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Competitive Interactions Between Neurons Making Axosomatic 
Contacts in the Leech 
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Axons of lateral nociceptive (N) neurons in leech segmental 
ganglia wrap certain somata in adjacent ganglia but no so- 
mata in their own ganglion. In adults, the N neurons, which 
accurately regenerate axosomatic wrappings, can be in- 
duced to sprout in their own ganglion and wrap target ho- 
mologues if the ganglion is isolated by cutting the nerve 
cord. Manipulations that denervate the new targets without 
injuring the lateral N cell, including focal lesions and pro- 
tease injections into other N cells, also cause sprouting with- 
in 2-4 months. In contrast, cutting the lateral N cell’s axons 
causes little or no sprouting within the ganglion without de- 
nervation. Therefore, denervation rather than injury accounts 
for sprouting within the ganglion. It is concluded that lateral 
N cells can wrap somata in their own ganglion that are ho- 
mologues of their usual targets, but they are prevented from 
doing so by axonal wrappings from N cells in adjacent gan- 
glia. 

It is critical for neural development and for successful nerve 
repair that growing neurons connect with only certain targets. 
One reason neurons select particular types of synaptic targets is 
an intrinsic matching between cells or cell groups (Gaze, 1970; 
Landmesser, 1980), but additional mechanisms can operate in 
target selection. For example, though the initial matching during 
embryonic development does not rely on functional validation 
(Harrison, 1904; Rakic, 1976; Harris, 1980) after contacts form, 
they may shift or be refined by competition between functioning 
neurons (Hubel et al., 1977). At the neuromuscular junction, 
this competition is mediated by the target (Grinnell et al., 1979), 
but less is known about the interactions when neurons are tar- 
gets, particularly at the level of individual neurons making well- 
defined connections. While vertebrate and invertebrate neurons 
appear to share basic mechanisms for growth and target selec- 
tion, precise connections have been best demonstrated for iden- 
tified neurons in invertebrates. Thus, in many invertebrates, 
including the leech, connections are made only between partic- 
ular neurons or even certain parts of those neurons (Macagno 
et al., 1973; Kandel, 1976; White et al., 1976; Muller et al., 
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198 1; Jacobs et al., 1986). It is not known whether these ap- 
parently precise connections are influenced by competition dur- 
ing either their formation or their maintenance. 

In the leech, there is considerable capacity for faithful repair 
after nerve injury. For example, the nociceptive (N) mecha- 
nosensory neurons will regenerate functional synapses with their 
usual neuronal targets in adjacent ganglia (Jansen and Nicholls, 
1972; Wallace et al., 1977; Elliott and Muller, 1983). While no 
“errors” have been detected with microelectrode recordings from 
pairs of cells, it has been impractical to test all possible con- 
nections after regeneration. In principle, synapses could instead 
be examined anatomically, but most synapses between neurons 
in the leech are made in the complex neuropil at the center of 
the ganglion, where even with electron microscopy, it is difficult 
to trace a cell’s synaptic contacts. However, the N cells make a 
distinctive set of contacts plainly visible with the light micro- 
scope; these are axosomatic wrappings of certain other sensory 
neuron somata by N-cell axons (Muller et al., 1978; French and 
Muller, 1986). Physiological recordings from the wrapped cells, 
which are pressure sensory (P), other N, and Leydig cells, show 
that they are postsynaptic, and that the contacts are excitatory. 
The lateral N cells (IN cells) wrap only neurons in the 2 ganglia 
adjacent, anterior and posterior, but not homologous cells in 
the /N cell’s own ganglion. The present paper examines this 
selectivity for targets in adjacent ganglia. 

A touchstone for the study was the finding that severed N-cell 
axons can regenerate axosomatic wrappings around their usual 
targets (French and Muller, 1986); thus, the selectivity of con- 
tacts is basically preserved in the adult. A minor reservation is 
that 1 cell, normally wrapped only rarely, was wrapped more 
frequently after regeneration. In some studies, it has been found 
that repair in the leech may be facilitated by long-surviving 
distal segments of severed axons (Mason and Muller, 1983); 
therefore, in experiments in which it is important to ensure the 
degeneration of axons, it can be useful to inject neurons with a 
protease (Bowling et al., 1978). Some of the experiments on 
adult leeches described in the present paper employed this tech- 
nique and were designed to determine whether CN cells can wrap 
somata in their own ganglia, and if so, why they ordinarily do 
not. 

Materials and Methods 
Maintenance and operations. Leeches (Hirudo medicinalis) were ob- 
tained, either directly from Ricarimpex (Audenge, France) or bred in 
the laboratory (McGlade-McCulloh et al., 1989), fed periodically with 
bovine blood, and maintained at 18°C in artificial spring water (see 
Appendix C of Muller et al., 198 1). When connectives were to be sev- 
ered, animals were anesthetized with 8% ethanol in spring water, and 
small incisions were made in the ventral midbody region superficial to 
the nerve cord, typically at segmental ganglia 9 (G9) and 13 (G13). 
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Connectives were cut, either singly or in pairs, on both sides of the 
ganglion after the surrounding blood sinus was opened. For other op- 
erations, in which identified cells were to be killed by protease injection, 
animals were anesthetized for 25 min in 15 mM chlorobutanol dissolved 
in artificial spring water, ganglia were exposed in a bath containing leech 
saline (115 mM NaCl, 4 & KCl, 2 mM CaCl,, and 10 mM Tris maleate, 
adiusted to nH 7.4 with NaOH). and narticular N cells were iniected 
w;h protease (Sigma, Type VIII; 0.2% in 0.2 M KC1 containing 0.4% 
Fast Green FCF dye) under pressure (Bowling et al., 1978). Protease 
injection destroys the entire neuron without damaging other cells or 
axons in the vicinity of the killed neuron (Bowling et al., 1978; Scott 
and Muller, 1980). Animals were allowed to recover in leech saline 1 
or 2 d, then transferred to artificial spring water at 16°C. 

Intracellular labeling. Lateral N cells in ganglia denervated by severing 
connectives or by killing cells with protease were examined after periods 
up to more than 1 yr after the operation, though in most cases, the 
interval was from 2 to 6 months. To view each of the 2 m cells in a 
single ganglion separately and in detail, one cell was usually injected 
with 0.1 M 6-carboxyfluorescein (6-o under pressure and viewed live, 
before fixation, while the other was injected with HRP (Sigma, Type 
VI; 2% in 0.2 M KC1 and 0.2% Fast Green FCF) and viewed after fixation. 
For these studies of sprouting, HRP was injected 1 d before fixation to 
ensure dense staining throughout the cell within the ganglion. To de- 
termine the extent of typical axonal projections into adjacent ganglia, 
N cells were injected with HRP 2 d and again 1 d before fixation<Elliott 
and Muller. 1983). &fluorescence ontics (Zeiss filter set 472209 and 
10 x Neofluor objective, 0.3 NA) were used to view briefly the fluores- 
cent axosomatic wrappings. Just before fixation, the pressure (P) cells 
and medial N cells, the potential targets, were typically marked by 
intracellular injection of 4% Procion navy blue dye after being identified 
electrophysiologically; this permitted unequivocal identification of P 
and Leydig cells and of touch sensory (T) and N cells in whole-mounts 
of fixed ganglia (French and Muller, 1986). Cells from control and 
experimental leeches were labeled in the same manner. 

Preparations were fixed for 30 min at room temperature in 1.6% 
glutaraldehyde, 0.8% paraformaldehyde, and 5 mM CaCl, in 0.1 M so- 
dium cacodylate buffer (pH, 7.4; Muller and Carbonetto, 1979). Tissue 
was then processed with 3,3’-diaminobenzidine and H,O, as substrates 
for the HRP, and mounted whole as previously described (Muller and 
McMahan, 1976). Contrast was enhanced and depth of focus reduced 
by viewing preparations using a 40 x water immersion objective (0.75 
NA) with Nomarski interference optics. 

Electron microscopy. For electron microscopy, tissue was prepared as 
above, except that fixed tissue was postfixed with osmium and embed- 
ded in Epon 812 (Muller and McMahan, 1976). Sections 2 pm thick 
were cut until axosomatic wrappings were visible. Then, thin sections 
were cut, stained with lead citrate, and viewed with a Philips EM300 
electron microscope. 

Results 
Distribution of axosomatic contacts by lateral N cells 
N-cell axons project anteriorly and posteriorly to neighboring 
ganglia, where they wrap the somata of the N and P mecha- 
nosensory neurons ipsilaterally and, to a lesser extent, contra- 
laterally (Figs. 1, 2). The &I cells wrap more somata than do 
medial N (mN) cells (French and Muller, 1986), but no dis- 
tinction was made previously between ipsilateral and contra- 
lateral wrappings, nor was there a systematic search for the 
presence of axosomatic wrappings in the N cells’ own ganglion. 
Figure 2 confirms the previous results for the ZN cell and also 
shows that the majority, but not all, of its wrappings in the 2 
neighboring ganglia are ipsilateral. In anterior adjacent ganglia, 
27 of 30 ZN cells (90%) made axosomatic contacts, while 30 of 
32 M cells examined (94%) wrapped somata in posterior ganglia. 
The average numbers ofwrappings each ZN cell made in anterior 
and posterior adjacent ganglia were 2.9 and 3.2, respectively. 
Only once did one of the 32 DI cells wrap the soma of any 
neuron within its own ganglion, and that was a lateral P (ZP) 
cell on the contralateral side. French and Muller (1986) reported 
no wrappings within the IN cells’ own ganglion. 

t Ant. 

Root 

Figure 1. Diagram of ventral aspect of ganglion showing approximate 
locations of somata ordinarily wrapped by axons of m cell. Wrapped 
somata are usually situated only in other ganglia, anterior and posterior 
to the IN cell. The axosomatic targets are the mP, IP, mN, IN, and 
Leydig (Ley) cells. Ant, anterior. 

The IN cells wrapped the somata of only certain types of cells, 
and in that sense, they were selective. Combining results from 
anterior and posterior ganglia, 40% of the total number of wrap- 
pings were of N cells, with 17% mN cells and 23% IN cells. The 
P cells accounted for 49% of wrappings, with 28% on medial P 
(mP) and 21% on IP somata. The Leydig cell, a cell usually 
situated next to the IP cell, received 11% of the axosomatic 
contacts (Fig. 2). Contralateral N, P, and Leydig cells were also 
wrapped, but they accounted for only 16% of all axosomatic 
contacts. French and Muller (1986) examined IN cells in 54 
ganglia and, in addition to N, P, and Leydig cells, once saw a 
small cell of unknown identity along the posterolateral margin 
of the ganglion that also received an axosomatic contact from 
an N cell. An unusual cell was seen once in the 62 ganglia 
examined in the present study, and it was a small cell in the 
same posterolateral location. 

Lateral N cells can sprout axosomatic contacts within 
surgically isolated ganglia 

Experiments in this section were designed to test the basis for 
the IN cell choosing to wrap only somata in other ganglia. Per- 
haps the IN cells might sprout axosomatic contacts within their 
own ganglion if they were prevented from making their usual 
contacts in other ganglia, or if target homologues in their own 
ganglion were made more attractive through denervation, or if 
a combination of the 2 occurred. This was done by isolating a 
ganglion from its neighbors by cutting both anterior and pos- 
terior connectives (Fig. 3). The severed axons were unable to 
regenerate across the transection because the ends of the mus- 
cular connectives pulled away from each other. This type of 
operation had previously been shown to produce marked changes 
not only in the physiology of the isolated ganglion, but also 
elsewhere up and down the nerve cord (Jansen et al., 1974). 

Within 2 months after ganglion isolations, most IN cells had 
sprouted axosomatic contacts within their ganglion, wrapping 
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Figure 2. Proportions of somata or- 
dinarily wrapped by axons of IN cell. 
Locations and identities of the wrapped 
cells, situated only in anterior and pos- 
terior ganglia, are indicated in Figure 1. 
The ordinate in the graphs indicates the 
average incidence, expressed as a per- 
centage, with which each m cell wraps 
somata of particular cells in adjacent 
ganglia; n is the number of m cells in- 
jected and examined. Wrapped cells in- 
dicated in the graph are the mP, lP, mN, 
ZN, and Leydig (Lq) cells as in Figure 
1. Fewer contralateral than ipsilateral 
cells are wrapped. The hatched circles 
in the diagram on the left represent cells 
designated in the bar graphs; the in- 
jected [N cell is black. Less hatching on 
contralateral cells represents a lower in- 
cidence of wrapping. Open circles are 
target homologues, not wrapped, in the 
IN cell’s own ganglion. The other (0th) 
cell wrapped appeared to be that de- 
scribed previously, located at the pos- 
terolateral margin of the ganglion 
(French and Muller, 1986). 

homologues of their usual axosomatic targets (Fig. 3). Cells made 
an average of 2.5 wrappings (see also Table 1). Wrapped somata 
were nearly evenly distributed on both sides of the ganglion. 
Only N, P, and Leydig cells were wrapped. It is not known 
whether m cells wrapped their own somata. 

The new axosomatic wrappings resembled the established 
wrappings in adjacent ganglia (Fig. 4). Typically, the IN axon 
coursed along the axon of its target, branching as it formed a 
basket of processes over the surface of the target cell’s soma. 
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Swellings or varicosities were present at intervals along the 
branches, suggesting they might be presynaptic sites, but most 
of the varicosities were smaller than the 5-Mm enlargements 
typical of synapses in the neuropil. Electron micrographs of 
HRP-filled sprouted axons showed that they were mostly sep- 
arated from the target soma by glia but, in places, lie directly 
apposed to the soma. Figure 5 illustrates one region of appo- 
sition near a site of neurofilament attachment to the soma mem- 
brane (Pumplin and Muller, 1983), though such attachment sites 

Table 1. Axosomatic wrappings by M cell axons within ganglia 

Type of preparation 

Ganglia fully denervated 
Isolated ganglia 
All 8 N cells killed in anterior and posterior ganglia 

Ganglia half-denervated 
Single anterior and posterior connectives cut, 1 side 

(injured ZN/intact m 
Four N cells killed in anterior or posterior ganglia 
Four CN cells killed in anterior and posterior ganglia 
Four mN cells killed in anterior and posterior ganglia 

Controls 
Four Retzius cells killed in anterior and posterior ganglia 
Unoperated, anterior/posterior adjacent ganglia 

Average Percentage 
number of cells 
wrappings sprouted N 

2.5 84 62 
2.5 88 16 

1.3/1.0 94/12 22 
0.9 50 24 
0.9 47 15 
0.1 13 8 

0.1 14 14 
3.1 90/94 62 
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were not associated with axosomatic contacts. With electron 
microscopy, the sprouted axosomatic contacts were indistin- 
guishable from those described for normal wrappings, which 
did not resemble chemical or electrical synapses within tlie neu- 
ropil, but could have been sites of transmitter release (French 
and Muller, 1986). 

One might imagine that the 2 ZN cells within the ganglion 
might interact, either in concert to increase the likelihood that 
a target would be wrapped by both cells or in competition to 
reduce the likelihood of double wrapping. In fact, in 13 of 3 1 
isolated ganglia (42%) some targets were wrapped by both ZN 
cells. The expected distribution of the wrappings by both DJ 
cells, assuming independent wrapping (Fig. 3), is 34% overall, 
but an error of 10% in individual probabilities would place the 
observed incidence of ganglia with cells doubly wrapped within 
the error of the calculated incidence. The observed distribution 
of doubly wrapped cells among a total of 2 1 was 4 (19%) mN, 
12 (57%) mP, and 5 (24%) ZP. These are slightly higher than 
but comparable to the values predicted from the incidences for 
individual cells in Figure 3 of 14% for mN, 40% for mP, and 
15% for IP, which indicates that sprouted wrappings within the 
ganglion are probably independent of one another. 

Figure 3. Within isolated ganglia, IN 
cell axons sprouted to wrap homo- 
logues oftheir usual axosomatic targets. 
Each m cell, examined from 2 to 6 
months after cutting both anterior and 
posterior connectives, wrapped a total 
of 2.5 cells, on average, distributed on 
both sides of the ganglion. Sprouting oc- 
curred in 29 of 3 1 ganglia (94Oh); 52 of 
the 62 IN cells examined (84%) made 
up to 8 axosomatic contacts within their 
ganglion, with a median number of 2 
neurons wrapped by individual (N cells. 
It is not known if the ZN cell axons wrap 
their own somata (IN). In the diagram 
on the Ze@, the locations of cuts are 
shown as solid bars crossing the con- 
nectives, the IN cell is solid black, and 
newly wrapped somata are indicated 
with hatching. Ant, anterior; Ley, Ley- 
dig cells; Oth, other cells. 

Lateral N cells in ganglia anteriorly and posteriorly adjacent 
to the isolated ganglion were also examined for axosomatic 
wrappings made by axons of their own IN cells. For such ganglia, 
only 1 pair of connectives had been cut, while the other pair 
had not. From 2 to 6 months postoperative, the ZN cell’s axon 
wrapped somata in the cell’s own ganglion in only 7% of ganglia 
(n = 28). At longer postoperative intervals, the ZN cells in 30% 
of ganglia (n = 33) had sprouted axosomatic contacts, but this 
value was far below the more than 95% of isolated ganglia in 
which sprouting was observed. 

Cutting only the left anterior and posterior connectives 
distinguishes eflects of injury from denervation 
Although IN cells can sprout to wrap certain neurons within 
their isolated ganglion, it is unclear whether sprouting is trig- 
gered by direct injury to the IN cell, by denervation of the targets 
thereby making those targets available to receive new inputs, 
by a combination of injury and denervation, or by additional 
effects of surgery, such as target injury, thereby causing the target 
to release trophic substances or making it receptive to inputs. 
In the leech and some other organisms, there is evidence both 

I 
30pm 

Figure 4. Sprouted axosomatic wrap- 
pings in IN cell’s ganglion resemble 
wrappings in adjacent ganglia. a, N-cell 
axons typically wrap certain somata in 
neighboring ganglia (Fig. l), including 
this P cell. The dark axons of the ZN 
cell, injected with HRP, stand out 
against the blue-stained P cell they wrap. 
b, Within 2 months after the connec- 
tives linking the ZN cell’s ganglion with 
its neighbors were cut, the N cell’s ax- 
ons had wrapped homologues in its own 
ganglion of its usual targets, including 
this P cell. Arrows indicate varicosities 
of the axonal wrappings. 
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Figure 5. Sprouted axon of IN cell 8, filled with HRP, wraps soma 
of P cell. Most of the P-cell surface is ensheathed by glia (g), but in 
certain places as in this section at the arrow, the N and P cells can be 
found in proximity without interposed glia. This particular region also 
happened to include in the P cell a hemidesmosome and site of neu- 
rofilament attachment not related to the wrappings. The separation 
between cells depicted here is greater than at chemical synapses de- 
scribed in the leech. The section was tilted + 60” to confirm that no 
cell processes lie between the N and P cells. 

for the injury and for the denervation mechanisms, as described 
below. 

One approach to distinguishing separate models is to use the 
observation illustrated in Figure 3 that an LN cell within an 
isolated ganglion wraps targets on both sides of the ganglion 
with almost equal frequency. This contrasts with control prep- 
arations, in which the wrappings are in adjacent ganglia and 
only 16% of the ZN cell’s axosomatic targets are situated con- 
tralaterally. N-cell axons project to neighboring ganglia along 
ipsilateral connectives; thus, cutting only the ipsilateral connec- 
tives anterior and posterior to an IN cell’s ganglion will separate 
the cell from its usual targets in neighboring ganglia (Fig. 6). 

If injuring the LN cell or interrupting its connections with its 
targets causes sprouting, then the axotomized IN cell will sprout, 
presumably on both sides of the ganglion as in the isolated 
ganglion, but the contralateral, uninjured ZN cell should not (Fig. 
6b). In contrast, if target denervation causes sprouting, then both 
ZN cells in the ganglion would be expected to sprout, but they 
should sprout principally ipsilateral to the cut connectives, where 
most denervated cells are situated (Fig. 6~). If injury of the 
targets is the trigger, then both DV cells should sprout, wrapping 
onZy cells ipsilateral to the lesion, because the targets’ axons 
project down ipsilateral connectives. In the experiments with 
isolated ganglia cited above, the m cells in ganglia adjacent to 
the isolated ganglion formed few axosomatic wrappings; thus, 

a b 

Figure 6. Patterns of cell wrappings predicted for denervation- or in- 
jury-induced sprouting. Cutting single connectives anterior and poste- 
rior to the ganglion could distinguish whether injury or denervation 
induces axosomatic wrappings. Ganglia in diagrams are shown half- 
isolated, with left connectives cut as indicated by solid triangles and 
injected IN cells in black. Wrapped cells are indicated with hatching, 
with hatching density in approximate proportion to the incidence of 
wrapping. Open circles represent unwrapped somata. a, Denervation- 
triggered sprouting might be expected to cause both ZN neurons to 
sprout, regardless of whether it was the directly injured (top) or intact 
(bottom) neuron; most wrapping would then be on the cut side (see Fig. 
3 for expected distributions on the 2 sides). b, In contrast, with injury- 
triggered sprouting, only the injured (top) and not the intact N cell 
(bottom) might be expected to sprout; wrapped somata would be evenly 
distributed on both sides of the ganglion. Were both injury and dener- 
vation required together, only the injured N cell would sprout, and its 
targets would be mainly ipsilateral (as for black cell in top ganglion in 
a). In contrast, if either injury or denervation were sufficient to trigger 
sprouting, then both N cells in the ganglion should sprout. Ant, anterior. 

injury either to the /N cell or to the target is unlikely by itself 
to be significant. 

Eleven ganglia were examined that had been isolated only on 
1 side; the anterior and posterior connectives were cut so as to 
impede regeneration without injuring the contralateral connec- 
tives of the same ganglion either anteriorly or posteriorly (Fig. 
7). Ten of the 11 ZN cells (9 1%) on the cut side sprouted and 
wrapped 13 P or N cells and 1 Leydig cell. No other somata 
were wrapped. Twelve axosomatic wrappings (75%) were ipsi- 
lateral to the cuts, while 4 (25%) were contralateral. On average, 
the injured DV cells sprouted 1.5 axosomatic contacts within the 
ganglion. Eight of the 11 uninjured ZN cells (72%) in the half- 
isolated ganglia, cells that were contralateral to the cuts, sprouted 
wrappings exclusively on either N or P cells, 9 (82%) on the cut 
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Finure 7. Denervated targets become 
wrapped by axons of injured and intact 
@I cells in half-isolated eanelia. Dia- 
grams at the left depict les&on 1 side 
both anterior and posterior to the IN 
cells’ ganglion. Two to 4 months later, 
the injured (top) and intact (bottom) cells 
were each examined using separate 
markers. Injected &I cells are depicted 
as solid circles, while hatching density 
is in approximate proportion to degree 
of wrapping. Open circles depict un- 
wrapped somata. The distribution of 
somata wrapped by axons of injured E?J 
cells, which sprouted to wrap an aver- 
age of 1.3 cells per ganglion, is at the 
top right. The distribution of somata 
wrapped by intact 1N cells, which 
sprouted to wrap an average of 1 .O cell 
per ganglion, is on bottom right. Ant, 
anterior; Ley, Leydig cells; Oth, other 
cells. 

side and 2 (18%) on the intact side of the half-isolated ganglia. 
Such intact m cells wrapped 1.0 somata, on average, within 
their ganglion. 

This is the result expected if sprouting is triggered by dener- 
vation of the target. For comparison, about twice as many so- 
mata (2.5) were wrapped after complete isolation of ganglia, 
consistent with twice the denervation caused by cutting all 4 
connectives. It is not clear whether the somewhat greater sprout- 
ing by ZN cells on the injured side, if significant, is an effect of 
injury, which could enhance sprouting, or whether there are 
more somata denervated in the proximity of the m cell ipsi- 
lateral to the crush, which might put that cell at an advantage 
in sprouting. 

Denervation without connective injury triggers sprouting 
The sprouting both of injured and of intact IN cells in half- 
isolated ganglia was consistent with the hypothesis that dener- 
vation of P, N, and Leydig somata triggered sprouting. Of course, 
severing 1 of the paired connectives anterior and posterior to a 
ganglion is not a selective operation. A more direct test of the 
target-denervation hypothesis is to selectively kill the N cells in 
the anterior and posterior adjacent ganglia, which will denervate 
the N and P cells in the ganglion under investigation. The 4 N 
cells in both ganglia on either side of a central ganglion were 
selectively destroyed by intracellular injection of protease. Me- 
dial and lateral N cells both were selected for killing because 
both wrap similar somata in adjacent ganglia, and cutting the 
connectives interrupted projections from both types of N cells. 

As with isolated and half-isolated ganglia, HRP and 6-CF were 
used to label separate IN cells. 

Fourteen of 16 IN cells (88%) examined 2 months postop- 
eratively had sprouted axosomatic wrappings in experimental 
ganglia. P, N, and Leydig somata, both ipsilateral and contra- 
lateral to the IN cell, were wrapped with various frequencies of 
occurrence, as shown in Figure 8. A total of 40 somata were 
wrapped, for an average of 2.4 per IN cell, which was nearly 
identical to the value of 2.5 somata observed for isolated ganglia. 
Thus, selective denervation was as elfective as ganglion isolation 
in triggering sprouting of axosomatic wrappings. 

A series of other ganglia were examined that had been half 
as denervated by killing N cells only in the ganglion anterior or 
posterior to the ganglion under observation. For 23 IN cells 
examined in these ganglia, there were 22 somata wrapped for 
an average of 1.0 soma wrapped per cell. This value, approxi- 
mately half the sprouting of cells in ganglia twice as denervated 
by cutting or killing anteriorly and posteriorly, is comparable 
to sprouting when only left or right connectives were cut ante- 
riorly and posteriorly. 

Interaction between medial and lateral N cells 
Killing IN and mN cells together in ganglia 10 and 12 was 
sufficient to prompt sprouting of the IN cells in ganglion 11, but 
conceivably, it was not necessary to destroy mN cells to obtain 
sprouting of the IN cells in their own ganglion. The mN cells’ 
wrappings might not interact with those of IN cells. Experiments 
were performed in which either only &I cells were injected with 
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Figure 8. Selective denervation by 
killina N cells in adiacent aanalia causes 
N celis to sprout within thei;own gan- 
glion. In the left portion of the diagram, 
crossed-out circles illustrate positions of 
4 N cells killed by intracellular injection 
of protease in ganglia anterior and pos- 
terior to the experimental ganglion. Two 
to 4 months later, both IN cells in the 
middle ganglion (one of those injected, 
depicted by a solid circle), which were 
uninjured, were examined for sprouting 
within their ganglion. Wrapped cells are 
hatched, as in other figures. The graph 
shows the distribution of somata 
wrapped by the axons of the lN cells 
within their ganglion. Ant, anterior; Ley, 
Leydig cells; Oth, other cells. 

protease and destroyed or only mN cells were destroyed to test 
for a possible interaction between the cell types. 

In 4 animals, only the 4 mN cells in ganglia 10 and 12 were 
destroyed with protease. Four months later, the 2 M cells in 
ganglion 11 in each of the 4 animals were examined. Only 1 of 
8 cells examined appeared to have sprouted, and it wrapped 
just 1 cell in a single ganglion. This was the same low incidence 
of sprouting as after killing the Retzius cells (see below) and was 
judged to be nonspecific and probably insignificant. 

Paradoxically, 2-6 months after killing the 4 ZN cells in ganglia 
10 and 12 (8 animals), 7 of 15 IN cells in ganglion 11 sprouted 
to wrap only 1 soma on average. If this difference from the 2.5 
wrappings that sprouted after killing mN and ZN cells in neigh- 
boring ganglia is significant, it would suggest that, in the absence 
of ZN cells, the mN cell might assume some ZN function. This 
is consistent with another result, presented above. After all 4 N 
cells were killed in a single ganglion, either posteriorly or an- 
teriorly, the /N cell under study sprouted to wrap only 1.0 cell, 
on average, in its own ganglion. 

As controls, to test whether simply killing major cells in ad- 
jacent ganglia caused sprouting, Retzius cells rather than N cells 
were killed by protease injection. Ordinarily, Retzius cells syn- 
apse within adjacent ganglia, but do not wrap somata wrapped 
by N cells. Fourteen IN cells were examined 2 months post- 
operatively. Only 2 cells, a Leydig and an mP cell, were wrapped 
within their own ganglion. While the operation may thus have 
triggered a low level of sprouting, the amount of sprouting was 
essentially within the range of controls. 

Thus, denervation of potential targets within the ZN cell’s 
ganglion caused the cell to sprout and appeared to be propor- 
tional to the extent of denervation. Because ZN cells sprouted 
as much without injury as with it, injury was not needed for 
sprouting. The major factor producing sprouting was target de- 
nervation and not injury. 

contra 
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Discussion 
The nature of axosomatic contacts 
The axosomatic wrappings are appealing for investigation be- 
cause they are a set of specific contacts that can be readily seen 
using a light microscope. Thus, one can rapidly ascertain not 
only which cells are wrapped, but also which are not. Even the 
finest axons that form baskets are detectable with light micros- 
copy using 6-CF or HRP staining, as confirmed by electron 
microscopy. Electron microscopy has also shown that axoso- 
matic wrappings are sites of contact between the IN cell’s axon 
and target soma. Physiological recordings have shown indi- 
rectly, by stripping cells of axosomatic wrappings, that the wrap- 
pings are excitatory (French and Muller, 19 86). But, it is difficult 
experimentally to isolate input to the soma because the axons 
coil around the initial segment of the cell en route to wrapping 
the soma. Interestingly, after the somata of P and N cells have 
been desheathed, and thus stripped of their axosomatic wrap- 
pings (Muller et al., 1978) they are sensitive to focally applied 
transmitters (Sargent et al., 1977). It would be useful to know 
more concerning the physiology of the normal and sprouted 
contacts, including their functional role, but it is not essential 
for the present analysis. 

Innervation from adjacent ganglia blocks cells from making 
axosomatic contacts within their ganglion 

Why do axons of the ZN cell wrap P, N, and Leydig cells in 
neighboring ganglia, but not the same types of somata that ap- 
pear to be equally accessible in its own ganglion? This question, 
which led to the present experiments, is an aspect of a more 
general problem concerning the formation of specific connec- 
tions between neurons. The question seems appropriate to ad- 
dress using adult leeches because axosomatic contacts regenerate 
accurately, and in that sense, specifically, in adults. Experiments 
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with isolated ganglia showed that IN cells can wrap P, N, and from the next ganglion. It is well established, however, that there 
Leydig cells in their own ganglion and are thus not inherently are broad differences between IN and mN cells in their phar- 
unable to do so. Furthermore, the N cells remain selective in macological (Johansen et al., 198413) and antigenic (Johansen et 
wrapping P, N, and Leydig cells, but not other cells. The basis al., 1984a) properties, as well as differences in peripheral recep- 
of this selectivity is unknown and was not addressed in the tive fields (Blackshaw et al., 1982a) and transmitter sensitivities 
present study. (Sargent et al., 1977). 

It is interesting that there was little or no sprouting by 2-4 The peripheral and central sprouting resembles, in some re- 
months in ganglia adjacent to the isolated ganglion, because gards, that in other systems, such as sprouted receptive fields 
targets were partially denervated, and M cells were injured in in salamander skin (Diamond et al., 1976; Scott et al., 198 1) 
those adjacent ganglia. At later times, however, some ZN cells and sprouting within the brain (Raisman, 1969; Yoon, 1972; 
in those ganglia sprouted wrappings. The delay in sprouting Cotman et al., 198 1). Tsukahara’s classic study of sprouting in 
might have been related to an increased distance of the ganglia the red nucleus (Tsukahara et al., 1975) is of particular interest 
from the lesion, for the cuts were made close to the isolated because inputs were added to or redistributed on the target cell. 
ganglion, so that the cut axons wrapping somata in the isolated The results reported here complement those of Blackshaw 
ganglion were short from the cut end to the wrappings, but those and collaborators, who studied N cells and other sensory neu- 
wrapping somata in adjacent ganglia were several times longer. rons after cutting or crushing roots (Bannatyne et al., 1989). 
Axon segments in the leech may survive weeks or months (Ma- Axosomatic wrappings by N cells whose large axons in the roots 
son and Muller, 1983) and there is some indication that de- had been crushed or cut suggested that injury alone might trigger 
generation of the severed N-cell axons begins at the cut end and sprouting. Unfortunately, no distinction was made between mN 
progresses distally, as in other systems (Carbonetto and Muller, cells, which typically wrap somata in their own ganglion, and 
1982). Thus, the long, severed axons extending the length of the IN cells, which do not. However, it is conceivable that, with 
connectives from the cut to ganglia adjacent to the isolated sufficient injury to the m cell, such as severing its largest axons 
ganglion may have been slower to degenerate their wrappings. as occurs when the roots are damaged, the cell might be induced 
Delay might also have resulted from incomplete denervation of to sprout axosomatic baskets within its ganglion. In the previous 
somata, because only a single pair of connectives leading to experiments (Bannatyne et al., 1989) the axons of the wrapped 
adjacent ganglia was severed. However, such delay was not not- targets were evidently also severed. 
ed in ganglia with connectives cut only on either the left or the 
right side, where within 2 months, there was some sprouting to Formation of selective connections 
wrap partially denervated somata on the intact side. The sprouting of axosomatic contacts to wrap specific targets 

After only 1 connective anterior and 1 posterior to the gan- may be compared with the development of selective connections 
glion on just 1 side (e.g., both on the left) were cut, the pattern in vertebrates. The N cells will sprout abnormal wrappings in 
of sprouting observed was that expected for denervation of the response to partial denervation of novel targets despite inner- 
targets rather than injury either to targets or to the m cell. In vating their usual targets. This is, in some respects, similar to 
particular, the IN cell on the uninjured side sprouted to wrap sprouting in the vertebrate visual system during development 
targets. In separate experiments, selective denervation by de- (Miller and Lund, 1975) and regeneration (Yoon, 1972), though 
stroying the 4 N cells in ganglia adjacent to a central ganglion the mapping between retina and target is not rigid. In contrast, 
provided independent confirmation that denervation causes studies of neuromuscular connections in amphibians and birds 
sprouting. show that embryonic motoneurons will innervate incorrect tar- 

A simple interpretation of these results is that N cells can gets only if the usual targets are missing, and regenerating motor 
wrap particular somata in their own ganglion, but they ordinarily axons in amphibians preserve some selectivity, even in the ab- 
do not because they are excluded from so doing by N cells in sence ofcompetition (Fare1 and Wray, 1989). Target innervation 
adjacent ganglia. The effect is that of a lopsided competition, is also important for the S cell in the leech, whose intact axon 
with axons originating in other ganglia at an extreme compet- can sprout when its synaptic target is selectively destroyed (Scott 
itive advantage. There is, at present, no information as to what and Muller, 1980). 
confers the advantage, but the exclusion seems not to be ab- One interpretation of some of the results is that, for vertebrate 
solute, because sprouting occurs after partial denervation within neurons and leech N cells, there is a hierarchy of target suit- 
the ganglion. ability. Although for N cells, target denervation alone is suffi- 

Target denervation versus injury-induced sprouting 
cient to induce sprouting, that sprouting is highly specific. There- 
fore, one could ask whether alternative cells might be wrapped 

The present result that N cells sprout to innervate denervated if N- and P-cell targets are removed. Overall, the results show 
targets is similar to previous findings for the same neurons in that there is a matching between N-cell axons and their axo- 
the periphery, where electrophysiological mapping of receptive somatic targets, but that the final pattern of wrappings is de- 
fields in the skin indicated that destruction of medial and lateral termined by an exclusion or unequal competition in which axons 
N cells on one side promoted expansion of N-cell receptive fields from adjacent ganglia prevail. 
from the other side (Blackshaw et al., 1982b). Although there 
was no anatomical evidence that the physiologically recorded References 
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