a patch  of th e  true  
m esh density. The right colum n (53 jirn wide) is a m agnified region of each slice show ing th e  excellent cell-to-cell and  subcellular alignm ent achieved 
by purely au tom atic im age registration w ith ir-tools. 
doi:10.1371/journal.pbio.l 000074,g011
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Figure 12. Fusion of ssLM CMP and  ssTEM Data

The m ouse retinal m icroneurom a data  show n in previous figures are 
com prised of th e  initial section in th e  ssTEM se t (A), a set of four 
bounding 90-nm  ssLM sections visualized by IgG 7, IgG G, IgG E, and  IgG 
t, all registered by ir-tw eak, m apped  as yGE :: rgb (B) and ytE :: rgb (C) 
triplets, converted  by cluster analysis in CMPView into a classified th em e 
m ap of nine discrete superclasses (see text). 
doi:10.1371/journal.pbio.1000074.g012

s e c t io n s  [68 ,69] a r e  c r i t ic a l  to  s p e e d  n e tw o r k  d a ta  c o l le c t io n .

(2) A u t o - m a r k u p :  W e  a r e  e x p l o r i n g  a  l a r g e  l i b r a r y  o f  
i d e n t i f i e d  s y n a p s e s  to  t r a i n  a u to m a te  sy n a p s e  m a r k u p  a n d  
im p le m e n t  lo g ic a l  r u le s  f o r  s y n a p s e  id e n t i f i c a t io n  a n d  s ig n a l 
p o la r i ty .  T h ese  e f fo r t s  w ill n o t  r e p la c e  h u m a n  t r a c k in g  a n d  
m a r k u p  in  th e  s h o r t  te r m ,  b u t  n e e d n ’t b e  e x t r e m e ly  e f f ic ie n t  
to  a c c e le r a te  a n a ly s is  s e v e ra l- fo ld . (3) E n h a n c e d  p ip e l in e  
s p e e d :  E v e n  th o u g h  w e  c a n  s p e e d  m o s a ic  a n d  v o lu m e  b u i ld s  
b y  u s in g  m o r e  m a c h in e s ,  w e  s til l  s e e k  to  v a s tly  im p ro v e  to o l  
s p e e d  to  a c c o m m o d a t e  l a r g e r  c a n o n i c a l  v o lu m e s .  F o r  
e x a m p le ,  a  c a n o n ic a l  v o lu m e  i n  p r i m a r y  v is u a l  c o r t e x  
s p a n n in g  a n  o c u la r  d o m in a n c e  c o lu m n  is s e v e ra l  t im e s  l a r g e r  
t h a n  th e  r e t i n a l  c a n o n ic a l  v o lu m e . (4) S im p lif ie d  p ip e l in e  
i n t e g r a t io n :  O u r  e f fo r t s  to  d e v e lo p  a c q u is i t io n ,  c la s s if ic a tio n , 
m o s a ic k in g , r e g i s t r a t i o n ,  b ro w s in g , a n d  m a r k u p  to o ls  h a v e  
o r ig in a te d  w ith  s e v e ra l  d e v e lo p e r s  u s in g  d i f f e r e n t  p la t f o rm s .  
H o w  m u c h  m u l t i p la t f o r m  d e v e lo p m e n t  is  ju s t i f ie d ?  C e r ta in ly  
w e  a r g u e  f o r  a n  o p e n ,  p l a t f o r m  n e u t r a l  c o d e  b a s e  f o r  f u t u r e  
d e v e lo p m e n t .  H o w e v e r , d a t a  t r a n s p o r t  a c ro s s  p la t f o r m s  is 
n o w  so  s im p le  t h a t  i t  is  n o t  e s s e n t ia l  to  s p e n d  d e v e lo p m e n t  
r e s o u r c e s  in  r e p l i c a t i n g  a p p l i c a t i o n s .  R a th e r ,  im p r o v e d  
p ip e l in e  s c r ip ts  a n d  in te r f a c e s  w ill b e  o u r  s h o r t - t e r m  fo c u s .
(5) V o lu m e  v ie w in g  w ith  h t t p  c o m p l ia n c e :  W e  a r e  c r e a t in g  a 
v o lu m e  s lic e -b y -s l ic e  v ie w e r  t h a t  e n h a n c e s  th e  s p e e d  o f  
sy n a p s e  ta g g in g  f o r  b u i ld in g  C N  m a p s . W h ile  n o t  e s s e n t ia l  
to  o u r  f r a m e w o rk ,  i t  o f f e r s  th e  a b i l i ty  to  l e v e r  c u r r e n t  w eb  
p r o to c o l s  to  f a c i l i ta te  c o m m u n i ty  m a r k u p .  (6) E n h a n c e d  C M P  
p o w e r :  W e  a r e  s c r e e n in g  l ib r a r ie s  o f  m a c r o m o le c u le s  (e.g., 

M a rc  e t  a l. [70] a n d  M ic h e v a  a n d  S m ith  [7]) f o r  ssT E M - 
c o m p l ia n c e  to  a u g m e n t  o u r  C M P  l ib ra ry .

F in a lly , th e  in f o r m a t ic s  c h a l le n g e s  d e s e rv e  m e n t io n .  W e  a r e  
h a r d ly  a lo n e  in  th is  v e n tu r e .  M a n y  g r o u p s  h a v e  a d d r e s s e d  th e  
i n f o r m a t ic s  o f  n e u r o s c ie n c e  d a ta  c o l le c t io n s ,  e s p e c ia l ly  th e  
n e e d  to  a g g r e g a te  r e s o u r c e s ,  e.g ., th e  N e u r o s c ie n c e  I n f o r m a ­
t io n  F ra m e w o rk  (h t tp : / /n i f .n ih .g o v ), s o o n  to  b e  t r a n s f e r r e d  to  

th e  s u p e rv is io n  o f  th e  N a t io n a l  C e n te r  f o r  M ic ro s c o p y  a n d  
Im a g in g  R e s e a rc h  a t  th e  U n iv e r s i ty  o f  C a l i f o r n ia  a t  S a n  D ie g o  
(h ttp :/ /w w sv -n c m ir .u c s d .e d u /), a n d  th e  I n t e r n a t i o n a l  N e u r o ­
in f o r m a t ic s  C o o r d in a t in g  F a c il i ty  (h t tp : / / in c f .o r g ). H o w e v e r , a 
k ey  is s u e  is a  la c k  o f  m u l t i r e s o lu t io n  a n n o t a t i o n  to o ls  a n d  ta sk  
a d m in i s t r a t i o n  f o r  la rg e -s c a le  d i s t r ib u te d ,  m u l t i r e s o lu t io n  

d a ta s e ts .  T h o u g h  la rg e  sc a le  n a v ig a t io n a l  to o ls  h a v e  b e e n  
b u i l t  b y  th e  A lle n  I n s t i tu te  f o r  B r a in  S c ie n c e  (h ttp ://w w w . 
b r a in -m a p .o r g / )  a n d  B r a in  M a p s  d e v e lo p e d  b y  E d  J o n e s  a n d  

c o l le a g u e s  a t  th e  U n iv e r s i ty  o f  C a l i f o r n ia  D a v is  (h ttp : / /  
b r a in m a p s .o r g / ) ,  r o b u s t  to o ls  f o r  c o m m u n i ty  m a r k u p  th a t  
c a n  n a v ig a te  h ig h  r e s o lu t io n  TEM d a ta s e ts  h a v e  y e t  to  b e  
c r e a t e d  o r  v a l id a te d .  O n to lo g ie s  f o r  n e u r a l  sy s te m s  a r e  u n d e r  
r a p id  d e v e lo p m e n t  (h ttp : / /c c d b .u c sd .e d u /C X jD B W e b S ite /s a o . 
h tm l) ,  w h ic h  w ill b e  e s s e n t ia l  to  b u i ld in g  th e s e  m a r k u p  to o ls . 
T h ese  a n d  o t h e r  g r o u n d b r e a k in g  e f fo r ts  v a l id a te  th e  n e e d  f o r  
n e x t - g e n e r a t io n  s o f tw a re  i n c lu d in g  r a p id  n a v ig a t io n  o f  fu se d  
T E M -m u l t iv a r ia te  m o le c u la r  d a ta ,  t i n e  v o lu m e t r ic  a tla s e s , 
g r a p h - t h e o i y  b a s e d  a n a ly se s , a n d  d y n a m ic  o n to lo g y  u p d a t in g .
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Figure 13. Fusion of ssLM CMP and  ssTEM Data at th e  Synaptic Scale
(A) A 20-nm w ide strip from a 750-nm w ide m ouse retinal d a tase t of th e  inner plexiform layer extending from th e  AC layer (top) to  th e  GC layer 
(bottom ). The color m ap is a y G t :: rgb m apping visualized as a transparency overlay on to  th e  TEM data. Scale 10 pm.
(B) The synaptic term inal of an ON cone BC (as identified by its signature and th e  region of th e  inner plexiform layer from which it was sam pled, 
outlined in [A]). Four synapses are marked by arrows. The shaft of each arrow  originates in th e  presynaptic process and th e  arrow head lie in th e  target 
process. The BC is presynaptic to  tw o  profiles a t a ribbon synapse (r) and postsynaptic to  profiles y1 and GI.
(C) The ssLM CMP overlay, show ing th e  characteristic blue i f  signature of BCs, tw o  different red GABAergic profiles (y1 and y2), and th e  green 
glycinergic profile (G1).
(D) Enlargem ent of th e  classic BC AC GABAergic reciprocal feedback  synapse. Scale 1 pm  for both  (B) and (C), and 400 nm for (D). 
doi:10.1371/joum al.pbio,1000074,g013

Summary
H ig h - p e r f o r m a n c e  ss 'I’KM is a  p o w e r fu l  te c h n o lo g y  c o u p le d  

to  t r a d i t i o n a l ly  a r t i s a n a l  d a ta  p r e s e n t a t i o n  a n d  a n a ly s is  
m e th o d s .  T h ese  a r e  p o o r ly  a d a p te d  to  la rg e -s c a le  c o l l a b o ­
r a t i o n s  o r  h ig h - th r o u g h p u t  s c r e e n in g .  M a n y  la b o r a to r i e s  h a v e  
a t t e m p t e d  to  d e v e lo p  s t r o n g e r  to o ls  f o r  ss 'I ’KM th r o u g h p u t ,  
b u t  m o s t  e f fo r t s  w e re  h a m p e r e d  by  m a n y  b a r r ie r s :  c o d e  t h a t  
d id  n o t  sc a le , l im i te d  p r o c e s s o r  s p e e d , e x p e n s iv e  s to r a g e ,  a n d  
sm a ll c a n o n ic a l  v o lu m e s . O u r  f r a m e w o rk  la rg e ly  o v e rc o m e s

all c o m p u ta t io n a l  b a r r i e r s ,  p r o v id in g  h ig h ly  s ta n d a r d iz e d  
c o l l a b o r a t iv e  e n v i r o n m e n ts  t h a t  e n a b le  ss 'I’KM to  s e rv e  as 
b o th  a  s ta t is t ic a l ly  p r a c t i c a l  C N  m a p p in g  to o l  a n d  a n  e f fe c tiv e  
s c r e e n in g /p h e n o ty p in g  to o l  f o r  m o d e r n  n e u r o g e n e t ic s .

Materials and Methods
T issue  h arvest, p ro cess in g , an d  sec tion ing . All an im al use inc lud ­

ing m eth o d s fo r  anesthesia  and  eu th an as ia  co n fo rm ed  to in s titu tio n a l 
an im al c a re  and use au th o riza tio n s  a t th e  U niversity  o f  U tah  and to
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F igure  14. Browsing 30-GB Datasets with M osaicBuilder

For this im age, 1,001 TEM im ages w ere cap tured  a t 5,000X (2.18 nm / 
pixel) with SerialEM, tiled into a single m osaic datase t by ir-translate  and  
ir-grid-refine, and  visualized with MosaicBuilder. The overlap of each 
im age with its neighbors is show n in (A) and  th e  entire seam less im age 
visualized in (B). The polygonal region in (B) is visualized in (C) simply by 
“ zoom ing” in M osaicBuilder a nd th e  classifications ob ta ined  in Figure 11 
ann o ta ted  on to  th e  initial section of th e  dataset. The rectangles in (C) are 
further en largem ents th a t ex tend  to  th e  synaptic level. See Video S3. 
doi:10.1371/journal.pbio.1000074.g014

the  A ssociation  fo r R esearch  in  V ision  an d  O ph thalm ology  S ta tem en t 
fo r  the  Use o f  A nim als in O p h th a lm ic  an d  V isual R esearch. R etinal 
sam ples w ere taken  fro m  D utch  B elted rabb its (O reg o n  R abbitry), 
C57B1/6J m ice (The Jack so n  L abora to ries), an d  T G 9N  transgen ic  m ice 
th a t have an  aggressive p h o to re c e p to r  d e g e n e ra tio n  and  n eu ra l 
re m o d e lin g  d e fe c t [56]. L ig h t-a d a p te d  a d u lt m ale  a n d  fem ale 
p igm en ted  rabb its tran q u ilized  w ith  in tra m u sc u la r  ketam ine/xylazine 
w ere deep ly  an esth e tized  w ith  in tra p e rito n e a l u re th a n e  in saline, 
eu th an ized  by th o raco to m y  in acco rd  w ith  U niversity  o f  U tah  
In s titu tio n a l A nim al C are  an d  Use C o m m ittee  guidelines, a n d  the 
eyes im m ediately  in jec ted  w ith  0.1 m l fixative an d  an  a d d itio n a l 18- 
Ga n eed le  p ressu re  relief. R abbit eyes w ere enuclea ted , hem isected , 
an d  fixed in 1%  fo rm aldehyde, 2.5%  g lu tara ldehyde, 3%  sucrose, 1 
m M  M gS 04, in 0.1 M p h o sp h a te  o r  cacodylate  buffer, (pH  7.4). L ight- 
a d a p te d  m ice  w ere  rap id ly  e u th a n iz e d  w ith  h a lo  th a n e  o r  an  
iso flu rane  v aporizer. M ouse eyes w ere slit a t the lim bus an d  in jec ted  
slowly w ith  0.1 m l fixative b e fo re  e n u c le a tio n  an d  im m ersion  fixation  
fo r  24 h. All tissues w ere  osm icated  4 5 -60  miri in 0 .5 % -l%  0 s 0 4  in
O.IM cacodylate  buffer, p rocessed  in m aleate  b u ffe r fo r e n  bloc 
sta in in g  w ith  u rany l ace ta te , and  processed  fo r  re s in  em b ed d in g  as 
describ ed  in  M arc an d  Liu [1.7]. Specifically fo r  CN m aps, flat resin  
m o u n ts  o f  re t in a  a re  re m o u n te d  fo r  serial sec tions in  the  h o rizo n ta l 
p lan e  th ro u g h  the in n e r  p lex ifo rm  layer [27,71]. V ertica l sections o f  
m ouse re tin a  w ere  used to d efine  no rm al C57B16/j an d  d iso rd e red  
T G 9N  m ouse  re tin a l c ircu itries . Serial sec tions w ere  cu t a t 60 -90  nm  
w ith  various m odels o f  Leica u ltra m icro to m es o n to  ca rb o n -co a ted  
F orm v ar films o n  gold slo t g rid s an d  im aged a t 80 KeV in e i th e r  a 
H itach i I I -600 o r  JE O L  JEM  1400 e le c tro n  m icro sco p e  a t 5 ,000- 
10.000X m agnification . Im ages w ere  c a p tu re d  d irec tly  o n  film (Kodak 
4489 E le c tro n  M icroscope Film) and  d ig itized  a t 16 b its grayscale on  
U ltram ax  o r  C reoscitex  scanners, o r  c a p tu re d  digitally  o n  a  GAT AN 
U ltrascan  4000 16 m egapixel 16-bit cam era .

Im age cap tu re . C rea tin g  th e  CN m ap o f  the  re t in a  req u ires  
d ig itiz ing  each  tissue sec tio n  an d  reg iste rin g  it to its neighbors. 
C rea tin g  a  vo lum e o f  this scale is a  significant u n d ertak in g : T h e  CN 
m ap  fo r  the rab b it in n e r  p lex ifo rm  layer in the  visual streak  req u ires 
a  vo lum e delim ited  by a  can o n ica l field 250 jum in d ia m e te r  X 30 |U.m 
high: roughly  1.47 X 10b Jtim3. A cy lindrical volum e is a  m o re  effic ien t

Table 3. Parameters and Timeline for CN Mapping a Canonical 
Field in the Rabbit Retina

P a ra m e te r/O p e ra tio n  V alue

Ideal field diameter 250
Optimal section thickness 70 nm
Stack thickness 0.035 mm (GCL - IPL - ACL)
Stack sections 400
TEM magnification 5,000X, 2.18 nm/pixel
TEM tile size 8.7 X 8.7
Tiles/mosaic 900-1,000 (15% overlap)
Mosaic acquisition time 7 h
Volume acquisition time 133 d
Volume build time 33 d
High BC, AC, GC, dAC sample 1=651,600 BCs, 800 ACs, 200 GCs, 100 dA
Low BC, AC, GC, dAC sample ^400 BCs, 200 ACs, 50 GCs, 25 dACs
Estimated high;low synapses 72,000:18,000
High class 6/class 9 numbers 30:3
Low class 6/class 9 numbers 7:1

Class 6 GCs are the most abundant class and Class 9 GCs the rarest.
Abbreviations: GCL, GC layer; I PL, inner plexiform layer; ACL, ACI layer; dAC displaced 
amacrine cell.
doi:10.1371 /journal.pbio.1000074.t003
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Figure 15. The Retinal CN Mapping Framework
Canonical fields of rabbit retina are being sectioned from the GC to the AC layers at 70 nm and tiled mosaics acquired for volume assembly. Bounding 
the ssTEM set are classified sets of GCs (top) and ACs (bottom) whose processes enter the field and can be tagged and tracked. The GC patch is shown 
as a theme map and the AC patch as a yAGB.E :: rgb mapped image. At 5,000X it is possible to unambiguously identify both conventional and ribbon 
synapses as well as most gap junctions that exceed ^200 nm in lateral extent. As CMP can be performed on sections as thin as 40 nm, selected 
molecular signals can be intercalated into ssTEM sets without significant disruption of volume builds by saving spaced sections for CMP, using them if 
needed, or reinserting them as ssTEM elements if not. 
doi:l 0.1371/journal.pbio.1000074.g015

c a p tu re  o b jec t th a n  rh o rnbo idal p rism s th a t will have ex trem itie s  
c lip p ed  o u t  as sec tions a re  ro ta te d  d u r in g  reg is tra tio n . W hile  th e  
issue is irre lev an t a t  sm all volum es [18], it  trem endously  im pacts 
beam  tim e a t  can o n ica l scales. In  p rac tice , a t  a m agn ifica tion  o f  
5,000X o n  the  JEO L JE M -1400, w e c a p tu re  950-1 ,100 im ages o r  tiles/ 
se c tio n  an d  **333 sec tio n s a t  7 0 -9 0 -n m  th ickness. S to ra g e  o f  
u n p rocessed  16-bit im ages req u ire s  10.4 teraby tes. W ith  a  tim e  o f  
c a p tu re  a t  roughly 30 s/fram e, th is req u ire s  som e 7 0 -100  ca le n d a r 
clays o n  a  single TEM , w hich  argues fo r  au to m a te d  c a p tu re  sc rip ts an d  
effic ien t c a p tu re  geom etries. T o  e n su re  th e  im ages can  b e  p o sitio n ed  
p ro p erly  in  th e  to ta l m osaic , each  im age has 1.5% a rea  overlap  w ith  its 
ne ighbors. W ith  som e o f  th e  softw are  tools d eveloped  below, it  is also 
ev id en t th a t such tasks can  b e  paralle lized  across m icroscopes an d  
users.

W e c a p tu re  ssTEM  d a ta  using  Seria lE M  softw are d eveloped  by D. 
M a stro n ard e  a t  th e  U niversity  o f  C o lo rad o  a t  B o u ld er  [72]. T h o u g h  
orig inally  d eveloped  fo r  TEM tom ography , SerialEM  is ideal fo r  large- 
scale m osaicking. T h e  m o st re c e n t build  version  o f  Seria lE M  allows 
d efin itio n  o f  m u ltip le  c irc u la r  o r  polygonal reg ions o f  in te re s t o n  a 
g rid  an d  au to m ates stage d riv e  an d  im age c a p tu re  w ith in  th e  reg ions 
o f  in te re s t o n  th e  JEOL JEM 1400 TEM (and o th e r  re c e n t TEMs as well 
such as FEI T ecnais) an d , critically , sto res stage p o sitio n  m e ta d a ta  fo r  
each  tile. T h is greatly  reduces th e  c o m p u ta tio n a l co s t o f  th e  in itia l 
po sitio n in g  o f  m osaic tiles fro m  0 ( n “) to  O(n). T h e  p ro g ra m  includes 
a  sc rip tin g  capability  th a t p rov ides th e  flexibility need ed  to  op tim ize  
th e  acq u is itio n  stra tegy , f o r  exam ple , by focu sin g  only o n  an  
ap p ro p ria te ly  spaced  subset o f  th e  im age tiles. W hile au to m ated  
c a p tu re  is ideal fo r  th e  m icro sco p e’s G atan  U ltrascan  4000 (4K X 4K) 
cam era , i t  c a n  also serve o n  a  sm aller scale w ith  film  c ap tu re .

M osaicking. W e use th e  sam e softw are su ite  {ir-tools) to  m osaic ssLM 
an d  ssTEM da ta . In  a n  ideal se tting , w e have  stage p o sitio n  m e tad a ta  
fo r  b o th  k inds o f  d a tase ts  (from  S yncroscan  an d  SerialEM ), w hich  can  
be  used by ir-translate to  p ro d u c e  p rec ise  in itia l im age m osaics. T h is is 
th e n  follow ed by ir-refine g r id  to  c o rre c t fo r  im age a b e rra tio n s  in  each  
tile. H ow ever, som e users may lack c a p tu re  a u to m atio n . In  this m o re  
g en e ra l case, an  o p e ra to r  m anually  ad justs th e  p o sitio n  o f  each  tile, 
a im in g  fo r  a specified b u t o ften  im p rec ise  o v erlap  b etw een  tiles. Even 
ap p ro x im a te  c o o rd in a te  in fo rm a tio n  is o ften  n o t  reco rd ed . G iven a 
large n u m b e r  o f  tiles specified in no  p a r tic u la r  o rd e r, a m osaic m ust 
be  c o n s tru c te d  a n d  in d iv id u a l tiles c o r re c te d  fo r  d is to r tio n s , 
especially sub tle  e lec tro n -o p tica l a b e rra tio n s  (spherical ab e rra tio n s , 
m agn ifica tion  astigm atism , local h ea tin g  m otions, ch a rg in g  m otions, 
etc.) th a t a re  o ften  u n d e tec tab le  un til p rec ise  a lig n m en t is a ttem p ted  
(Figure 4). I t  is r a re  th a t  th e  m agn ifica tion  in  th e  average TEM  is 
exactly  th e  sam e a t  th e  field  c e n te r  an d  edge. A t a  m o d es t 
m agn ifica tion  y ield ing  a  7.5-jxm w ide field (abou t 5,000X), a  1% e r ro r  
in  m agn ifica tion  a t  th e  ed g e  o f  th e  field (4,950X) y ields a  d isp lacem en t 
o f  ov er th re e  vesicles: p o ten tia lly  a  m assive m isa lignm en t in  trac in g

circu its. A m osa ick ing  schem e th a t  addresses th is g en e ra l p ro b lem  is 
ir-fft follow ed by ir-refine-grid.

Im age reg is tra tio n  and  volum e con stru c tio n . S lice-to-slice im age 
reg is tra tio n  is f u r th e r  co m plica ted  by d iffe ren ces in im aging m odal­
ities (ssLM versus ssTEM), ch an g in g  shapes o f  cells an d  processes, and  
physical d is to rtio n s  affec tin g  ind iv idual sections (folds, s tre tch ing). A t 
th e  b o u n d aries o f  o r  in te rca la ted  w ith in  the  ssTEM volum e, we co llec t 
ssLM d a ta  fo r  CM P analysis. S im ila r to  th e  m u ltim odal a lig n m en t 
stra teg ies used by M arc an d  colleagues [5,56], ssLM im ages a re  
o p e ra to r-re g is te re d  to  a d jacen t ssTEM slices using  ir-tweak. H ow ever, 
m anually  re g is te r in g  la rg e  ssTEM volum es is im p ra c tic a l an d  
a u to m ated  slice-to-slice tools a re  n eeded : (ir-stos-brute, ir-s tos-grid).

CMP and classification . CMP is a  m ethod  to  e x tra c t q u an tita tiv e  
m o lecu la r  s igna tu res fro m  cells o r  even ce llu la r  p rocesses [5,54] and  
fuse m o lecu la r  s ig n a tu re  d a ta  w ith  ssTEM datase ts [17,56]. ssLM 
sam ples (40-90  nm ) a re  a rray ed  o n  12-spo t T eflon -coated  slides (Cel- 
Line; E rie Scientific Inc), fully sod ium  e th o x id e  e tch ed , p ro b ed  w ith  
IgGs ta rg e tin g  various m olecules, an d  visualized w ith  silver-in tensi­
fied 1.4-n m  gold granu les co n ju g a ted  to  g o a t a n ti- ra b b it o r  go a t an ti­
m o use  IgG (N anoprobes). Im m unoreactiv ity  in  these  sam ples is a 
p u re  surface  p h e n o m e n o n  in d e p e n d e n t o f  sec tio n  th ickness [54]. T h e  
IgG lib ra ry  inc ludes (b u t is n o t  lim ited  to) an ti-L -asp a rta te  (IgG D), 
an ti-L -g lu tam ate  (IgG E), an ti-g lyc ine  (IgG G), an ti-L -g lu tam in e  (IgG 
Q), a n ti- ta u rin e  (IgG x), an d  anti-G A B  A (IgG y) (S igna tu re  Im m u n o ­
logies Inc.). All d a ta  w ere  c a p tu re d  as 8 -b it 1,388 p ixel X 1,036-line 
fram es u n d e r  v o lta g e -re g u la te d  tu n g s te n  h a lo g e n  flux  w ith  a 
v a ria tio n  o f  1.2 ±  0.6%  /m in (m ean ±  SD). Im age m osaic  tiles w ere 
c a p tu re d  w ith  a  P eltie r-coo led  Q lm ag in g  F ast 1394 Q IC  AM (Q lm ag- 
ing) an d  a  S yncroscan  m o n tag in g  system  (Synoptics Inc.) o n  a  Scan 
100 X 100 stage (M arzhauser W etz lar GM BH & Co.). ssLM m osaics 
w ere  p re p a re d  using  various ir-tools an d  a ligned  using  ir-tweak (see 
below). CMP classification  (clustering , h is to g ram  analysis, PCA, etc.) is 
p e rfo rm e d  o n  th e  CMP d a ta se t using  CM PView  (J. A nd erso n , 2008) to  
p h en o ty p e  p rocesses an d  cells. C M Pview  is b u ilt in MATLAB2008a. 
C lu ste rin g  is based  o n  th e  ro b u s t K -m eans an d  iso d a ta  a lgo rithm s (see 
M arc e t  al. [5,54]), au g m en ted  w ith  in te rac tiv e  h isto g ram  sp littin g  
tools. C M PView  o p e ra te s  o n  e i th e r  p ixel-based  o r  o b jec t-based  
im ages. T h e  in te rm e d ia te  p ro d u c t o f  re levance  fo r  th is p a p e r  is th e  
p ro d u c tio n  o f  a  h ig h -re so lu tio n  th em e m ap  o f  cell classes th a t  is th en  
reg istered  to  ssTEM d a ta  [17,56]. F inally, im age analysis fo r  c h a ra c te r­
iza tio n  o f  m osaick ing  an d  reg is tra tio n  p e rfo rm a n c e  was p e rfo rm ed  
using  ImagcJ |73 |.

Im age brow sing and an n o ta tio n . O n ce  large  m osaics a re  built, it is 
essen tia l to  have tools to  brow se, a n n o ta te , an d  re c o rd  an n o ta tio n s . 
Som e m osaics a re  15-30  GB datase ts, w hich  a re  u n m anageab le  by 
m o st co m m erc ia l im aging  tools. W e have developed  tw o ap p lica tions, 
M osaicBuilder (Mac OS X) an d  V iking  (W in), th a t allow single slices to 
be  view ed, brow sed, an d  a n n o ta ted . By using  im age pyram ids, these
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tools quickly nav igate  betw een  low  an d  h igh  m agn ifica tion  views. 
V olum es a re  even m o re  challeng ing , as they ex p an d  in to  te rab y te  size 
a n d  V iking  allows ra p id  p ag ing  th ro u g h  th e  b u ild  over an  H T T P  
co n n ec tio n , en ab lin g  single im age rep o sito rie s  to serve m u ltip le  
users.

Managing the processing pipeline. T his 12-stage fram ew o rk  
req u ire s  significant u se r m an ag em en t a n d  ex cep tio n a l d ig ita l hyg iene 
in  d a ta  archiv ing, access, an d  revision  c o n tro l. S ince  each c o m p u ta ­
tio n a l stage invokes a  d iffe ren t p ro g ram  a n d  occasional tran sitio n s 
betw een  d a ta  fo rm ats we e lec ted  to  use th e  P y thon  sc rip tin g  language 
an d  P y thon  Im ag ing  L ibrary  to  b rid g e  stages. T he sc rip ts p e rfo rm  
tasks such as conversion  fro m  m icro  sc ope-specific fo rm ats to  th e  
p lain  text “ .m osaic” fo rm at o f  ir-tools, im age c ro p p in g , co n tra s t 
en h an ce m e n t, dow n-sam pling , a n d  lau n ch in g  m u ltip le  in stances o f  
sin g le -th read ed  a lgo rithm s to  en su re  each C PU  c o re  is fully utilized. 
P ip e lin e  au to m atio n  im proves th ro u g h p u t, eases in te g ra tio n , p ro d u ­
ces co n sisten t resu lts, an d  stabilizes p erfo rm an ce .

Supporting Information
Figure SI. H ow  M any N etw ork  Mo tils C an  You M ake w ith Five 
R etinal N eurons?

A ssum e th a t you have  five k inds o f  cells: two d iffe ren  t BCs (Bi, Bj), two 
d iffe ren t GCs (Gi, Gj), o n e  AC (A) co n n ec tin g  them .
T h e  re q u ire d  vertical ch an n e ls  a re  Bi —> Gi; Bj —> Gj. T h e  la tera l 
ch an n e l o p tio n s  are: A  —> none: p rocesses 0 a n d  1; A  —+ Bi, Bj 
(feedback): p rocesses 2 an d  3; A  —> Gi, Gj (feedforw ard): p rocesses 4 
an d  5; A  —> A  (nested  feedback): lo o p  x.
W e sta rt w ith  a  sum m ary  o f  subm otifs. T h e re  a re  12 allow ed BCAC 
subm otifs: m o tif  —> label; 0 —-> i m ono  in p u t, no  feedback ; 1 —> j  m ono  
in p u t, n o  feedback ; 01 —> d u a l in p u t, n o  feedback; 02 —> i m o n o  in p u t, 
in -ch an n e l feedback; 03 —> i m ono  in p u t, c ross-ch an n e l feedback; 12 
—> j  m ono  in p u t, c ross-channel feedback; 13 —> j  m ono  in p u t, in ­
ch an n e l feedback; 012 —> d u a l in p u t, feedback  I; 013 —♦ d u a l in p u t, 
feedback  j ;  023 —* i m o n o  in p u t, d u a l feedback; 123 —> j  m ono  in p u t, 
d u a l feedback; 0123 —> d u a l in p u t, d u a l feedback.
T h e re  a re  fo u r  possib le  A C —* GC feed fo rw ard  subm otifs. A  —♦ none; 
A —> Gi; A  —> Gj; A  —> Gi a n d  Gj.
T h e re  a re  two AC —* AC nested  feedback  sub m o tils. A  —> none; A  —> A. 
T h e  to ta l co m b in ed  m o tif  n u m b e r  is ((12 BC —♦ AC)(4 AC —♦ GC) — 
3)(2 A C  —> AC) =  (45 basic subm otifs)(2 n es ted  form s) =  90.
In  co n n ec tiv e  term s this ca lcu la tio n  inc ludes —3 because  m otifs 0, 1, 
01 c an n o t also have A C  —* n o  GCs. H ow ever, th e re  a re  AC vo lum e 
re lease  m echanism s (pep tides, N O , m onoam ines) th a t cou ld  have  this 
m otif. In  a  stric t b io logical sense, th e re  co u ld  b e  least 96 m otifs. B ut 
in p ra c tic e  we m ight re q u ire  co n s tra in ts  (see F igu re  S2). H ow  m any 
n et w ork  m ot its c a n  you m ake w ith  five o r  six re tin a l n eu ro n  s?

F o u n d  at doi:10 .137l/journal.pb io .l000074 .sg001  (1.29 MB TIF).

Figure S2. How  M any Mo tils C an You M ake w ith  Five o r  Six R etinal 
N eurons?
Even if  w e ad d  th e  s tro n g  bio logical c o n s tra in t th a t a  m inim al 
su b m o tif  m ust have a  p a th  to b o th  GCs an d  o n e  cross ch an n e l AC 
p a th  (i.e., Bi —* Ai —♦ Bj), th e re  a re  still m any possib le  m otifs. H e re  we 
red raw  th e  p a tte rn  in  F igu re  1 to sim plify th e  analysis.
(A) T h is is th e  co m p le te  five-neu ron  netw ork . T h re e  co n n ec tio n s 
(5AA, 4Ai, 4Aj) can  b e  in d ep en d en tly  rem oved: 23 =  8 m otifs a re  
possib le  w ith  these co n n ec tio n s  varied .
(B) A fte r  rem ov ing  5AA, 4Ai, an d  4Aj we have a  basic sub m o tif  (1) 
th a t can  b e  d ec im a ted  by rem o v in g  co n n ec tio n  pairs. S ubm otifs 1 -5  
satisfy our co n s tra in t, thus a d m ittin g  40 biologically  likely netw orks. 
S ubm otifs 6 an d  7 a re  b iologically  p lausib le , b u t d o n ’t fo rm  a single 
netw ork .
W hat h a p p e n s  if  we ad d  o n e  m o re  AC?
(C) T his is th e  co m p le te  40-m o tif  ne tw ork .
(D) I f  o n e  m o re  AC is ad d ed  (Aj), it re p re se n ts  an  in d e p e n d e n t 40- 
m o tif  n e tw o rk  an d  th e  to ta l possib le  p a th s  becom es 402 =  1,600.

(E) By ad d in g  co n n ec tio n s  betw een  Ai a n d  Aj increases th e  n u m b e r  4­
fo ld  (none, A i —> Aj, Aj —> Ai, A i <-> Aj) o r  6,400. T h u s the  diversity  o f  
possib le  co n n ec tio n s  is so h igh  th a t th e  m ost effective way to  d iscover 
n eu ra l c ircu its  is to  actually  m ap  them  by ssTEM.

F o u n d  a t doi: 10.1371 /journal.pb io .l000074 .sg002  (KB TIF).

Protocol SI. D etails o f  Im age P rocessing  T ools an d  a  T u to ria l on  
CMP

F o u n d  a t doi: 10.1371 /journal.pbio .l000074.sd001 (836 KB PDF).

Video SI. A  Q uickT im e M ovie o f  a  V o lum e S lice th ro u g h  a  M ouse 
R etinal M ic ro n eu ro m a

See F igure  9 fo r  details.

F o u n d  a t doi:10 .137l/journal.pb io .l000074 .sv001  (4.30 MB MOV). 

Video S2. Q uickT im e M ovie o f  an  A u to -R eg iste red  Synaptic  V olum e

S ee F igure  10 fo r  de ta ils . T his m ovie is a  20-slice series (looped  back  
a n d  fo rth ) th ro u g h  BC te rm in a l BI (h igh ligh ted  in  o range) show n in  
F igu re  10 o f  th e  m an u scrip t. E ach in stan c e  o f  a  BC synap tic  r ib b o n  in  
B I is d e n o te d  by an  aq u a  d o t fo r  th e  d u ra tio n  o f  th e  r ib b o n  across 
slices.

F o u n d  a t do i:10 .137 l/journal.pb io .l000074 .sv002  (3.28 MB MOV).

Video S3. Q uickT im e M ovie o f  th e  M osaicBuilder in te rfa c e  
S ee F igu re  14. H e re  w e zoom  to  th e  synap tic  level w ith  s tru c tu ra l 
m arkups (cap tu re d  in  rea l-tim e  by iShow U , h ttp ://sh inyw hitebox . 
com ). T iles fro m  a  vertical sec tion  o f  rab b it r e t in a  p re p a re d  fo r  
assessm ent o f  CN c a p tu re  p a ram e te rs  w ere  c a p tu re d  at 5,000X with 
SerialEM , p ip e lin e d  th ro u g h  tr■-translate a n d  ir-rejine-grid in to  a  large 
m osaic an d  visualized in  M osaicBuilder fo r  synap tic  m arkup . T h e  
m ovie shows slider-based  zoom ing  o f  th e  datase t fro m  a  m o d era te  
scale up  to  synap tic  level, firs t to a  ch a rac te ris tic  A C —> GC synapse in  
th e  O FF sub lam ina. T h e  synapse is m ark ed  by a  re d  p in  in  the  
sy n ap tic  c le f t a n d  a n  a rro w  d e n o tin g  p o la rity . T h ese  m a rk u p  
m e ta d a ta  a re  re c o rd e d  in  an  *.xm l ex p o rt. T h e  field is th en  zoom ed 
o u t an d  re p o sitio n e d  to  show a  ch a rac te ris tic  AC —> O N  c o n e  BC 
synapse. Tw o b lu rrin g  events in  zoom ing  re p re se n t th e  tran sitio n s in 
re so lu tio n  in  th e  im age py ram id  schem e.

F o u n d  a t doi: 10.1371 /journal.pbio .l000074.sv003 (9.55 MB MOV).
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