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Abstract. In this study we investigated the arrangement 
of synapses on local axon collaterals of Golgi-stained 
pyramidal neurons in the mouse cerebral cortex. As 
synaptic markers we considered axonal swellings visible 
at high magnification under the light microscope. Such 
axonal swellings coincide with synaptic boutons, as has 
been demonstrated in a number of combined light and 
electron microscopic studies. These studies also indicated 
that, in most cases, one bouton corresponds precisely to 
one synapse. Golgi-impregnated axonal trees of 20 
neocortical pyramidal neurons were drawn with a cam- 
era lucida. Axonal swellings were marked on the draw- 
ings. Most swellings were 'en passant'; occasionally, they 
were situated at the tip of short, spine-like processes. On 
axon collaterals, the average interval between swellings 
was 4.5 Pm. On the axonal main stem, the swellings were 
always less densely packed than on the collaterals. Stat- 
istical analysis of the spatial distribution of the swellings 
did not reveal any special Patterns. Instead, the arrange- 
ment of swellings on individual collaterals follows a Pois- 
son distribution. Moreover, the same holds to a large 
extent for the entire collection of pyramidal cell collat- 
erals. This suggests that a single Poisson process, charac- 
terized by only one rate parameter (number of synapses 
per unit length), describes most of the spatial distribution 
of synapses along pyramidal cell collaterals. These find- 
ings do not speak in favour of a pronounced target 
specificity of pyramidal neurons at the synaptic level. 
Instead, our results Support a probabilistic model of 
cortical connectivity. 

1 Introduction 

arrangement of synapses: they are preferably situated on 
spines (e.g. White and Hersch 1981), i.e. structures which 
can be visualized under the light microscope. On axons, 
equally conspicuous synaptic markers are not present. 

Electron microscopic pictures show, however, that 
the axon is dilated at the location of a synapse (an 
example is shown in Fig. 1). These dilations are usually 
referred to as 'boutons' or 'synaptic terminals' (e.g. 
Vrensen and De Groot 1975; Matthews et al. 1976; Blue 
and Parnavelas 1983). Also under the light microscope, at 
high magnification one can recognize swellings on Golgi- 
stained axons (Fig. 2). There is evidence from combined 
light and electron microscopic studies on cortical neur- 
ons that the boutons visualized under the electron micro- 
scope and the swellings in Golgi preparations coincide 
(pyramidal cells: Somogyi 1978; Schüz and Münster 
1985; multipolar stellate cell: Peters and Proskauer 1980; 
double-bouquet cell: Somogyi and Cowey 1981; chande- 
lier cells: Somogyi et al. 1979, 1983a). Some of these 
studies indicate that the majority of swellings carry one 
synapse only, a point which is supported by similar 
investigations of material stained with horseradish per- 
oxidase (McGuire et al. 1984, 1991; Kisvarday et al. 1986; 
White and Keller 1987). In Summary, it seems that swell- 
ings on the axon collaterals of cortical neurons are good 
light microscopic markers for presynaptic sites. 

In the present study we investigated the distribution 
of swellings along local axon collaterals of Golgi-stained 
pyramidal neurons in the mouse cerebral cortex. The 
question to what degree of certainty an axonal swelling 
can indeed be identified with a synapse will be taken up 
again in the Discussion. Some of the results in this paper 
have been presented in abstract form (Hellwig and Schüz 
1989) and in Braitenberg and Schüz (1991). 

Knowledge of the spatial distribution of synapses, along 
both dendrites and axons, is a prerequisite for an under- arid methOds 
standing of cortical connectivity. On the dendrites of 
pyramidal neurons, it is relatively easy to estimate the 2.1 preparations 

The study was performed on the neocortex of nine adult 
white laboratory mice (NMRI, Kißlegg). In Golgi prep- 

Correspondence to: B. Hellwig arations, we investigated the local axonal trees of 20 



Fig. 1. Electron microscopic picture of an axon (arrows) which is 
strongly dilated at the location of a Synapse (arrowhead). The dilation is 
filled with synaptic vesicles. Bar, 0.5 pm 

Fig. 2. Examples of axonal swellings (arrows) on Golgi-stained axons. 
Bar, 10 pm 

pyramidal neurons. Eleven cells had been stained accord- 
ing to Colonnier (1964). The remaining pyramidal neu- 
rons had been impregnated by the rapid Golgi technique. 
Fixation had been carried out according to Peters (1970) 
and staining according to Valverde (1970). All brains 
were cut into frontal sections of about 100 pm thickness. 

Neurons were selected according to the completeness 
and the quality of the impregnation. In addition, we 
required that at least some of the collaterals of each 
neuron have a Course more or less parallel to the plane of 
sectioning. We did not restrict our sample of pyramidal 
cells to certain areas or layers of the mouse Cortex. On the 
contrary, the neurons selected for this study were scat- 
tered over the whole extent of the neocortex (with an 
emphasis on its posterior parts), and they were distributed 
over layers 11-VI. We chose this approach because we 
were interested in pyramidal neurons in general, i.e. in 
their typical features and in the variability of these features. 

Fig. 3. Camera lucida drawing of the axonal tree of a pyramidal cell 
showing the distribution of axonal swellings. Bar, 50 pm 

2.2 Quantitative analysis 

Axonal arborizations were drawn with a camera lucida at 
a magnification of X 1000. All distinct swellings which 
could be recognizec with the objective lens of 100/1.3 as 
well as the less common spine-like processes with a thick- 
ening at the tip were marked on the drawings (Fig. 3). 
The average distance between the marker locations was 
calculated by dividing the total length of the axonal 
ramifications of a neuron by the number of marker loca- 
tions situated on them. 

The length of the axonal ramifications was measured 
on the drawings with the aid of a Kontron Digiplan. This 
measurement was, however, only a first approximation 
since the projection of the three-dimensional axonal tree 
onto a two-dimensional plane by the camera lucida 



shortens fibres which do not run parallel to the plane of 
sectioning. Using a Digimatic Indicator (Mitotoyo) fixed 
to the frame of the microscope, we measured the third 
dimension, i.e. the up or down movement of the micro- 
scope table when pursuing an axonal fibre. A better 
approximation to the true axonal length was then com- 
pÜted according to Pythagoras' theorem. Axonal fibres 
whose angle to the plane of projection varied along the 
fibre extent were subdivided into Segments, and appro- 
priate correction was applied to each individual Segment. 

The spatial distribution of swellings on individual 
axon collaterals of pyramidal cells was investigated by 
measuring the intervals between adjacent marker loca- 
tions on the camera lucida drawings. These measure- 
ments always followed the Course of the axonal fibres. In 
order to obtain reasonable statistics, we used only long 
collaterals for this purpose, i.e. fibres which were almost 
parallel to the plane of sectioning. Consequently, in this 
case no correction for shortening due to projection was 
made. For statistical analysis we applied standard 
methods from the analysis of stochastic point processes 
(e.g. Cox and Lewis 1966; Glaser and Ruchkin 1976). 

3 Results 

3.1 Density of axonal swellings 

Axonal swellings were distributed over the entire axonal 
tree of Golgi-impregnated pyramidal neurons. Most of 
the swellings were 'en passant'; only occasionally were 
they situated at the tip of small, spine-like processes. 

The total length of the axon collaterals investigated in 
the present study was 21 872pm. In all, 4829 axonal 
swellings were counted on these fibres. This yields an 

average  
interva l  ( pm) 

average distance between swellings on axon collaterals of 
pyramidal cells of 4.5 pm. In individual neurons the aver- 
age interval ranged between 2.4 and 7.5 pm (Fig. 4). No 
appreciable differences could be detected between the 
two Golgi procedures used: in the Golgi-Colonnier prep- 
arations the average interval between swellings was 
4.7 pm (2461 swellings on a total collateral length of 
11 535 pm), while with the rapid Golgi stain it was 4.4 pm 
(2368 swellings on a total collateral length of 10 337 pm). 
The scatter around these values was fairly small: in both 
types of preparation more than 50% of the neurons had 
an average interval that differed by less than 1 pm from 
the average value over the whole sample of neurons. On 

number of 
neurons 

average distance between swellings [pm]  

Fig. 4. Frequency distribution o l  the average distance between swell- 
ings on axon collaterals of pyramidal cells 

neuron no. 

Fig. 5. Average interval between axonal swellings on individual of one neuron. The neurons are ordered along the abscissa according to 
collaterals (filled dots) of pyramidal cells. Only collaterals longer than the size of their average interval 
60 Fm are shown. The open circles indicate the average for all collaterals 



the main axon the average distance between swellings 
was always clearly larger (at least by a factor of 1.6) than 
on the collaterals. Since the two Golgi preparations used 
yielded very similar results, they will not be considered 
separately in the following sections. 

3.2 Spatial distribution of axonal swellings: 
deterministic or stochastic? 

The intervals between swellings on the axon collaterals of 
pyramidal cells were investigated in more detail. First, we 
compared diferent collaterals of the same neuron. The 
diagram in Fig. 5 shows the results for collaterals longer 
than 60 Pm. The average interval between swellings on 
different collaterals of the same neuron may vary by up 
to a factor of 3. It should be noted, however, that if only 
very long fibres are considered, the average values for 
different collaterals tend to be much more similar (cf. 
Fig. 12). Hence, the scatter in Fig. 5 is mainly due to the 
shorter collaterals, where the statistical reliability is ac- 

cordingly smaller. We will return to this issue later. 
Secondly, we investigated the arrangement of swell- 

ings along individual collaterals of pyramidal neurons. 
Thirty-three collaterals, i.e. all primary collaterals which 
were longer than 150 pm or which carried at least 30 
axonal swellings, were analysed in more detail. Inspec- 
tion of Fig. 6, showing the distribution of swellings on 
these collaterals, leads to the following impression: sev- 
eral collaterals show a lower density of swellings prox- 
imally (nos. 3, 20, 21), but this does not seem to be 
a general rule (nos. 2, 7, 8, 13). In some cases there 
appears to be a tendency towards clustering of swellings 
(nos. 4, 7, 8), in others towards more regular distances 
(no. 31). 

In order to assess the quantitative characteristics of 
the underlying spatial distribution(s) of swellings, we 
investigated the 33 primary collaterals presented in Fig. 6 
in more detail by a statistical analysis. Figure 7 shows 
interval distributions for the entire sample of collaterals 
(Fig. 7a) and for individual collaterals (Figs. 7b-e). In the 

l e n g t h  [pm] 
Fig. 6. Arrangement of axonal swellings on the 33 primary collaterals main stem) is on the left. Collaterals between adjacent horizontal lines 
used for statistical analysis. Each dot corresponds to the location of originale from the Same neuron 
a swelling. The origin of each collateral (the branching point from the 



latter case, results for the four longest collaterals are 
displayed (nos. 3, 8, 12, 29 in Fig. 6). Since they also 
carried the largest number of swellings (143,98,96 and 65 
swellings, respectively), they can be considered as the 
statistically most reliable ones of our sample. Moreover, 
these four collaterals Cover the spectrum of synaptic 
densities contained in our sample: the average interval is 
small on collateral no.3 (2.5 pm), it is intermediate on 
collaterals no. 8 (3.7 pm) and no. 12 (4.1 pm) and large on 
collateral no. 29 (6.2 pm). The interval histograms in 
Fig. 7 are highly suggestive of the exponential type. This 
observation is supported by plotting the histograms on 
a logarithmic scale (Fig. 8): the decline now approximates 

a straight line. Only in the case of collateral no. 29 
(Figs. 7e and 8e) is an exponential decline less obvious. 
This can be explained by the lower number of intervals 
and the larger average interval between swellings, which 
cause the descent to be less steep. After replotting Fig. 7e 
with larger bins, the correspondence to an exponential 
distribution indeed becomes more convincing. Finally, 
we note that the dip in the interval distribution for very 
short intervals is caused by the finite extent of the swell- 
ings (diameter range up to 1 pm). 

The interval distribution measures the relative fre- 
quency of intervals of different lengths, irrespective of 
where they occur along the collateral. Consequently, the 

interval length [pm] 
Fig. 7. Interval histograms of the entire sample of collaterals (a) and of identities in Fig. 6. The average interswelling intervals for the individual 
the four longest collaterals (b-e) which also have the highest number of collaterals are: 2.5 pm (b), 3.7 pm (C). 4.1 pm (d), 6.2 m (e) 
swellings. The nurnbers in the upper right corners in b-e refer to the fibre 

interval length [pm] 
Fig. 8a+. The interval histograms of Fig. 7 shown as logarithmic plots 



interval histogram does not enable us to decide whether 
a relationship possibly exists between neighbouring in- 
tervals, e.g. whether swellings tend to cluster or whether 
smaller intervals are preferentially surrounded by larger 
ones. This issue can be addressed by producing a scatter 
diagram, in which each interval in is plotted against the 
following interval in+ Any pattern in the distribution of 
swellings along the axon would show up as a character- 
istic pattern in such a diagram. Scatter diagrams for the 
whole sample of collaterals and for the four longest 
collaterals are displayed in Fig. 9. No distinct Patterns 
are apparent here; this lack of neighbourhood relation- 
ship is quantified by the serial correlation coefficients 
having values in a narrow range around Zero (cf. legend 
to Fig. 9). The serial correlation coefficients of higher 
order (up to order 5), reflecting statistical dependency 
between next-to-nearest neighbour intervals and so On, 
were also restricted to a narrow range around Zero (all 
values were between - 0.1 and + 0.1, with two outliers 
at - 0.1 1 and 0.14, respectively), thus ruling out the 
possibility of more complicated serial dependencies across 
larger stretches of axon and for larger numbers of intervals. 

Finally, the autocorrelation histograms of the four 
longest collaterals are shown in Fig. 10. The actocorrela- 
tion function measures the probability of finding an 
axonal swelling as a function of the distance to any given 
swelling (irrespective of the number of swellings in be- 
tween the two). The flat autocorrelation histograms for 
each of the collaterals show that this probability is uni- 
form, i.e. independent of the distance (except of course for 
the trivial peak at distance 0, and the small dips sur- 
rounding the origin caused by the finite extent of the 
individual swellings). Note that this also holds true for 
collateral no. 29, for which the exponential approxima- 

tion to its interval distribution (cf. Figs. 7e and 8e) 
remained somewhat doubtful. Note also that, in each 
case, the autocorrelation coincides with the value pre- 
dicted on the basis of the average intervals (arrowheads 
in Fig. 10). This again speaks against the possibility of 
any dependencies over larger distances. 

distance [pm] 

Fig. 10a-d. Autocorrelograms for the Same collaterals as in Fig. 7. The 
abscissa shows distances between swellings, the ordinate the density of 
swellings per bin (bin size 1 ym). The density of swellings per bin can be 
interpreted as the probability of finding a swelling as a function of 
a certain distance to any given swelling. Apart from the trivial peak at 
position 0 and the small dip surrounding it, the autocorrelograms are 
essentially constant. Moreover, they equal the value, predicted on the 
basis of the average interswelling interval (arrowheads), which argues 
against the presence of any long-range trends in synaptic density along 
the axon collateral 

length of interval in [pm] 
Fig. 9. Scatter plots of the whole sample of collaterals (a) and of the values of all serial correlation coefficients r, up to order i = 5: all values 
Same collaterals as in Fig. 7(be). Each interval i, is plotted against the ' are well within the range of - 0.1 to + 0.1, with the exception of 
following interval in+ ,. Observe that the sizes of neighbouring intervals two outliers (r, = - 0.14 for collateral no. 3, r, = + 0.1 1 for collateral 
appear to be statistically independent. This is quantified by the very low no. 8) 



Summarizing, the results of the statistical analysis 
presented in Figs. 7-10 suggest (1) that the intervals 
between neighbouring axonal swellings are drawn from 
an exponential distribution, (2) that the process governing 
the spatial distribution of these intervals is renewal, i.e. 
that neighbouring intervals are statistically independent, 
and (3) that the probability of finding an axonal swelling 
as a function of the distance to any given swelling is 
unSform, i.e. independent of the distance between the two. 
All in all, these findings indicate that the arrangement of 
swellings along individual collaterals of pyramidal neu- 
rons can be described by a stochastic process, which is 
completely specified by the rate constant of its exponen- 

1 tial interval distribution; in other words, a Poisson pro- 

! cess (e.g. Cox and Lewis 1966; Glaser and Ruchkin 
1976). ' 

We should mention, though, that one collateral in our 
sample (no. 4 in Fig. 6) did not fit the simple Poisson 
model. The interval histogram and the scatter diagram 
for this collateral (Fig. Ila-C) reveal that swellings are 
more clustered than would be expected in the case of 
a true Poisson distribution. The autocorrelation histo- 
gram (Fig. I ld), however, is again essentially flat. 

3.3 1s there a single distribution of intervals 
between swellings? 

In view of the statistical findings described in the pre- 
vious section, the question arises as to whether the whole 
sample of collaterals receives its synapses from one and 
the Same distribution of interswelling intervals, or 
whether one has to invoke several different distributions 
(all of the Poisson type, but with different rate constants). 
Or, if one characterizes the spatial distribution of axonal 
swellings metaphorically as though it had 'rained' 
synapses onto the axonal fibres, one might wonder 
whether it 'rains' with the Same or with different strengths 
in different parts of the Cortex. The latter possibility 
might seem plausible in view of the considerable scatter 
in the average intewals on different collaterals of the 
Same neuron (cf. Fig. 5). 

The scatter in Fig. 5 could, however, also have 
a simple statistical explanation: it might be due to the 
variance in the lengths of the investigated Segments of 
collaterals. Short portions of collaterals would tend to 
yield lower numbers of swellings, thereby causing higher 
statistical variance. Figure 12 reveals that this is indeed 
the case. The average interval between swellings on all 
individual collaterals in our sample of pyramidal cells is 
plotted as a function of the collateral length. This length 
was either the true length of the, collateral (if it was 
contained completely in the section) or - which was 
actually more often the case - the length of an initial 
Segment of a collateral leaving the section. Inspection of 
Fig. 12 shows that the small numbers of swellings on 

I 

! More precisely (also in view of the 'dead intewal' caused by the finite 
extent of the swellings), we should, in fact, speak of discrete Bernoulli 

1 trials (Feller 1957), with the Poisson model as an appropriate and 
commonly used approximation 
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Fig. lla-d. Statistical analysis (as in Figs. 7-10) of axon collateral no. 
4 (cf. Fig. 6). This particular collateral presents an outlier in the sense 
that it shows distinctly more spatial structure than any of the others. 
This is particularly clear in the intewal histogram (a, b) and the scatter 
diagram (C). Serial correlation coefficients are distinctly higher than for 
the cases in Fig. 9 (r, = 0.15, r2 = - 0.02, r ,  = - 0.24, r, = - 0.14, 
r, = 0.16). Note, however, that even in this case, the autocorrelation is 
essentially flat and coincides with the value predicted on the basis of the 
average interswelling interval. The downward tendency for larger dis- 
tances in an artefact, due to the limited length of the collateral 

collateral length [pm] 

Fig. 12. For each collateral in our sample, the average interval be- 
tween swellings is plotted against the collateral length. Obsewe that the 
variance of the average interval decreases with increasing collateral 
length 

short collaterals yield strongly varying average intervals 
between swellings. With increasing collateral length, 
however, the variance of the average interswelling inter- 
val decreases considerably. 

In order to test statistically whether a single distribu- 
tion of interswelling intervals is compatible with our 
experimental data, we compared these with theoretical 
results (Fig. 13). For each collateral in our sample, the 
number of swellings is plotted against the collateral 



collateral length [pm] 

140 

length. In addition, we calculated the confidence limits 
for the number of swellings as a function of axonal length 
expected on the basis of a single Poisson distribution (cf. 
equations (2.6) to (2.8) in Cox and Lewis 1966). As the 
rate parameter we took 1 = 0.22 swellings/,um axon, i.e. 
the reciprocal value of the average interval between 
swellings for the entire sample of pyramidal cell collat- 
erals. The resulting 5% and 1% confidence limits are 
indicated by the dashed and continuous percentile 
curves, respectively, in Fig. 13. If the distribution of 
axonal swellings over the entire population of axon col- 
laterals were indeed governed by a single Poisson distri- 
bution as described, then 95% (or 99%) of the data 
points in Fig. 13 would be expected to fall within the 
range defined by the corresponding pair of percentile 
curves. Inspection of Fig. 13 reveals that the vast major- 
ity of the collaterals, albeit not quite the theoretically 
required percentage, indeed lies within this range. Thus, 
most of the population scatter in Figs. 5 and 12 appears 
to be compatible with the assumption of a single Poisson 
process. We conclude that, to a good approximation, the 
spatial distribution of swellings along axon collaterals of 
cortical pyramidal cells is governed by a single Poisson 
model, characterized by its rate constant J. = 0.22 swell- 
ings/,um. Note, however, that the number of swellings in 
Fig. 13 tends to be slightly smaller than expected for 
short collaterals and somewhat larger than expected for 
long collaterals. In fact, for collaterals shorter than 50 ,um 
the average density of swellings is 1 = 0.19 swellings/,um; 
for collateral lengths between 50 and 250,um it is 
1 = 0.22 swellings/,um; and for collaterals longer than 
250 ,um it is J. = 0.24 swellings/,um. Thus, the overall rate 
1 of the Poisson process might, in fact, slightly increase 
with increasing collateral length. This is, of Course, only 
true if the 'short' collaterals in our sample are really 

short. Many of them, however, may well be the initial 
Segments of long collaterals leaving the section. In that 
case it is conceivable that the rate A of the Poisson 
process depends on the distance from the proximal 
branching point of the collateral, with J. slowly increasing 
as one proceeds along the collateral. Such a Poisson 
process is commonly referred to as 'inhomogeneous' or 
'rate-modulated' (e.g. Cox and Lewis 1966). 

120 . characterized by a constant rate parameter 1 = 0.22 
synapses/pn axon (the reciprocal value of the aver- 

1 age interval over the entire population), then 95% 
(99%) of the values should be located within the 
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d the model. Observe that the vast rnajority of collat- 
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ly shown for nurnbers of swellings above 10; 
for srnaller values they becorne discontinuous, 
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4 Discussion 

Fig. 13. For each individual collateral, the number 
of synaptic swellings is plotted as a function of the 
collateral length. I f  the entire population of collat- 
erals were governed by a single Poisson process, 

4.1 Relationship between axonal swe1ling.s und synapses 

The question to what extent the axonal swellings 
observed in Golgi preparations can be identified with 
synapses can be decomposed into three more specific 
questions. 

I .  How often does an axonal swelling carry more than 
one synapse? Combined light and electron microscopic 
studies indicate that 1-3% of the axonal swellings on 
pyramidal cell axons carry more than one synapse (Win- 
field et al. 1981; McGuire et al. 1984, 1991; Kisvarday 
et al. 1986). In one case, a higher percentage (19%) was 
found (Schüz and Münster 1985). On axons of non- 
pyramidal neurons, values of 7% (DeFelipe and Fairen 
1988) and 11% (Somogyi et al. 1983b) have been re- 
ported. In a somewhat different approach, using conven- 
tional electron microscopic material of the mouse Cortex, 
we also found a low percentage of boutons (8.6%) carry- 
ing more than one synapse (Hellwig 1992). In this study 
serial sections of 35 boutons forming synapses of the 
asymmetric type were examined. Although one cannot 
exclude that some of these boutons were of extracortical 
origin (Peters and Feldman 1976), most of them can be 



assumed to belong to axons of pyramidal cells including 
spiny stellates (Peters and Jones 1984). 

2. Are synapses exclusively located on axonal swell- 
ings? All of the 151 synapses investigated in a combined 
light and electron microscopic study by McGuire 
et al. (1984) were located on axonal swellings. In a study 
by Schüz and Münster (1985), one synapse out of 28 
could not conclusively be associated with a swelling 
visible under the light microscope. To our knowledge, no 
other reports of synapses located outside axonal swell- 
ings exist. This makes it plausible that such synapses are 
indeed quite rare. Our own observations (Hellwig 1992) 
of electron microscopic serial sections of the mouse cor- 
tex Support this point: synapses were only see on distinct 
axonal dilations. 

3. Do all axonal swellings carry a synapse? In most 
combined light and electron microscopic studies, there 
was no evidence of axonal swellings or boutons without 
a synapse. This was true for both pyramidal cells 
(Somogyi 1978; Schüz and Münster 1985; Kisvarday et 
al. 1986) and non-pyramidal cells (Somogyi et al. 1979, 
1983a, b; Peters and Proskauer 1980; Somogyi and 
Cowey 1981; Freund et al. 1983; Kisvarday et al. 1987). In 
two studies (Winfield et al. 1981; DeFelipe and Fairen 
1988), axonal dilations could not always be identified 
with synaptic boutons. However, in both cases the 
authors suggest that some synapses may have been ob- 
scured by the deposit of the Golgi stain. 

To summarize, while the correspondence between 
axonal swellings and synapses is not exactly one-to-one, 
it is certainly not far removed from it. We conclude, 
therefore, that the spatial distribution of axonal swell- 
ings, as visualized under the light microscope, is a useful 
measure for the locations of presynaptic sites on axons. 

I 
4.2 Synaptic density 

1 The density of swellings on pyramidal cell collaterals 
observed in the present study is in good agreement with 
the density of synapses found on the distal Part of the 
axonal tree of a pyramidal neuron investigated by Schüz 
and Münster (1985). Moreover, in both studies swellings 
or synapses were found to be more densely packed on 
collaterals than on the main axon. 

Winfield et al. (1981) reported data on a pyramidal 
cell in the monkey somatic sensory cortex which are at 
variance with our observations in three respects: (1) most 
of the synapses in their study were located on spine-like 
processes and a smaller number on 'en passant' swellings 
of the axon; (2) these 'spines' were more densely packed 
on the main axon than on the collaterals: and (3) the 

\ ,  

overall density of these axonal 'spines' was considerably 
lower than the density of swellings on the axonal trees in 
the present study. This discrepancy might reflect a differ- 
ence between the species involved; in addition, as men- 
tioned above, one cannot rule out the possibility that 
some synapses on swellings in the monkey pyramidal cell 
remained undetected because of the Golgi precipitate. 

Martin and Whitteridge (1984) showed that on axons 
of unspecified neurons in the cat visual cortex (probably 
both pyramidal and non-pyramidal cells), most of the 

intervals between en passant swellings or spine-like pro- 
cesses ranged between 1 and 15 pm, with a strong tend- 
ency towards values between 1 and 3 pm. The interval 
histogram shown in their study is similar to the ones 
presented here. 

The average distance between swellings does not 
seem to vary between cortical areas. Amir et al. (1993) 
showed that the median of the inter swelling intervals on 
biocytin-stained axonal fibres is constant at 6.4 pm in 
different areas of the monkey visual cortex. 

4.3 Axonal length 

The data on synaptic density along axon collaterals can 
be used to verify other statistical measures on the cortex, 
for example measurements of axonal length per volume. 
Since the average interval between swellings on axons of 
non-pyramidal neurons (Hellwig 1992) is similar to that 
presented here for pyramidal cells (4.6 pm for Martinotti 
cells, 5.7 pm for other non-pyramidal cells), one can as- 
sume a total average of approximately one synapse every 
5 pm of axonal length. If the number of synapses in 
1 mm3 of cortex (7.2 X 108 synapses/mm3 in the mouse; 
Schüz and Palm 1989) is multiplied by 5 pm, a total 
axonal length of 3.6 km per mm3 of cortex is obtained. 
This confirms earlier estimates (1-4 km/mm3) on the 
mouse cortex by Braitenberg (1978a). It is also consistent 
with an electron microscopy study by Foh et al. (1973), 
who found the length of neuronal processes (axons plus 
dendrites) in the visual cortex of the cat to be at least 
5 km/mm3. 

The total axonal length per unit volume can also be 
verified by another, independent argument and can thus, 
in turn, be used as a countercheck of the density of 
synapses in the present study. One can calculate whether 
the axonal length per volume is compatible with what is 
known about the diameter of axons. Axons occupy about 
29% of the cortical volume (Braitenberg and Schüz 
1991). If one wishes to fit 3.6 km axon into 1 mm3 of 
cortex, the average diameter must consequently not ex- 
ceed 0.32 pm. This is exactly the value which has been 
measured by Foh et al. (1973) on electron micrographs of 
the cat visual cortex and is close to our measurements in 
the mouse cortex: 0.3 pm in Golgi preparations and 
0.27 pm on electron micrographs (Schüz 1989). 

We can also estimate the axonal length per neuron. 
Assuming a neuronal density of 9.2 X 104 neurons/mm3 
in the mouse cortex (Schüz and Palm 1989) and an 
axonal density of 3.6 km/mm3, the mean axonal length 
per neuron turns out to be 39 mm. 

4.4 Spatial distribution of synapses 
on pyramidal cell collaterals 

The present study focuses on the local axonal tree, i.e. on 
that Part of the axonal tree which ramifies before the 
main axon enters the white matter. Distant arborizations 
made via cortico-cortical connections could not be 
considered because of the limitations of the Golgi tech- 
nique, which tends not to stain myelinated fibres (Ramon 
y Cajal 191 1). One can assume, however, that the average 



density of synapses on these distant ramifications does 
not differ too much from that on the local ones: any 
substantial difference should have manifested itself in the 
numerical countercheck between density of swellings, 
total axonal length per unit volume and axon diameter 
discussed in the previous section. 

Our results indicate that the distribution of presynap- 
tic sites on local axon collaterals of pyramidal cells is 
random or, to put it more precisely, that it follows a Pois- 
son distribution, with a lower bound on the possible 
intersynapse intervals. In other words it appears as 
though it had 'rained' synapses onto the axonal fibres, or, 
alternatively, as though synapses had 'sprung' up regard- 
less of the occupancy at neighbouring stretches of axon. 
This allows us to make some inferences regarding the 
connectivity of pyramidal cells in the cortex. It excludes 
the kind of target specificity observed in certain non- 
pyramidal neurons, the chandelier cells. These show 
a strong clustering of swellings at vertical segments of 
their ramifications, which are known to Synapse specifi- 
cally onto the axon initial segments of pyramidal cells 
(Somogyi et al. 1979, 1983a). In contrast, our results 
support the hypothesis that pyramidal cells distribute 
their synapses onto many thousands of different post- 
synaptic neighbours, without being particularly fastid- 
ious in the distribution of their 'favours' (Braitenberg 
1978b). If a collateral were to strive for multiple contacts 
with selected dendrites, one would expect clusters of 
swellings beyond those predicted by a Poisson distribu- 
tion. Our results show that this is not the case. However, 
as demonstrated by collateral no. 4 in our sample (cf. 
Fig. 11), there may be single collaterals which are at 
variance with the overall picture. 

In Fig. 13 we analysed whether out experimental data 
were compatible with the assumption of a single distribu- 
tion of interswelling intervals, or whether several differ- 
ent distributions (all of the Poisson type, but with 
different rate constants) had to be invoked. We argued 
that, to a good approximation, a single Poisson Godel 
could be assumed. However, the limits of this approxima- 
tion should be kept in mind. 

1. In Fip. 13. most of the variance between different 
U ,  

collaterals was within the range of one and the same 
Poisson distribution. Nevertheless, there were more out- 
liers than ex~ected. This mav reflect the fact that the 
overall density of synapses in the cortex is somewhat 
lower in layers V/VI (e.g. Wolff 1976; Schüz and Palm 
1989). It may also indicate that some pyramidal neurons 
tend to have higher or lower overall densities of synapses 
than others beyond the level of chance. 

2. Figure 13 suggests also that the density of swell- 
ings A. may be somewhat larger for long collaterals than 
for short ones. The interpretation of this observation 
depends on the true length of the 'short' collaterals. This 
is not always obvious: many collaterals referred to as 
'short' are, in fact, the initial segments of collaterals of 
unknown length leaving the section. If most of the 'short' 
collaterals in Fig. 13 were truly short, this would suggest 
that the rate A. of the Poisson process is to some extent 
a function of the collateral length, with A. increasing 
slightly for longer collaterals. A tentative explanation for 

such lower numbers of swellings on short collaterals 
might be the following; short collaterals could be the 
remnants of axonal fibres which did not succeed in find- 
ing appropriate postsynaptic Partners during the critical 
period and which were consequently pruned (Callaway 
and Katz 1990) to short lengths. If, on the other hand, 
many of the short collaterals in Fig. 13 were, in fact, the 
initial segments of long ones, this would indicate that 
synaptic swellings are somewhat less frequent in the 
vicinity of a proximal branching point, and that they 
become more dense as one proceeds in the distal direc- 
tion. In other words, the rate A. of the Poisson process 
would slightly increase with increasing distance from the 
proximal branching point, i.e. the Poisson process would 
be rate-modulated. 

Despite the phenomena described under (1) and (2), 
the deviation from a single Poisson distribution with 
constant rate Parameter A. = 0.22 swellings/pm is actually 
quite small. The large majority of collaterals in our 
sample is adequately described by a single Poisson model. 

We should emphasize that our analysis focused on 
the one-dimensional distribution of synapses along axon 
collaterals. The stochastic nature of this distribution does 
not rule out the possibility of any preferences in three- 
dimensional cortical space. Three-dimensional clusters of 
high synaptic density have indeed been described (cat 
visual cortex: Gilbert and Wiesel 1983; cat auditory cor- 
tex: Ojima et al. 1991; monkey somatosensory cortex: 
DeFelipe et al. 1986; rat visual cortex: Lohmann 1992). In 
view of our results, however, one has to conclude that 
such discrete patches of high synaptic density correspond 
to peculiarities in the axonal branching patterns. Given 
that the synaptic load of axonal branches essentially 
follows a single Poisson distribution, the only way to 
ensure an increased density of synapses in a specific 
region in space is to send out a correspondingly higher 
number of axon branches into that region. Indeed, the 
three-dimensional clusters of high synaptic density, de- 
scribed in the studies quoted above, coincide with clus- 
ters of axonal ramifications. This is in good agreement 
with a study by Amir et al. (1993) on biocytin-stained 
axons in the monkev visual cortex. Thev showed that the 
average distance between swellings is very similar within 
and outside clusters of axonal branches. Such findings 
clearly suggest that it is worthwhile investigating the 
quantitative properties of axonal branching patterns and 
determining, for instance, the minimal requirements a 
probabilistic model would have to fulfill to describe such 
branching statistics adequately (Nelken 1992). Statistical 
analysis and model work along these lines are currently 
in Progress in our laboratory (Leuchtenberg et al. 1993). 

4.5 Conclusions with respect to cortical connectivity 

One of the central issues in cortical anatomy is the nature 
of the rules that describe neuronal connectivity. Some 
formulate these rules as quasi-deterministic and highly 
specific (e.g. Hube1 and Wiesel 1962; Lund and Boothe 
1975; Kisvhrday 1992), whereas others favour a probabil- 
istic approach, i.e. one that is governed by chance (e.g. 
Sholl 1956; Cragg 1967; Peters and Feldman 1976; 



Braitenberg 1978b; Abeles 1982, 1991). As far as the 
System of pyramidal cells is concerned, there is evidence 
for the view that deterministic rules do exist on a global 
level, with regard to the regions in which ramifications 
are made and to the general Pattern of ramification, but 
that there is no detailed wiring prescription at the synap- 
tic level, specifying the connectivity within a region of 
ramification. The results by DeFelipe et al. (1986) and 
others (e.g. Rockland and Lund 1983; Greilich 1984; 
Pandya and Yeterian 1985; Zeki and Shipp 1989) on long 
range connections provide evidence for specificity at the 
global level. The evidence for the synaptic level is some- 
what ambiguous. Combined HRP-electron microscopic 
studies (Gabbott et al. 1987; McGuire et al 1991) and 
statistical investigations of the cortical neuropil (Sholl 
1956; Cragg 1967; Braitenberg and Schüz 1991) support 
the assumption that the axons of pyramidal cells tend to 
make synapses with all possible targets within their 
reach. Some HRP-electron microscopic studies, however, 
provide evidence for a certain selectivity (McGuire et al. 
1984; White and Keller 1987). Possibly, both kinds of 
connectivity exist in parallel or - which in our view is 
more likely-can be reconciled into a Single, unified con- 
ception when a more adequate definition of the notion of 
'possible targets' is available (For a more extensive dis- 
cussion of this issue See White 1989; Schüz 1992). In any 
case, the results obtained for the pyramidal cells investig- 
ated in the present study support a probabilistic model of 
connectivity on the synaptic level. 

Clearly, the present work is only concerned with the 
anatomical substrate of cortical connectivity. The effica- 
cies of synapses and, hence, any possible differential or- 
ganization in the spatial arrangement of these efficacies 
cannot be assessed by anatomical means. This applies 
even more so when the dynamic aspects of cortical con- 
nectivity are considered. Several such dynamics are, in 
fact, expected to play a role. First, and presumably on 
a relatively long time scale (of the order of minutes or 
more), there is the phenomenon of synaptic plasticity 
commonly associated with learning (Hebb 1949). Thus, it 
is quite conceivable that highly specific circuits may 
'develop' on the background of random connectivity 
through a process of synaptic strengthening. Another 
source of coupling dynamics may shape the efficacy dis- 
tribution on an even shorter time scale, from seconds 
down to the millisecond range. Such rapid modulations 
of neuronal coupling have, in fact, been observed in 
different cortical areas in the form of stimulus- and beha- 
viour-related variations of coherence in the activities of 
simultaneously recorded neurons (e.g. Aertsen and Ger- 
stein 1991; Vaadia and Aertsen 1992). Several different 
mechanisms may explain such rapid modifications, the 
most plausible one residing in the space-time dynamics of 
the network activity distribution (Aertsen and Preissl 
1991). Neither of these dynamic modifications of cortical 
coupling is expected to show up in the anatomical con- 
nectivity distribution. Rather, this anatomical connect- 
ivity provides the structural substrate on which the vari- 
ous dynamics can 'flourish' and develop meaningful asso- 
ciations among the neurons. This enables the network to 
dynamically organize itself into functional groupings, 

depending on the instantaneous computational demands 
(Abeles 1991; Aertsen et al. 1994). In this context, it is 
interesting to note that the random nature of the local 
connectivity imposes minimal structural constraints on 
which neural associations may eventually evolve. Rather, 
the anatomy seems to guarantee that the available re- 
source of synaptic connections can be utilized with the 
maximum degree of freedom. 
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