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INTRODUCTION 

A. PURPOSE 

A fundamenta l goal of neuroscient ists is to corre late neuronal morpho logy w i t h 
n e u r o n a l f unc t i on , bo th at the level of single nerve cells and that of neurona l 
n e t w o r k s . This goal has seldom been obtained to a sat is factory deg ree , pa r t i a l l y 
because quan t i t a t i ve methods for describing neuronal s t ruc tu re are lacking. In th is 
p a p e r w e wi l l descr ibe a computer-based system, SYNAPS (Symbol ic Neurona l 
A n a l y s i s Programming System), which is being developed at Carneg ie -Me l l on 
U n i v e r s i t y fo r the reconst ruc t ion and analysis of nerve cells and n e t w o r k s . In 
p a r t i c u l a r , w e wi l l descr ibe programs that per fo rm data ga ther ing , ana lys is , 
g e n e r a t i o n and rep resen ta t ion of three-dimensional models,* d isplay of the models 
f r o m v a r i o u s v i ew ing angles, and analysis of neural s t ruc ture . 

B. BACKGROUND 

AH of the complex in tegrat ive operat ions of the nervous system resu l t more or 
less d i r e c t l y f r o m neuronal s t ruc ture , i.e., f rom the geometr ical charac ter is t ics o f 
s ing le neu rons and f rom the pat terns of interconnect ion be tween them. On the 
ce l lu la r l eve l , t he in tegra t i ve capacities of single nerve cells are c losely re la ted t o 
g e o m e t r i c a l f ea tu res such as size (Henneman (1957); Henneman et al. ( 1965 ) ; Davis 
( 1 9 7 1 ) ; Hinkle and Camht (1972)) , the detai led shape of individual dendr i tes (wh i ch 
he lps to de te rm ine the space constant) and the prox imi ty of synapses to i n t e g r a t i v e 
r e g i o n s such as sp ike- in i t ia t ing zones (Rail (1967); Rail et §L (1967) ; Rail and 
S h e p h e r d (1968)) . Important in tegrat ive proper t ies of neurons may even d e p e n d 
u p o n the g ross morpho logy of dendri t ic f ields (Ram&n-Moliner ( 1962 , 1968) ; Globus 
and She ibe l (1967) ; Munagai (1967)). In f rog ret inal ganglion cells, fo r example, t he 
shapes of dendr i t i c t rees appear to represent the code for the de tec t ion of spec i f i c 
v i sua l shapes (Pomeranz and Chung (1970)). Indeed, the highly character is t ic shapes 
of many n e r v e cel ls, as expressed by their diagnostic common names (s te l la te ce l ls , 
baske t ce l ls , mossy f ibers , etc.), may signify that the gross anatomy of dendr i t i c f ie lds 
is o f g e n e r a l i n teg ra t i ve signif icance. 

On t he popu la t ion level , it is l ikely that the relat ive spatial posi t ions of neurons is 
an i m p o r t a n t and in some cases major determinant of the in tegrat ive p rope r t i es of the 
p o p u l a t i o n . One can imagine, for example, neurons responding sequent ia l ly to a 
t r a v e l i n g w a v e of neuronal act iv i ty and/or per forming crucial spa t i o - t empo ra l 
t r a n s f o r m a t i o n s on the basis of relat ive posit ion in the neuronal matr ix wh i ch 
s u p p o r t s t he w a v e (Beur le (1956); Verzeano and Negishi (1960) ; Verzeano ( 1 9 6 3 ) ; 
G lobus and Sheibel (1967)) . Such an arrangement could cont r ibu te to the p r o d u c t i o n 
o f s t e r e o t y p e d motor output programs (Davis (1969)). Indeed, in the cat ce rebe l l um, 
P u r k i n j e cel ls are regu la r l y spaced along "beams" of presynapt ic paral le l f i be rs . As a 
r e s u l t of th is spat ia l arrangement, Purkinje ceils f i re in a s t e r e o t y p e d t empora l 
s e q u e n c e in response to electr ical or natural st imulation of a f fe ren t pa thways (Fox 
and B a r n a r d ( 1957 ) ; Freeman (1969)). 

* T h e w o r d "mode l " th roughout this paper means a computer -genera ted r e p r e s e n t a t i o n 
of a tang ib le , physical s t ruc tu re , and not a theory as in the case of models of 
behav io r . 



Fina l ly , none of the s t ruc tura l parameters discussed above are stat ic. Instead, t h e 
s t r u c t u r e of the nervous system is in a constant state of f lux, as a resu l t of n a t u r a l , 
g e n e t i c a l l y - r e g u l a t e d processes such as ontogeny and g r o w t h , or as a resu l t of 
pa tho log i ca l p rocesses such as the degenerat ion associated w i th many diseases of t he 
n e r v o u s sys tem. Changes in neuronal s t ructure may even under l ie t he most 
s o p h i s t i c a t e d opera t ions of the nervous system, including learning and o the r f o rms of 
n e u r o n a l p las t i c i t y (Hi lgard (1964)). 

C. CURRENT METHODS OF ANALYSIS 

The basic approach used to study the s t ruc ture of the nervous sys tem has b e e n 
u n c h a n g e d fo r ove r a cen tu ry . Small pieces of neuronal t issue are t r e a t e d w i t h 
chemica ls w h i c h se lec t ive ly color certain nerve cells or regions, t h e r e b y emphas iz ing 
spec i f i c f e a t u r e s w i thou t a l ter ing the original s t ruc ture s igni f icant ly. This a p p r o a c h 
r e a c h e d a zen i th in the g i f ted hands of Ramon y Cajal, whose studies on t he 
v e r t e b r a t e ne rvous system near the beginning of this century set a s tandard w h i c h is 
s t i l l unsu rpassed (Ramon y Cajal ( 1 9 U ) ) . Progress has been s lower among 
i n v e r t e b r a t e s , at least in par t because histological stains which are e f f e c t i v e in 
v e r t e b r a t e ne rvous t issue are at best capricious when appl ied to i n v e r t e b r a t e s . 
Recen t l y a new histological technique was int roduced which is appl icable t o 
i n v e r t e b r a t e and v e r t e b r a t e nervous systems alike - that of in t race l lu lar d y e 
i n j e c t i o n (Thomas and Wilson (1966) ; Kato et al. (1968) ; S t re t ton and Krav i tz (1968 ) ) . 
The occu rence of th is symposium is test imony to the explosive burs t of r esea rch 
s t i m u l a t e d b y the in t roduc t ion of this method. 

The fu l l po tent ia l of intracel lular dye inject ion has been real ized in i n v e r t e b r a t e 
n e r v o u s sys tems , w h e r e single neurons can be rel iably ident i f ied f rom one animal to 
t h e nex t . In the lobster Homarus americanus, for example, each of fou r segmenta l 
gang l ia in the abdomen contro ls a pair of locomotory appendages, the sw immere ts . 
In t race l lu la r s t imula t ion and recording has been ut i l ized to map the soma pos i t ions of 
t h e mo toneu rons wh ich operate a swimmeret (Davis (1971) , Figs. 1 and 2). Once t he 
p o s i t i o n o f a neu ron is located in this manner, intracel lular dye in jec t ion may be 
a p p l i e d t o unrave l the geomet ry and synaptic connections of the neuron. 

The deta i ls of the dye inject ion techniques are fu l ly descr ibed e l sewhere in th is 
v o l u m e (Kater et aL (1973)) . Basically they involve f i l l ing a neuron w i t h a marke r 
subs tance w h i c h remains conf ined wi th in the neuron so that the cen t ra l and 
p e r i p h e r a l p ro jec t i ons of the cell may be fo l lowed in subsequent whole mounts o r 
t h i n sec t ions of the t issue. The most commonly used marker substance has been t he 
t e x t i l e d y e Proc ion Yel low, which appears bri l l iant yel low when v i e w e d w i t h t he 
f l u o r e s c e n c e microscope (Fig. 3). Recently a useful new p rocedure has been 
d e v e l o p e d , u t i l i z ing in ject ion of cobalt chloride (Pitman et al. (1972) ; Cohen (1973 ) ) . 
Th is subs tance has the advantage that it is e lect ron dense and can t h e r e f o r e be 
d e t e c t e d us ing the e lec t ron microscope. 

The k ind of neuronal reconstruct ion which can be achieved using in t race l lu lar d y e 
i n j e c t i o n is i l l us t ra ted in f igure 4 and in the pictures presented by o ther c o n t r i b u t o r s 
t o th i s vo lume (Cohen (1973) ; Murphey (1973); Kravi tz (1973) ; Mul loney ( 1 9 7 3 ) ; 
S e l v e r s t o n (1973) ) . In addi t ion to these reconstruct ions of neuronal g e o m e t r y , one 



Figure 1. Ident i f icat ion of the cell bodies (somata) of the swimmeret motoneurons . 
A, the p r e p a r a t i o n , consist ing of a single swimmeret, its muscles and its nerve supp ly 
( the f i rs t abdominal nerve root and the corresponding segmental abdominal gangl ion) , 
el and e2 , intracel lu lar microelectrodes for stimulating single motoneuron somata and 
reco rd ing the muscle responses, respectively. e3 and e4, suction e lec t rodes for 
ex t race l l u la r record ing of motoneuron action potentials. B, vent ra l v iew of the 
deshea thed abdominal gangl ion, as seen at low power through a binocular microscope. 
Numerous nerve cell bodies are visible. C and D, intracellular records of an 
exc i t a t o r y (upper trace in C) and inhibitory (upper trace in D) junct ional potent ia l in 
the main p o w e r - s t r o k e muscle, caused by stimulating identi f ied somata ( lower t race 
on each record) whi le recording the corresponding action potentials (middle two 
t races in each record). E, simultaneous intracel lu lar/extracel lu lar recordings f rom an 
iden t i f i ed motoneuron . From Davis (1971). 
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Figure 2. Soma maps of the left half of the third abdominal gangl ion, seen in 
v e n t r a l aspect . A, somata of f lexor and extensor motoneurons (from Otsuka et a[. 
(1967) ) . B-F, swimmeret motoneuron somata. B: 0> somata of motoneurons to the 
main p o w e r s t r o k e muscle; #, main return-stroke muscle, i, common p o w e r s t r o k e 
inh ib i tor . C: O* abductor muscle of the exopodi te ; +, adductor of exopod i te . D: 0> 
r e a r w a r d powers t roke muscle; #> pronator of endopodite. E: Q » cur ler of e x o p o d i t e ; 
0, cu r l e r of endopod i te . F, accessory powerstroke muscle. From Davis (1971). . 
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F i g u r e 4. Reconstruct ion of the th i rd abdominal gangl ion and a s ing le 
p o w e r s t r o k e mo toneuron w i th in i t , as seen f rom the anter ior . This cell is the same as 
s h o w n in f i gu re 3. A, three-d imensional drawing. B-D, est imated planar p r o j e c t i o n s of 
t h e i n j e c t e d neu ron . An te r io r is t oward the top and left in C and D, r e s p e c t i v e l y . 
F r o m Davis (1970) . 



c a n f o l l o w t he f ine branches of the dendri tes of in jected neurons to the i r t e rm ina ls , 
w h i c h are commonly t igh t ly apposed to the branches of other neurons (Fig. 3 ; Fig. 5 ) . 
C i r cums tan t ia l ev idence suggests that such connections are funct ional synapses . In 
t h e c r a y f i s h abdomen, for example, certain f lexor motoneurons can be exc i ted b y 
s t imu la t i ng the he te ro la te ra l but not the homolateral giant f ibers . In ject ion of these 
same mo toneu rons has shown independent ly that they make close contact w i t h 
h e t e r o l a t e r a l but not homolateral giant f ibers (Kennedy e i ajL (1969)) . In the l obs te r 
s w i m m e r e t sys tem, a cross-sect ional map of all neurons which made contact w i t h a 
s ing le i n j ec ted motoneuron has been constructed (Fig. 6A), and this map is s imi lar t o 
a c ross - sec t i ona l map of neurons which are known independent ly to exc i te the 
s w i m m e r e t motoneurons (Fig. 6B). Thus, the intracel lular dye in ject ion method can be 
u s e d to de te rm ine the geomet ry of individual nerve cells, and - sub jec t to d i rec t 
c o n f i r m a t i o n w i t h the e lec t ron microscope - - their pa t te rn of in te rconnec t ion w i t h 
o t h e r n e r v e cel ls. 

D. THE NEED FOR QUANTIFICATION 

Recons t ruc t ions of ganglia achieved to date (Fig. 4) are esthet ical ly p leas ing, and 
t h e y have p r o v i d e d new informat ion on neuronal geometry . Their u t i l i t y , h o w e v e r , is 
s e v e r e l y l imi ted by the lack of precision and the absence of quant i f icat ion. How many 
m ic rons in d iameter are individual dendrites? How rapidly do dendr i tes t ape r and 
b r a n c h , w i t h a t tendant funct ional implications? How do par t icu lar s t r u c t u r a l 
p a r a m e t e r s (e.g. dendr i te size) relate to specific funct ional character is t ics (e.g. 
n e u r o n a l th resho ld)? What are the spatial coordinates of the dendr i tes re la t i ve to 
o t h e r neu rons , and how do these relat ive positions relate to the ou tpu t p a t t e r n s of 
t h e neurons? How do s t ruc tura l parameters change dur ing learning and deve lopment? 
S a t i s f a c t o r y answers to these questions cannot be obtained unti l precise methods f o r 
a c c u r a t e l y desc r ib ing neuronal s t ructure are developed. In response to th is need a 
n u m b e r of i nves t iga to rs have begun to apply quant i tat ive and/or computer techn iques 
t o t he p r o b l e m of reconst ruc t ing and describing nerve cells (Fox and Barnard ( 1 9 5 7 ) ; 
M a n n e n ( 1 9 6 4 ) ; Ledley (1964) ; Levinthal and Ware (1972) ; Woolsey et al. ( 1 9 7 2 ) ; 
S e l v e r s t o n (1973) ) . In this art icle we describe our init ial e f f o r t s t o w a r d t he 
r e c o n s t r u c t i o n and analysis of neuronal s t ruc ture , ut i l iz ing the specif ic example of t he 
l o b s t e r sw immere t sys tem. 



F i g u r e 5. Typ ica l p ro f i les of the in jected powers t roke motoneuron s h o w n in 
f i g u r e 3 , t r a c e d f r o m photomicrographs such as the one shown in f i gu re 3. B of th is 
f i g u r e c o r r e s p o n d s to f igu re 3. From Davis <1970). 



F igure 6. a, map of cross sections of all axons passing th rough the t h i r d 
abdomina l gang l ion wh ich w e r e contacted (Fig. 5) by the cell i l lus t ra ted in f i gu re 4 . 
The axons are g rouped into a b i lateral ly-symmetr ical lateral t ract ( 1 . t r . ) , medial t r a c t 
(m. t r . ) and a do rso -ven t ra l t ract (d-v. tr . ) . b, map of cross sect ion of all axons in t he 
c r a y f i s h n e r v e cord wh ich are known to have funct ional e f fec ts on sw immere t 
m o t o n e u r o n s ( recons t ruc ted f rom the data of Wiersma and Hughes (1960 and 1961) ) . 
C e r t a i n p ropu la t ions of axons in the "s t ruc tu ra l " map (a) are congruen t w i t h 
p r e s u m a b l y homologous populat ions in the " funct ional" map(b). From Davis (1970 ) . 



THE SYNAPS SYSTEM 

A. OVERVIEW OF THE SYSTEM 

S Y N A P S is the Symbol ic Neuronal Analysis Programming System, being d e v e l o p e d 
at C a r n e g i e - M e l l o n Univers i ty , for the three-dimensional reconst ruct ion of d y e -
i n j e c t e d , se r ia l l y -sec t ioned neurons on a computer. To achieve the goals implicit in 
ou r r esea rch ob jec t i ves this system must satisfy several functional requ i remen ts . 
Spec i f i ca l l y , it must: 

1. gene ra te digital images of the serial sections of the injected neuron and the 
gang l ion wh ich contains it; 

2. p rocess the dig i t ized images to locate the boundary of the gang l ion , the 
dendr i t i c c ross-sec t ions of the dye- in jec ted neuron, and other s t ruc tu res of 
in terest (giant f i be rs ) ; 

3. al ign the re levant boundaries from each section wi th those of ad jacent 
sect ions; 

4. assemble all the sections of the ganglion together to generate a conc ise 
th ree-d imens iona l model of the ganglion and the relevant neurons wi th in it; 

5. d isp lay the gangl ion and the injected neuron on a cathode ray tube ( C R T ) , or 
o the r output dev ices, at any specif ied viewing angle; 

6. quant i ta t ive ly descr ibe the structure of identified neurons; and 

7. assemble two or more reconstructed neurons from di f ferent in ject ion 
exper imen ts into a single topological map, and per form app rop r i a te 
quant i ta t ive analysis of relative spatial relationships. 

T h e S Y N A P S system is envis ioned, in its final ve rs ion , as meeting the above 
requ i remen ts in four operat ions (Fig. 7A) : image digit ization and process ing of 
in format ion f rom serial sect ions, generat ion of a three dimensional model f rom these 
data , d isp lay of the model from any desired viewing angle, and quant i tat ive analys is 
and compar ison of neuronal st ructures. The system is highly in teract ive, i.e., the 
c o m p u t e r opera t ions are performed in close symbiosis wi th the researcher . In this 
f ash i on , sub jec t i ve judgements can be introduced — a feature we bel ieve essent ia l in 
dea l ing w i th data from intracellular dye injection (Kater et a[. (1973)). 

B. THE RESEARCH COMPUTER SYSTEM (HARDWARE) 

A computer system capable of performing the above operat ions must be a large 
sca le , on- l ine interact ive system with several special purpose dev ices. It must be 
large scale in o rde r to handle the vast amounts of raw data and ex tens ive p rocess ing . 
It must be an interact ive system to allow close superv is ion by the researcher . In 
add i t i on , the sys tem must have facilities for input of image data and for v isual d isp lay 
of neura l s t ruc tu res . The computer system we are present ly using (Fig. 7B) cons is ts 
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Figure 7-A. The programming sub-system (software) of the SYNAPS system. 
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of a la rge PDP-10 computer (192K words of core storage), an image d issector , a G r a f -
p e n and tab le t , a Graphic- l l regenerat ive display system, a hard copy Xerox Graph ic 
P r i n t e r , and a s to rage scope. 

1. Input Devices 

The image d issector ( Information International, Inc.) is used to d ig i t ize 35mm co lor 
p h o t o g r a p h s of ser ia l sect ions obta ined f rom dye- in jec t ion exper iments . A Kodak 
c a r o u s e l p r o j e c t o r w i t h a special lens and f i l ter pro jects the image f r o m the 
p h o t o g r a p h on to the photo-cathode of the image dissector (Fig. 8). The image 
d i s s e c t o r can be used to select ive ly digit ize any point in its f ie ld of v i e w , under 
p r o g r a m c o n t r o l . The out l ine of the image may also be t raced manually using a G ra f -
p e n (Science Accessor ies 611). In this case the image f rom the ser ia l sect ions is 
p r o j e c t e d on to a tab le t and t raced by the exper imenter using the pen (Fig. 9). The 
p o s i t i o n of the pen is t ransmi t ted to the computer and d isp layed on a CRT t o p r o v i d e 
immed ia te feedback to the exper imenter . 

2. Ou tpu t Devices 

In o r d e r to v i ew the three-dimensional neuronal s t ruc ture f rom any des i red angle , 
a d i s p l a y sys tem capable of per forming translat ions and rotat ions is r e q u i r e d . We 
have seve ra l such devices available, each having unique capabi l i t ies. The choice is 
d i c t a t e d by the par t icu lar needs of the experiment. 

The s to rage scope (Tektronix 611) is used for long- te rm display of a complex , 
f l i c k e r - f r e e image. The main disadvantages of this device are that it is re la t i ve l y s low 
( 2 - 3 minu tes f o r d raw ing a typical nerve cell of 1000 small, s t ra igh t - l i ne segments ) 
and mod i f i ca t ion of any po r t i on of the image necessitates erasing and r e - d r a w i n g t he 
e n t i r e image. 

The Graph ic - l l regenera t ive display (Bell et al. (1971)) is used fo r t rans la t ion and 
r o t a t i o n of the image in real t ime. In addit ion, selected por t ions of the image can be 
mod i f i ed w i t h o u t r e - d r a w i n g the ent i re image. To avoid " f l i cker " in the d i sp lay , 
h o w e v e r , the complex i ty of the image is l imited to one which can be genera ted in less 
t h a n 3 0 msec. 

The Xerox Graphic Pr inter (Reddy §1 al. (1972)) , has the advantages and 
d i sadvan tages of the s torage scope, and in addit ion yields a permanent copy . V iews 
f r o m many d i f f e ren t angles may be produced and examined together later " o f f - l i n e " . 
A l l t he d iagrams p resen ted in this paper were produced using this device. 

None of the above devices permit ro tat ion of the complex s t ruc tu res in real t ime , 
w i t h t he a t tendant kinetic dep th effects. The LDS1 graphics sys tem (Evans -
S u t h e r l a n d Corpora t ion) , w i th its hardware matrix mult ipl ier and c l ipp ing d i v i de r , 
d i s p l a y s complex, f l i c ke r - f r ee images which can be ro ta ted in real t ime. This s y s t e m 
is e x p e n s i v e to purchase, but is available to us on a renta l basis over a nat iona l 
c o m p u t e r n e t w o r k (ARPA network) . 
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Figure 8. The Image Dissector. The X and Y coordinates of the point to be 
d i g i t i z e d are c o n v e r t e d to analog inputs providing proport ional c u r r e n t s to the 
d e f l e c t i o n coils of the image dissector. The def lected e lectron beam from the s e l e c t e d 
point passes th rough a narrow aper ture . Thus measuring light at a se lected point on 
t h e photo ca thode consists of integrating the signal which is propor t iona l to the photo 
e l e c t r o n s e m i t t e d f rom the photo cathode. The time taken for the in tegrator to reach 
a par t i cu la r th reshhold is measured. This time is inversely p ropor t iona l to the 
a v e r a g e s ignal ampl i tude during the integrating per iod. The log va lue of this t ime is 
c a l c u l a t e d and t ransmi t ted to the computer for subsequent image analysis. 
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F igure 9. The Graf -Pen. The device is based on spark chamber techno logy . It 
cons i s t s of a s ty lus which has, at its t ip , a repeat ing spark d ischarge. Each t ime a 
s p a r k is g e n e r a t e d a counter is s tar ted. Linear microphones placed along the X and Y 
axis a re used to de tec t the arr iva l of the sound f rom the spark d ischarge. When the 
s o u n d a r r i v e s the counter is s topped. The value of the count is p ropo r t i ona l to t he 
d i s tance of the s ty lus f rom the microphone. 



C. THE PROGRAMMING SYSTEM (SOFTWARE) 

1. D ig i t i za t ion and Analysis of Sections 

The p u r p o s e of d ig i t izat ion and analysis of images is to ext ract the re levan t da ta 
f r o m each sec t ion for use by the assembly program (see next sect ion, Genera t ion of 
t h e Three-D imens iona l Model). The relevant informat ion usually consists of t he 
b o u n d a r y of the gangl ion, dendr i t ic prof i les, and other neuronal " landmarks" . The 
b o u n d a r y of the gangl ion and other large structures are approx imated by a se r ies o f 
s t r a i g h t l ines, and in terna l ly represented as a list of l ines. Smaller dendr i t i c p ro f i l e s 
a re a p p r o x i m a t e d b y a c i rc le, and internal ly represented by the center locat ion and 
t h e rad ius of the c i rc le. The re levant informat ion can be ex t rac ted f rom the sec t ion 
e i t h e r manual ly or automatical ly. 

a. The Manual Method 

In t he manual method, the exper imenter subject ive ly decides what i n fo rma t ion is 
r e l e v a n t and t races the out l ine using the Graf-pen (Fig. 9). Every f ew mi l l iseconds 
t h e loca t ion of the pen is t ransmi t ted to the computer. A l i ne - f i t t i ng p r o g r a m 
o p e r a t e s o n th is coord inate data to f i t a series of stra ight l ines based on least square 
e r r o r c r i t e r i a . The exper imenter then manually types in whether the ou t l ine j us t 
t r a c e d is a gangl ion boundary , a giant f iber or a dendri t ic p ro f i le . Data p r e p a r e d in 
t h i s f o r m can now be used by the assembly program d i rec t l y (see next sec t i on , 
G e n e r a t i o n of the Three-Dimensional Model). 

b. The Automat ic Method 

T rac ing of the out l ines by the exper imenter is tedious and e r r o r - p r o n e . E r r o r s 
can resu l t f r o m incor rec t t rac ing of data and f rom inaccurate judgments. The goal of 
t h e automat ic method is to obta in dendrit ic prof i les and other boundar ies w i t h minimal 
e f f o r t . This is achieved by the use of an " intel l igent" image analysis p rog ram w h i c h 
o p e r a t e s on the dig i ta l representa t ion of the slide f rom the image d issector (Fig. 8) . 
The inpu t to th is p rogram is a matrix of l ight values represent ing the or ig ina l sec t i on , 
and t he o u t p u t f rom the program is the location and shape of the dendr i t i c p ro f i l es 
and o t h e r landmarks. This approach raises several new problems. Some of these 
p r o b l e m s are- associated w i th ensur ing that the matrix of l ight values is a f a i t h f u l 
r e p r e s e n t a t i o n of the or ig inal image, while others are re lated to image analysis. 

Image d ig i t i za t ion and associated problems. The f i rs t p rob lem invo lves the 
p r e l i m i n a r i e s associated w i t h the digi t izat ion process. The p ro jec ted sl ide of a s ing le 
s e c t i o n of a gangl ion is posi t ioned, i l luminated and focussed w i th re fe rence to the 
image d issec to r . Each of these prel iminary steps is under program con t ro l . P rope r 
i l l um ina t ion of the image, for example, is accomplished by a p rogram wh ich ana lyzes 
t h e e n t i r e range of l ight intensit ies f rom all d igi t ized points in the p ro j ec ted image 
and recommends increasing or decreasing the lens aperature to obta in the maximum 
d y n a m i c range . A focussing program scans the image, locates a bounda ry and 
recommends ad jus t ing the focus of the pro jector to minimize blur ( to maximize t he 
r a t e change in d ig i t i zed l ight intensit ies across the boundary) . Fol lowing these s t e p s , 
a d ig i t i za t i on p rog ram scans the section to generate a matrix Of l ight in tensi t ies (up to 
1 0 0 0 x 1000 po in ts) . To insure that the image is accurately d ig i t ized some f o r m of 



c o m p u t e r ou tpu t of the image is requi red. Conventional output is woe fu l l y inadequate 
f o r such a pu rpose . We have developed several al ternate output techniques o v e r t he 
last f e w yea rs . F igure 10 shows several d i f ferent forms of computer ou tpu t of t he 
d i g i t i z e d image of the pho togragh shown in f igure 3. 

The second p rob lem in digi t izat ion arises f rom at tempts at se lec t ive , h i g h -
r e s o l u t i o n d ig i t i za t ion of specif ic regions of a section. Such magni f icat ion may be 
d e s i r e d b y the user, or a l ternat ive ly may be needed by the assembly p rog ram. Such 
a n e e d may ar ise, f o r example, when a dendrit ic prof i le is absent w h e r e one is 
e x p e c t e d f r o m in format ion in adjacent sections, or when an apparent p ro f i l e is 
p r e s e n t w h e r e one is not expected. Selective magnification can be ach ieved under 
c o m p u t e r con t ro l b y an automatic pan, t i l t and zoom mechanism. Such techn iques are 
not y e t avai lab le on our system but are under development. At p resent w e manual ly 
p e r f o r m the pan , t i l t and zoom operat ions. Figure 11 shows a select ive magn i f i ca t ion 
of t he marked area of the image digi t ized in f igure 10. 

The t h i r d p rob lem in image digi t izat ion results f rom excessive demands on s to rage 
and b a n d w i d t h and cannot be per formed convenient ly on s lower and smal ler 
c o m p u t e r s . The data obta ined f rom a single dye inject ion exper iment can g e n e r a t e 
m o r e i n fo rma t i on than can be accommodated even by the larger b i l l i on -b i t mass 
memor ies . For example, using the image dissector, a single sect ion can resu l t in 1 0 7 

b i t s of da ta ( 1 0 0 0 x 1000 matrix of light values w i th 10 bi t accuracy per sample). If 
a s ing le gang l ion y ie lds 250 sections one has to store and later process 2.5 x 10 8 b i t s 
o f da ta . Assembl ing a composite neuronal ne twork of only 10 neurons wou ld i nvo l ve 
2.5 x 1 0 1 0 b i t s of data! To ease this severe data storage requ i rement , w e d e v e l o p e d 
image compress ion programs which reduce the storage by an o rde r of magn i tude, 
us ing spec ia l encoding techniques. Both compression and subsequent r e - e x p a n s i o n 
f o r f u r t h e r p rocess ing requi re special programs and necessi tate an increase in 
c o m p u t e r p rocess ing time (so called t ime-space t radeof f ) . 

Image analysis and associated problems. The image processing p rog ram o p e r a t e s 
on t he r a w data to locate the boundaries of the ganglion and dendr i t ic p ro f i l es . Th is 
ana lys is is based on the fact that d i f ferent regions of in terest on the or ig ina l s l ide 
a re s ign i f i ed by discont inui t ies in light values in the d ig i t ized raw data. The 
d i scon t i nu i t i es in the l ight values are located (and regions del imited) by an edge 
f o l l o w i n g p rog ram. This program uses a d i f ference opera to r (analogous to 
d i f f e r e n t i a t i o n ) wh ich indicates the direct ion and intensi ty of the d iscont inu i ty at a 
g i v e n po in t in the image. Low values of intensity indicate the absence of an edge . 
W h e n an edge is p resent the di rect ion of the discont inui ty can be used to p red i c t 
w h e r e the next po in t on the boundary of that region may be found. F igure 12A 
s h o w s the resu l ts ob ta ined after using a boundary detect ion opera t ion . As s h o w n in 
f i g u r e 12B, normal iz t ion of l ight values allows us to obtain a contrast enhancement of 
f i g u r e 12A. Figure 12C i l lustrates an attempt at edge detect ion b y app l y ing a 
d i f f e r e n c e ope ra to r . Note that many undesired regions appear in the ou tpu t . By 
a p p l y i n g a th resho ld ing opera t ion to the subsection given in f igure 11 we ob ta in the 
r e s u l t s of f i gu re 12D. This operat ion involves ignoring all the var iab i l i t y in l ight 
va lues ove r a g iven thresho ld thereby eliminating undesired regions. F igure 12E 
s h o w s t he resu l ts of threshold ing and edge detect ion on the subsect ion to locate 
d e n d r i t i c p ro f i l es . Dendri t ic prof i les obtained by thresholding and edge de tec t i on o n 
t h e e n t i r e image is shown in f igure 12F. 



F igu re 10 -A . A digi tal reconst ruct ion of the f igure in 3 using the Xerox Graph ic 
P r i n t e r ; da ta is normal ized to 16 levels of g rey scale. 
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SSS!!SS!SS!SS!SSU!SSŜ  ixHMxxxSSSnSMiMHSMSSMSSn^M 
•I H i m • • • i l l i l M i i a e B M n e H M , 9 i 8 » e M 6 B i H M t i ' i i e n - -M99«UM|ifeatM»aatMt»HiMa»»efli 

••••••••Miiliiitiiiiiliii«aaaH) = *ih-iMH84ii)i)iie^eeaiifaeeaeiiiH««aii«ia*iie«^Ha9tiatfeMqM«iiiiiMli 
•••iiiimniHiiilliiMi»iaaiaiiiixxHMM4XXiH|f»DMe9AMXxB*ieii*taitaa«««t8iaae»si«ii«aiiaatfiilliilii 
•liiillHiMiniiiiniMat*a»aftee>iiHM9nh<iM»e8er MHs«9Miii)xt«ii«iMiifiM«aa*it«eiatt|tt«MilllMIH 
i i i i i l l l l l i l i i l l l t l t i i t i i t l t a i t d B M x - x x v s u e H e s ^ s M i i ^ e M i M e e « | i | | | f t i | | i « i i « « * | i « « a » t * t i « * t f i i | | i i i i 

M I l l l H H I l S l M I H ^ 
• • i i i l i a i l i i i i l i l i i i i i i l i i a a M e ^ ^ F Ĥ sfift . « i « h m » 9 « « ) u ?xi»»M8tHa«)MMee 3M8He«t**M*8MM 
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F igu re 10 -B . Subsect ion of f igure 3 as delimited in f igure 10A. The g r e y scale is 
s imu la ted on a commercia l l ine pr in te r using overpr in t ing techniques. Because of the 
l a r g e s ize of charac te rs the image must be pr in ted in sections and pasted t o g e t h e r to 
f o r m the large p i c t u re . 
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F i g u r e 10-C. Hexadecimal ou tpu t (values 0 to 15 are rep resen ted as 1 -9 , A - F ) 
o n t h e l ine p r i n t e r of actual l ight values of the subsect ion shown in f igure 10B. 



Figure 1 1 . Selective magnification of the image delimited in f igure 10A using the 
Xerox Graphic Pr inter. Note that several dendrit ic profi les missing in f igure 10A are 
c lea r l y v is ib le in this magnified image. 



F igu re 12 -A . Computer output after shell boundary detec t ion ope ra t i on on t h e 

o r i g i n a l image. 

22 



F igu re 12 -B . Contrast enhancement operat ion on f igu re 12A t h r o u g h 
n o r m a l i z a t i o n of l ight values. 



Figure 12-C. Attempt at edge detection of all interesting dendritic profiles and 
landmarks by applying a difference operator to the image in figure 10A; note that 
many undesired regions ("noise") also appearing the output. 
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F i gu re 12 -D. El imination of some undesired regions by a th resho ld o p e r a t i o n on 
t h e s u b s e c t i o n g i ven in f igure 1 1 , which involves ignoring all the var iab iHtv in L h t 
va l ues o v e r a g i ven th resho ld . Y 6 



F igu re 12-E. Thresho ld ing and edge detect ion in the subsect ion to locate p r o f i l e s . 



F igu re 12-F. Dendri t ic prof i les obtained by thresholding and edge de tec t ion on 
the en t i re image in f igure 10A. 



A l t h o u g h t h e r e is an increasing body of l i terature on image process ing (Mi l ler and 
Shaw ( 1 9 6 8 ) ) ; Rosenfeld (1969) ; Barlow e\_ aL (1972)), analysis of natura l ly o c c u r r i n g 
scenes poses severa l p rev ious ly unidenti f ied and unsolved problems (Montanar i and 
Reddy (1971 ) ) . The main d i f f icu l ty is w i th noise which in te r fe res w i t h the analys is . 
Noise resu l t s f r o m severa l sources: intensi ty di f ferences caused by va r iab le l ight 
t r ansm iss i on f r o m one reg ion to the next in a sect ion, art i facts such as t issue or dust 
p a r t i c l e s and unant ic ipated folds in the t issue, photographic d is to r t ions , u n e v e n 
l i gh t i ng of the microscopic f ie ld, undestred leakage of dye f rom the in jec ted n e u r o n , 
e t c . Th is i n t e r f e rence makes it necessary that the exper imenter look at the resu l t s of 
image analys is and modi fy boundaries using the interact ive image ed i to r . Thus t he 
au tomat i c method is in rea l i t y a man-machine system w i th machine doing most o f t he 
w o r k . 

A v a r i e t y of improvements in the above procedures are under deve lopmen t . 
A m o n g the most impor tant are programs which uti l ize in format ion f r om ad jacent 
sec t i ons f o r p red ic t i ve purposes. The assumption that adjacent sect ions are more 
s imi lar t han d i f f e ren t permi ts the programs to hypothis ize regions w h e r e dend r i t i c 
p r o f i l e s may be found ( the reby reducing processing time). Moreover , e r r o r s r esu l t i ng 
f r o m noise w i l l be reduced by this procedure, since noise is un l ike ly to occur in 
c o r r e s p o n d i n g reg ions of adjacent sections. 

2. Gene ra t i on of the Three-Dimensional Model 

The b o u n d a r y and pro f i le information f rom the image analysis is assembled t o 
f o r m a s ing le three-d imens iona l s t ruc ture . This is achieved by combining a se t o f 
" l i n e - l i s t s " in to a s ingle, more complex data s t ructure. In order to assemble the ser ia l 
sec t i ons , a p re l im inary alignment operat ion is necessary owing to var ia t ions of the 
image pos i t i on in the photographic f ie ld. 

a. A l i gnmen t of Sections 

The al ignment of two adjacent sections requires the ident i f icat ion of at least t w o 
se ts of c o r r e s p o n d i n g points in both sections. This can be accomplished manual ly b y 
v isua l o b s e r v a t i o n of t w o superimposed outl ines on a graphic d isplay, or automat ica l ly 
b y a l ign ing co r respond ing landmarks in both sections by means of c o r r e l a t i o n 
p r o c e d u r e s . The t w o sets of corresponding points are used to calculate a 2 x 2 
r o t a t i o n matr ix and a t ranslat ion vector , both of which define the amount b y w h i c h 
o n e sec t i on must be moved to per fec t ly align the cor responding po in ts . These 
t r a n s f o r m a t i o n s are then appl ied to all the points in the l ine- l is t of the sec t ion to be 
m o v e d . This process is repeated between every pair of adjacent sect ions, r esu l t i ng 
in a se t of a l igned sect ions. 

The al ignment descr ibed above only corrects for misalignments w i th in the p lane 
of t he sec t ions . Cor rec t ions to the coordinates are sometimes also requ i red along t he 
axis pe rpend i cu la r to the plane. Although the serial sections th rough the gang l ion are 
a l w a y s para l le l to each o ther , they may not be exact ly perpendicular to the long axis 
o f t he gang l ion . In such cases, the deviat ion f rom a precisely t ransverse angle is 
ca l cu la ted f r o m the in format ion about the Z-axis ( longitudinal) d isplacement b e t w e e n 
t h e a n t e r i o r or dorsal margins of obvious, b i la tera l ly-symmetr ic s t ruc tu res ( the f i r s t 
n e r v e r o o t s ; ident i f iab le daughter cells; etc). On this basis the necessary r o t a t i o n of 
each sec t i on can be per fo rmed before assembly. 



b. A s s e m b l y of Sect ions 

C o r r e s p o n d i n g dendr i t ic prof i les in several adjacent sections are located and 
c o m b i n e d t o f o r m a single, s t ra ight line dendri t ic branch. This ident i f i ca t ion of t he 
c o r r e s p o n d i n g dendr i t i c prof i les is achieved by locating over lapp ing reg ions in 
ad jacen t sec t ions . When a prof i le lacks an over lapping match in the p reeceed ing o r 
f o l l o w i n g sec t ions , a search is made to locate an unmatched prof i le in the immedia te 
n e i g h b o r h o o d . If no match is found the prof i le is discarded. Matched p ro f i l es are 
i n t e r n a l l y r e p r e s e n t e d by var iable-d iameter , s t ra ight - l ine tubes. Prof i les of small 
soma ta assembled f r om severa l sections are approximated by spheres . Pro f i les of 
l a r g e somata and the externa l surface of the ganglion are approx imated by e i t h e r 
t r i a n g u l a r o r i r regu la r s t r i p surfaces. 

The resu l t of the assembly operat ion is an internal data s t ruc tu re in w h i c h 
i n f o r m a t i o n about the dendr i t ic s t ruc ture is abstracted into a th ree-d imens iona l t r e e 
s t r u c t u r e w i t h all the branches located and ident i f ied, and w i th all l inear p r o p o r t i o n s 
p r e s e r v e d . This rep resen ta t ion is not only compact and concise, bu t it is also 
a r r a n g e d in a f o r m sui table for subsequent display and analysis. 

3 . Graph ic Display of the Model 

The g raph ic d isp lay provis ions of the SYNAPS system permits the expe r imen te r t o 
v i e w the r e c o n s t r u c t e d neuronal s t ruc ture f rom d i f ferent angles of v iew. This fac i l i t y 
is not on l y necessary to inspect and modify the reconst ruct ion but also to fo rmu la te 
i n t u i t i o n s about s t ruc tu ra l - func t iona l relat ionships. The angle and posi t ion of v i e w is 
s p e c i f i e d b y t y p i n g in the re levant values. We are at present designing a j o y s t i c k 
l i ke analogue input wh ich wi l l permit the exper imenter to " f l y " t h rough and a round t he 
n e u r o n a l s t r u c t u r e to obta in d i f ferent v iews of it. The ef fect iveness of the j o y s t i c k 
i nc reases w h e n one is able to per form rotat ion in real- t ime. 

A main p rob lem in display generat ion is that we are deal ing w i t h n o n -
mathemat ica l sur faces and ob jects . An unselective display of all the subpar ts of t he 
mode l usua l ly resul ts in a c lu t tered image (Fig. 13). A lgor i thms wh ich g e n e r a t e 
t r a n s p a r e n t sur faces and/or eliminate hidden surfaces are avai lable, but t h e y are 
usua l l y complex (Watkins (1970)) and cannot, at present , be implemented in real t ime 
w i t h o u t spec ia l - pu rpose hardware. One can simply eliminate the outer shel l and o t h e r 
s t r u c t u r e s f r o m the model (Fig. 14), but this results in the loss of crucial po in ts of 
r e f e r e n c e . F igure 15 i l lustrates our present compromise, i.e., e l iminat ion of g iant 
f i b e r s and use of a simple dot ted- l ine representat ion of the shel l , s imulat ing a see 
t h r o u g h su r face . The nerve s t ruc ture may be displayed as st ra ight l ines (Fig. 15 , A 
and B) o r as tubes (Fig. 15C). Figure 16 shows the same neuron recons t ruc ted in 
f i g u r e 15, bu t as v i e w e d f rom several d i f ferent angles. 

O f ten the exper imenter desires a c lose-up v iew of a subpar t of a p i c t u r e . 
SYNAPS is capable of g iv ing a magnif ied, select ive display of any po r t i on of t he 
n e u r o n . C lose -up v iews are much easier to provide using special purpose h a r d w a r e 
such as t he c l ipp ing d iv ider (Sproul l and Sutherland (1968)) avai lable on the L D S 1 -
g r a p h i c sys tem. 



F igu re 13. C lu t te red image result ing from display of severa l subpar ts of t he 
m o d e l . 

F iau re 14 Display of the dendri t ic s t ructure w i th the gangl ion and g iant f i b e r s 
e l im ina ted . This resu l ts in the loss of points of re ference. 



Figure 15. Different forms of display. A, shell represented by i r regular patches 
w i t h giant f ibers el iminated. B, shell represented by str ips. C, dendr i t ic branches 
r e p r e s e n t e d as var iable diameter tubes. 



FIG. 16 -C 

F igure 16. Display of the model f rom di f ferent angles of v iew. A, F ron t v i e w -
angles of ro ta t i on about the x,y,z axes are 0,0,0. B, T o p v i e w - a n g l e s of r o t a t i on are 
0,80,0. C, Side v i e w - a n g l e s of rotat ion are 0,0,80 (x-axis out f rom paper , y - a x i s 
po in t i ng r igh t , and z-ax is point ing upward). 



4. A n a l y s i s of Reconst ruc ted Neurons 

Our eventua l goal is to assemble a three-dimensional model of an arch i typ ica l 
gang l i on containing select, identif ied neurons. Postulated relat ionships b e t w e e n 
topo log ica l and functional proper t ies of the reconstructed networks (Davis (1969)) , if 
p r e s e n t , shou ld appear especial ly conspicuous in such se lect ive, compos i te 
r e c o n s t r u c t i o n s . 

a. Qua l i ta t i ve Studies 

T h e qual i ta t ive, three-dimensional reconstruct ions achieved to date (F igs. 15 and 
16) are a necessary f irst step towards the above ob jec t ive , and moreover they 
p r o v i d e the basis for significant sub-studies. For example, wi th the compute r 
t echn iques desc r ibed above we can now qualitatively and accurately assess genera l 
morpho log ica l features such as the size and shape of dendrit ic f ields. These fea tu res 
are in tu rn expec ted to bear interesting and testable relationships wi th the funct ional 
p r o p e r t i e s of the neurons (see Introduction). 

Combina t ion of severa l identified neurons into a single gangl ion, on the o the r 
hand , p resen ts somewhat more complex problems. For example, only one neuron is 
normal ly in jected in each experiment to avoid ambiguities in the recons t ruc t i on . 
T h e r e f o r e , data f rom dif ferent ganglia will have to be combined to obta in a 
topo log ica l map of a g iven network. Homologous ganglia appear qual i tat ively similar 
f rom one animal to the next, but significant quantitative d i f ferences in re la t ive 
p r o p o r t i o n may exist . In this case normalization of di f ferent ganglia may be 
n e c e s s a r y , and the requ i red transformations may not be linear. 

b. Quan t i ta t i ve Studies 

As deta i led in the Introduct ion, the development of a quanti tat ive language fo r 
desc r i b i ng neuronal s t ruc ture is an important eventual goal of this work . Wi th the 
p rog rams d e v e l o p e d to date, we can extract the fol lowing quant i tat ive data f rom 
s ing le in jec ted neu rons : the number of dendrit ic branches, dendr i te diameter, leng th , 
vo lume and, w i th reasonable simplifying assumption, surface area. These measures 
can be determined ei ther for the entire dendrit ic field of a neuron, or for select 
reg ions of special interest. Additional parameters of interest include dendr i te taper , 
b ranch pa t te rn , overa l l shape and distr ibut ion, spatial posit ion relat ive to o the r 
dendr i t i c f ie lds, and pattern of connection with other neurons. Some of these 
measures seem s t ra igh t - fo rward and relevant to neuronal funt ion, whi le o thers are 
on l y v a g u e l y def ined at present. In many instances we expect to have to resor t to 
s tat is t ica l descr ip t ions , especial ly with regard to the shape of dendr i t ic f ields and 
the i r re la t ive spatial posit ions. Many of the problems are clearly un fo rseeab le , and 
the so lu t ions wil l simply have to evo lve with the research. 



SUMMARY AND CONCLUSIONS 

This paper descr ibes research to date on SYNAPS, (Symbolic Neuronal Ana lys is 
P r o g r a m m i n g System), a computer -based system for analysis of the the g e o m e t r y Of 
s ing le n e r v e cel ls and the s t ruc tu re of neuronal networks. In its p resent , un f in i shed 
f o r m , the sys tem is useful only in the hands of t ra ined computer sc ient is ts , and i ts 
capab i l i t i es are l imi ted to : 1), acceptance of "ed i ted" data on neuronal s t r u c t u r e , 
cons i s t i ng of t rac ings f rom serial sections of dye- f i i l ed brances of an in jec ted n e u r o n ; 
2 ) , accu ra te recons t ruc t ion in three dimensions of the in jec ted neuron and i ts 
s u r r o u n d i n g gang l ion ; 3) , ro ta t ion of the three-dimensional model so tha t t he 
r e c o n s t r u c t e d neu ron may be v iewed f rom any angle and its spatial re la t ionsh ips w i t h 
o t h e r s t r u c t u r e s qua l i ta t ive ly assessed; 4), select ive, h igh- resotu t ion d isp lay o f 
d e s i r e d reg ions of the in jected neuron; and 5), ext ract ion of quant i ta t ive data o n t he 
n u m b e r of dendr i t i c branches of an in jected neuron, dendr i te d iameter , leng th , vo lume 
and su r face area. 

In i ts f in ished fo rm , SYNAPS wil l be usable by biologists unt ra ined in the c o m p u t e r 
sc iences , fo r s tudy ing neronal s t ruc ture in any nervous system. Planned capab i l i t i es 
i nc lude : 1), au tomated input of " raw" data (although exper ience w i t h in t race l lu lar d y e 
i n j e c t i o n suggests a need for extensive man-machine interact ion); 2), quan t i t a t i ve 
d e s c r i p t i o n of the morpho logy of single neurons; and 3), quant i ta t ive analysis of t he 
spa t i a l re la t ionsh ips of many neurons in a network. Complet ion of SYNAPS w i l l 
r e q u i r e so lv ing numerous pract ical and theoret ical problems in the computer sc iences, 
bu t o u r expe r i ence to date suggests that a reasonably complete sys tem can be 
i m p l e m e n t e d w i t h i n f i ve years. Completion of the system wi l l open the w a y t o 
r i g o r o u s s tud ies of neuronal s t ruc ture and its relat ions to neuronal f u n c t i o n . 
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