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Abstract 

In the leech Hirudo medicinalis inhibitory motor neurons to 
longitudinal muscles make central inhibitory connections with 
excitatory motor neurons to the same muscles. We have 
used a variety of physiological and morphological methods 
to characterize these inhibitory connections. The efficacy of 
the transmission between the inhibitors and the excitors was 
measured by using three intracellular electrodes, two in the 
inhibitor (one for injecting current and one for measuring 
voltage) and a third electrode in the excitor for measuring 
the resultant voltage changes. We have determined that 
AV,re/A’J,st, or what we have called the transmission coef- 
ficient, is X = 0.51, as measured in the somata of the two 
cells. Evidence which we have obtained leads us to propose 
that these inhibitory connections between motor neurons are 
probably monosynaptic. The synaptic latency is consistent 
with a monosynaptic connection. In addition, a double-label- 
ing technique, whereby one neuron was filled with Lucifer 
Yellow and the other with horseradish peroxidase (HRP), was 
used to determine the anatomical relationship between inhib- 
itors and excitors in whole mounts. This revealed varicosities 
on the processes of inhibitor motor neurons which appear to 
make contact with processes of excitor motor neurons. A 
second double-labeling technique, whereby one neuron was 
filled with HRP and the other with an electron-dense partic- 
ulate marker, revealed adjacent processes between an inhib- 
itor and an excitor in electron microscopic thin sections which 
could be the sites of synaptic contact betwen the neurons. 
The connections appear to be mediated largely by graded 
transmitter release from the inhibitory motor neurons. Three 
different methods were used to demonstrate that synaptic 
transmission remained in the absence of impulses in the 
inhibitory motor neurons. These included eliminating the im- 
pulse-supporting portion of the motor neuron by pinching off 
its axon, abolishing impulses by replacing Na’ with Tris in 
the medium bathing the nerve cord, and increasing the 
threshold for impulse production by raising the Mg2+ and 
Ca2+ concentrations in the medium bathing the nerve cord. 
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The longitudinal muscles of the leech body wall are innervated by 
both excitatory and inhibitory motor neurons (Stuart, 1970; Ort et al., 
1974). In addition to its direct effect on body wall muscle, each 
inhibitory motor neuron inhibits centrally the excitatory motor neuron 

that innervates that same muscle. Preliminary evidence indicates 
that these central inhibitory connections are important in producing 
the excitatory motor neuron impulse bursts that occur during leech 
swimming (B. Granzow, manuscript in preparation). 

We have examined the nature of this central inhibition and have 
obtained evidence that supports the following three conclusions: (1) 
the inhibition is strong, (2) the inhibition is not dependent on the 
propagation of presynaptic impulses to the synaptic terminals but 
apparently is mediated primarily by graded depolarization of the 
presynaptic terminals, and (3) the inhibitory connections are mono- 
synaptic. Proving that a functional connection is monosynaptic (i.e., 
that cell I contacts cell II directly and not via an intermedicate cell I’) 
is often difficult by conventional physiological criteria when the 
pathway involves only impulse-mediated transmission (Berry and 
Pentreath, 1976); these difficulties are compounded when the syn- 
aptic connection of concern involves a neuron that releases trans- 
mitter as a graded function of membrane potential (Burrows, 1979). 
In this study we have combined physiological and anatomical ap- 
proaches in an attempt to establish that the connections from 
inhibitory longitudinal muscle motor neurons to excitatory longitudinal 
muscle motor neurons are direct. 

Materials and Methods 

Physiology 

Isolated chains of three to six ganglia of Hirudo medicinalis were used 
for these experiments. They were pinned out, dorsal surface up, in a saline- 
illled chamber wrth a transparent floor which allowed for darkfield viewing 
through a dissecting microscope (Kristan et al., 1974; Ort et al., 1974). Some 
of the experiments were performed on desheathed ganglia in which the 
connective trssue capsule enveloprng the cell bodies of the ganglia was cut 
away with rridectomy scissors. 

Intracellular recording and current passage were achieved with standard 
glass mrcroelectrodes filled with 4 M potassium acetate (resistance of 40 to 
50 megohms) connected to high impedance preampltfiers equipped wrth 
bridge crrcurts (Gettrng, models 4 and 5). Extracellular recordings were made 
with glass suctron electrodes. All signals were recorded on a model A Crown- 
Vetter tape recorder. Prerecorded signals were played back at a reduced 
tape speed and reproduced on a Gould-Brush chart recorder. With this 
recording system, signals from DC to 200 Hz were unattenuated. 

Normal leech saline solution had the following cornpositron: 115 mM NaCI, 
4 mM KCI, 1.8 mM CaC12, 2 mM MgC12, and 10 mM HEPES buffer. In Tris-HCI 
saline, the NaCl was replaced by 115 mM Tris-HCI (Srgma), neutralized to pH 
7.4 with KOH. In high Ca’+/hrgh Mg2+ saline, CaC12 was raised to 20 mM, 
MgCl? was raised to 10 mM, and NaCl was lowered correspondingly. 

Photoinactivation of leech neurons 

Leech neurons were photoinactivated using the technique of Mrller and 
Selverston (1979). Cells were Infected intracellularly with Lucifer Yellow, then 
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illuminated wrth blue lrght (from a 50-W mercury bulb ftltered through heat 
filters and a BG-12 filter) whrch was focused on the ganglion from beneath 
the preparatron usrng a mrrror and a darkfield condenser. This method of 
rllumrnatron provrded an easy means of switching between whrte light (for 
normal viewing) and blue light (for photoinactivation) during the course of an 
experiment. Recordings made from Lucifer-filled neurons during the process 
of photornactrvatron revealed that neurons gradually depolarized and lost the 
capacrty to generate impulses. llluminatton periods of up to 20 mm were 
often required before the membrane potential reached zero. Following 
photoinactivation of Lucifer-filled neurons, connections between non-filled 
neurons were also tested to demonstrate that the effects of illumination were 
limited to the filled neurons. 

Double fills 

Light microscopy. To observe pairs of motor neurons at the light micro- 
scope level, the double-fill technique of Macagno et al. (1981) was employed. 
Bnefly, one cell was pressure-injected with horseradish peroxidase (HRP; 
type VI, Sigma) and another with Lucifer Yellow. The ganglia were incubated 
In draminobenzrdine (DAB; Sigma) in saltne and reacted with H202 prior to 
fixation in paraformaldehyde. This resulted in the usual dark precipitate being 
formed in the HRP-filled cell while preserving the Lucifer Yellow fluorescence. 
The ganglia were then dehydrated. cleared, and mounted in methylsalicylate. 
The two cells were observed and photographed simultaneously on a Zless 
Standard fluorescence mtcroscope using a properly balanced combination 
of epr-illumination (through Zeiss filter unit 48-77-06) and transmitted blue 
lrght (Itght from a tungsten bulb passed through a blue filter). 

Electron muoscopy. To mark pairs of motor neurons indivtdually for 
identification rn the electron microscope, one cell was injected with HRP and 
another was injected with lmposil (available under the trade name NOnemic 
from Burns-Brotec, Laboratories Division, Chromalloy Pharmaceutical, Inc., 
Omaha, NE). lmposil IS a dextran-coated, iron-cored colloid which in the 
electron microscope appears as rice grain-shaped particles 25 nm in length. 
Because of its particulate nature It IS readily distinguished from HRP in thin 
sections. The Impost1 IS sold as an aqueous solution and contains phenol as 
a preservative. The solution was prepared for intracellular injection by cen- 
trifugation to remove excess dextran followed by dialyses in buffer to remove 
the phenol. lmposil was pressure-injected into neurons following the same 
procedure used for HRP pressure injection. Electrodes were pulled from thin- 
walled filament glass on a Livingston electrode puller. They were backfilled 
with Impost1 (65 mg of iron/ml) in 0.15 M KCI buffered with 10 mM Tris- 
maleate, pH 7.4. The tips of the electrodes were broken to 40 to 60 megohms 
by gently touching them on a frosted glass surface. The Impost1 solution has 
a brown color which makes it vrsible as it is injected into a cell body, allowing 
‘the progress of a fill to be monitored visually. 

After cells were injected, ganglia were left for 15 to 18 hr at 17°C in L-15 
culture medium supplemented with 3% glucose and 3% fetal calf serum. 
This amount of time was necessary for Impost1 to distribute throughout the 
inside of a cell as determined in whole mounts by a histochemical procedure 

for detecting ferric compounds (Olsson and Kristensson, 1978; Nguyen- 
Legros et al., 1980). Following fixation, ganglia were incubated in DAB and 
reacted with HnO? as usual to obtain the electron-dense reaction product in 
the HRP-filled cell. This reaction had no effect on the Imposil. Ganglia were 
then postfixed in osmrum tetroxrde and processed for thin sectioning by 
followrng the method of Muller and McMahan (1976). 

Results 

For the purposes of this paper, the segmentally iterated longitu- 
dinal muscles of the body wall of Hirudo will be considered as two 
functionally distinct sets, the dorsal longitudinal muscles and the 
ventral longitudinal muscles. This division is functionally applicable 
to behaviors such as swimming, since it is the alternating contrac- 
tions in dorsal an ventral longitudinal muscles which produce the 
body undulations of swimming (Kristan et al., 1974; Or? et al., 1974). 
In each segmental ganglion, there are four bilateral pairs of dorsal 
longitudinal muscle excitors (DES), three pairs of ventral muscle 
excitors (VEs), as well as two pairs each of dorsal muscle inhibitors 
(Dls) and ventral muscle inhibitors (Vls) (Stuart, 1970; Or-t et al., 
1974). In this report, interactions between four representative pairs 
of these motor neurons are described: ceil 1 (DI), cell 2 (VI), cell 3 
(DE), and cell 4 (VE) (Fig. 1). The notations of DI-I, VI-2, DE-3, and 
VE-4 are used to designate these identified motor neurons through- 
out this paper. 

Somata of leech swim motor neurons do not sustain overshooting 
impulses. Instead, remotely initiated impulses appear in somata 
recordings as small, sharp depolarizing deflections ranging in am- 
plitude beteen 0.5 and 5.0 mV, depending on the particular motor 
neuron and quality of the recording. Identification of motor neurons 
is facilitated by the use of recordings from peripheral nerves (Stuart, 
1970; Kristan et al., 1974). DE-3 has the second largest impulse in 
the dorsal posterior (DP) nerve and is the only dorsal excitatory 
motor neuron in that nerve to fire phasically during swimming. VE-4 
has a large impulse in the ipsilateral posterior posterior (PP) nerve 
and is the only identified motor neuron on the dorsal surface of the 
ganglion with an ipsilateral axon. The inhibitory motor neurons are 
readily identified by the constant positions of their somata, their 
characteristic impulse shapes, and their inhibitory effects on the 
excitatory motor neurons. 

Upon penetration with an intracellular electrode, the firing level of 
both excitatory and inhibitory motor neurons varied somewhat, 
depending both on the state of activity of the nerve cord and on the 
amount of injury potential caused by the electrode impalement. 
Usually, good penetrations resulted in stable resting potentials of 

Figure 7. Schematic drawrng of four longi- 
tudinal muscle motor neurons and their func- 
tional connecttons. 1 (D/J Dorsal rnhibrtor; 2 
(V/J, ventral rnhrbrtor; 3 (DE), dorsal excitor, 4 
(VE), ventral excitor; DM, dorsal longitudrnal 
muscle; VM, ventral longitudrnal muscle. -I, ex- 
citatory connections, - inhibitory connec- 
tions.+. electrrcal connectron. For srmplrcrty, 
motor neurons are shown only for one lateral 
half of the ganglion although each motor neuron 
shown has a brlaterally symmetrical counterpart 
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Figure 2. Inhibition of VE-4 by VI-2. A, Impulses in VI-2 (bottom trace) correspond with IPSPs in the contralateral VE-4 (top trace). VI-2 IS being held 
depolarized wtth a 0.5nA current Injectron to increase its firing rate. B, The IPSPs In VE-4 (top trace) follow the impulses in the contralateal VI-2 (bottom 
trace) with a latency of less than 5 msec. Shown are four superimposed traces. C, Depolarizing current pulses injected into VI-2 (middle trace) cause 
hyperpolarizrng responses rn VE-4 (top trace) whrch Increase In amplrtude wrth rncreasrng intensities of current injection. The bottom trace is a current pulse 
monitor 

-40 to -50 mV, spontaneous firing frequencies of about 5 to 10 
Hz, and Impulse amplitudes of 2 mV in inhibitory motor neurons and 
5 mV in excitatory motor neurons (Fig. 2A). 

Functional connections between inhibitory and excitatory 
motor neurons 

interaction between VI-2 and Vf-4. A one-to-one relationship 
between spontaneous presynaptic impulses and inhibitory postsyn- 

aptic potentials (IPSPs) can be demonstrated consistently between 
VI-2 and the contralateral VE-4. This relationship also was observed 
routinely when presynaptic impulses were elicited with depolarizing 

current injected into VI-2 (Fig. 2A). Using the criteria for monosyn- 

apticity of constant and short latency (6 msec) between the 
presynaptic impulses and the IPSPs, the connection between VI-2 
and VE-4 appears to be direct (Fig. 28). 

We examined the effectiveness of the VI-2 to VE-4 interaction by 

passing 2-set current pulses into VI-2 while recording the membrane 
potentials of both VI-2 and VE-4. Intracellular injection of relatively 
small depolarizing currents (0.5 to 2.0 nA) into VI-2 routinely elicited 

substantial hyperpolarizations of the contralateral VE-4 (Fig. 2C). 
The time course and amplitude of these hyperpolarizing potentials 
in VE-4 appeared, in large part, to reflect the DC shift in VI-2 
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membrane potential caused by the current injection. This suggests 
that transmitter release from the inhibitor occurs by way of graded 
membrane potential changes in addition to the release caused by 
the presynaptic impulses. The lowest level of presynaptic current 
injection which produced an observable hyperpolarization in VE-4 
was usually around 0.25 nA. This lower limit or threshold is apparent 
only and presumably exists because the synapses mediating the 
inhibition are too far from the soma of the presynaptic cell to be 
influenced by current injections of less than 0.25 nA. In fact, in many 
preparations, hyperpolarizing VI-2 beyond “resting potential” resulted 
in depolarization of the VE-4 membrane potential. This means that 
transmitter release from the inhtbitor often occurs in the absence of 
depolarization of VI-2 by current injection. Graded increases in the 
intensity of depolarizing current injected into VI-2 caused graded 
increases in the hyperpolarizing responses of VE-4 up to a saturation 
level of approximately 15 to 20 mV of hyperpolarization in VE-4. This 
level usually was reached when the presynaptic depolarizing current 
was greater then 2.0 nA. The typical relationship between the 
intensity of depolarizing current injected into VI-2 and the amplitude 
of the hyperpolanzing response in VE-4 is shown for currents up to 
2 nA in Figure 3A (solid circles). 

Interaction between DI-1 and DE-3. Depolarization of DI-1 by 
current pulses elicited hyperpolarizations of the ipsilateral DE-3 which 
quantrtatively were indistinguishable from that just described for VE- 
4 (Fig. 3B). In contrast, however, individual constant latency IPSPs 
in DE-3 could not be distinguished in response to DI-I impulses. 
Instead, depolarization of DI-1 caused a smooth hyperpolarization in 
DE-3 (Fig. 4). The latency between onset of the depolarization of 
the presynaptic neuron and onset of the postsynaptic response was 
about 5 msec, well within the range of latencies observed for 
monosynaptic interactions between other leech neurons (Nicholls 
and Purves, 1970, 1972; Nicholls and Wallace, 1978). Our failure to 
detect one-to-one synaptic potentials in DE-3 following DI-1 impulses 
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does not necessarily indicate an Indirect connection between DI-1 
and DE-3. Instead, anatomical evidence (see “Anatomy”) suggests 
that the IPSPs in DE-3 occur too far from the cell’s soma to be 
recorded as individual events. 

Quantitative relationship between pre- and postsynaptic poten- 
tials. The quantitative relationship between the presynaptic depolar- 
ization caused by current injection into the inhibitor and the postsyn- 
aptic hyperpolarizing response in the excrtor was determined. In 
order to do this, one electrode was inserted into the postsynaptic 
excitor and two electrodes were inserted into the presynaptic inhib- 
itor, one for injecting current and one for recording membrane 
potential. Varying the amount of current injected into the inhibitor 
while recording both pre- and postsynaptic membrane potential 
changes revealed a linear relationship between presynaptic depolar- 
ization and the postsynaptic hyperpolarizing response over a wide 
range of potential changes in the inhibitor (Fig. 5). The efficacy of 
the inhibition, which we call the transmission coefficient, is given by 
the slope of the line (AV,,,,/AV,,,) obtained for the linear portion of 
the data, between 5 and 20 mV presynaptic depolarization. The 
transmission coefficient was similar for either set of motor neurons, 
DI-1 and DE-3 or VI-2 and VE-4. The mean value for combined data 
from all measurements was 0.51 (SD = 0.10, N = 10). Given the 
anatomical relationships between inhibitors and excitors, described 
below, it is highly likely that the points of synaptic contact between 
them are at some distance from the somata where potential changes 
are measured. It seems reasonable to conclude, therefore, that the 
transmission coefficient at the site of the synapses is even greater. 

Indirect interactions between motor neurons 

In addition to the strong inhibitory connections between motor 
neurons that project to the same longitudinal muscle group (i.e., Vls 
onto VEs and Dls onto DES), the inhibitors also produce inhibitory 
effects on the excrtors of the antagonistic longitudinal muscle group; 
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Figure 3. Relationshrp between the intensrty of depolanzrng current Injected into an rnhrbrtory motor neuron and the amplitude of the hyperpolarizing 
membrane potentral responses recorded srmuitaneously In both excitatory motor neurons. A, Amplitude of the hyperpolanzation of the contralateral VE-4 (0) 
and the rpsrlateral DE-3 (0) in response to VI-2 depolarization. B, Amplitude of the hyperpolariration of the ipsilateral DE-3 (0) and the contralateral VE-4 (0) 
in response to DI-1 depolarization. 
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i.e., Vls inhibit DES and Dls inhibit VEs (Fig. 3). The effectiveness of onto DES and of Dls onto VEs is indirect. Evidence obtained using 
the latter inhibitory interactions is quite variable, sometimes being two different methods revealed that, in fact, this inhibition is mediated 
comparable to that between similarly projecting motor neurons (Fig. Indirectly through electrical coupling beteen DI-1 and VI-2 (Ort et al., 
38, solid circles), although more often being relatively weak (Fig. 1974). 
3A, open circles) and sometimes not observable at all (not shown). The first method employed three intracellular electrodes, one each 
This variability and lower efficacy suggest that this inhibition of Vls in DI-1, VI-2, and the contralateral VE-4 (Fig. 6A). A series of short 
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F/gure 6. The rnhrbrtory effect of DI-1 on the contralateral VE-4 is mediated at least in part by VI-2 which is electrically coupled to DI-1. A, Schematrc 
drawrng to rllustrate the rntracellular electrode placement. B, Three depolanzrng current pulses injected into DI-I (th/rd trace) caused hyperpolarizing 
responses in the contralateral VE-4 (top trace). Injectron of hyperpolanzrng current into VI-2 (second trace) resulted in a reduction of the hyperpolariring 
response of VE-4. C, Three depolanzrng current pulses Injected into VI-2 (second trace) caused hyperpolarizing responses in the contralateral VE-4 (top 
trace). There was almost no change In the response of VE-4 to VI-2 depolanzatron when DI-1 was hyperpolarized by current injection. The bottom two traces 
in B and C show the trmrng and amplitude of current pulses injected into DI-I and VI-2. 
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Figure 7. Photornactrvatron of dorsal inhibitory motor neurons abolishes the inhrbrtory effect of VI-2 onto DE-3. The effect of depolanzrng VI-2 on both the 

rpsrlateral DE-3 and the contralateral VE-4 were compared in an intact ganglron (A) and in the same ganglion following photornactivatron of all dorsal Inhibitors 
(B), as represented rn schematrc drawings at the top of each panel. (Stippling Indicates photornactivated dorsal inhibitors). In each case a pair of depolarizing 
current pulses (1 nA followed by 2 nA) was injected Into VI-2 (middle trace of each set of recordrngs). In the intact ganglion this resulted in hyperpolarizing 
responses in both DE-3 (top trace of A-2) and VE-4 (top trace of A-3). Following photoinactrvation of the dorsal inhibitors, the same intensity of current 
qectron Into VI-2 had no effect on DE-3 (top trace of B-2), whereas the responses in VE-4 (top trace of B-3) were essentially unchanged from those 
recorded In the intact ganglron. The bottom trace of each set of recordings IS an extracellular recording from the contralateral posterior posterior peripheral 
nerve (Pf) which contains the axon df VI-2. The firing rate of VI-2 indicates that the effect of the depolarizing current Injected Into VI-2 remains nearly the 
same before and after photornactrvation of the dorsal inhrbrtors. 
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Figure 8. Pairwise fills of excitatory and inhibitory motor neurons demonstrating overlap of the processes of the motor neurons. In A and 13, DE-3 is filled 
with HRP and DI-1 is filled with Lucifer Yellow. 6 is a higher magnification of the left side of the ganglion shown in A. In C and D, VE-4 is filled with HRP and 
VI-2 is filled with Lucifer Yellow. D is a higher magnification of the right side of the ganglion shown in C. Arrowheads in B and D point out inhibitory motor 
neuron varicosities which are in close apposition to excitatory motor neuron processes. Scale bars: A and C, 50 pm; and 13 and D, 20 pm. Anterior is toward 
the bottom of each photograph. 

depolarizing current pulses injected into DI-1 elicited depolarizing 

coupling potentials in the ipsilateral VI-2 and concomitant hyperpo- 
for, although the Vls are all weakly electrically coupled, it is unlikely 

larizations in the contralateral VE-4. Injection of current to hyperpo- 
that they are all completely inactivated by current injected into only 

larize VI-2 during a DI-I depolarization reduced the hyperpolarizing 
one cell. Conversely, none of the inhibition of VE-4 by VI-2 occurs 

potential in VE-4 to about half the amplitude of the preceding and 
by way of DI-1 , since even larger hyperpolarizing currents injected 

following responses (Fig. 6B). Thus, the DI-I hyperpolarization of 
into DI-I had no effect on the inhibitory response in VE-4 caused by 
VI-2 (Fig. 6C). 

VE-4 appears to be by way of VI-2. The response in VE-4 to DI-1 
depolarization is not entirely blocked by hyperpolarizing VI-2 proba- 

In a second set of experiments, the hyperpolarizing effect of VI-2 

bly because only one of four Vls is being directly hyperpolarized; 
onto DE-3 was abolished by photoinactivating all of the dorsal 
inhibitory motor neurons (Fig. 7). Depolarizing current pulses injected 
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lrkely sites of synaptic interaction. These varicosities also were found 
on the contralateral processes of VI-2, as well as on the other 
rnhibrtory motor neurons of which the anatomy was examined. On 
sensory neurons, similar vancosrtres have been shown to be the 
sates of presynaptrc specralizations (Muller and McMahan, 1976). 

The morphology of VE-4 differs from that of the other excitatory 
motor neurons. Its axon exits by an ipsilateral peripheral nerve, 
whereas the axons of all other motor neurons exit by contralateral 
peripheral nerves. In addition, all of its processes are contained 
entirely tn the half of the ganglion rpsilateral to its soma (Fig. 8C). 
Each VI-2 inhibits the VE-4 having a soma contralateral to its own 
and in which the peripheral field IS on the same side of the leech 
body as Its own (Fig. 1). Parrwise fills of VI-2 and the contralateral 
VE-4, which it rnhrbrts, revealed a geometrical relationship between 
these two cells which was different from that found between DI-1 
and DE-3 (Fig. 8C). In this case only the contralateral processes of 
VI-2 are in the vicinity of VE-4 processes, and varicosities thereon 
are rn close anatomical proximity with VE-4 processes (Fig. 80). 

We attempted to verify whether the putative contacts seen be- 
tween rnhrbrtory and excitatory motor neurons in whole mounts were 
true synaptic contacts. This was done by differentially marking pairs 
of motor neurons for examrnatron at the ultrastructural level (see 
“Materials and Methods”). DI-I was filled with lmposil and DE-3 was 
frlled with HRP. The ultrastructural features of chemical synaptic 
contacts between leech neurons are generally accepted to be the 
following: (7) an accumulation of vesicles in the presynaptic process; 
(2) a presynaptrc density; (3) a cleft between the membranes of 
apposrng processes which is wider and darker than the space 

Figure 9. HRP fill of DI-1 reveals numerous varicosities on processes between processes on either side of the synapse; (4) straightened, 
which branch from the main process on the side of the ganglion contralateral 
to the cell body. A number of these varicosities are indicated by the 

parallel membranes at the cleft; and often (5) a triad arrangement 

arrowheads. Scale bar. 20 pm. 
of the processes with either one presynaptic process contacting 
two adjacent postsynaptic processes or two adjacent presynaptic 

into VI-2 rnrtrally caused substantial hyperpolanzations in both DE-3 
processes contacting one postsynaptrc process (Muller and Mc- 

and VE-4 (Fig. 7A). Then all Dls (both pairs of DI-Is and DI-102s the 
Mahan, 1976; Muller, 1979). However, the labeling of neurons with 

latter being the only other Identified pair of dorsal inhibitors 
electron-dense markers masks the presynaptic density which, even 
In unlabeled leech neurons, is not so prominent as it IS, for example, 

(Stuart, 1970; Ort et al., 1974)) were filled with Lucifer Yellow and at the vertebrate neuromuscular junction. Thus, the presynaptic 
illuminated with blue light for 30 min. Following this treatment, the 
same level of current injected into VI-2 no longer caused a hyper- 

density cannot be used as an identifying feature of synaptic contacts 

polanzrng response in DE-3 (Fig. 7B). Current injected into VI-2 still 
In labeled leech neurons. A similar problem was encountered in the 

evoked a hyperpolarizing response in VE-4 comparable in strength 
recognrtion of synaptic ultrastructure In HRP-labeled Aplysia neurons 

to that which occurred prior to photoinactivation of the dorsal 
(Bailey and Chen, 1983). A random sampling of numerous thin 

inhibitors. These results support the hypothesis that the inhibitory 
sections cut through ganglia containing marked motor neuron pairs 

effect of VI-2 onto DE-3 (and presumably that of DI-I onto VE-4) is 
was examined in the region where contacts between DI-1 and DE-3 

mediated by the electrical coupling between DI-I and VI-2. 
were expected (I.e., in the area of overlapping DI-I and DE-3 
processes on the side of the ganglion contralateral to the somata of 

Anatomy 
the two cells). In this region, HRP-filled processes were commonly 
adjacent to Imposrlllled processes (Fig. lo), several of which fulfilled 

The physiological data presented above do not rule out the some, but not all, of the morphological criteria used to Identify 
possibility that an interposed neuron mediates the interactions be- synapses. For example, shown in the micrograph of Figure IO is 
tween DI-1 and DE-3 and between VI-2 and VE-4. Therefore, we one putative synaptic contact, judging from the accumulation of 
examined the anatomical relationships betwen these neurons to vesicles In an Imposrl-labeled DI-1 process (Fig. 10, arrow) at the 
determine whether direct contacts might occur. This was done by point where It makes contact with an HRP-labeled DE-3 process; 
injecting Lucifer Yellow into one motor neuron and HRP into another, however, the structure of the membranes here IS not visible so that 
and then observing them with the light microscope (see “Materials the site cannot be rdentrfred unequivocally as a synaptic contact. 
and Methods”). Processes of DI-1 and DE-3 do indeed occupy Some apparent clefts (wider gaps with straightened, parallel mem- 
similar regions within the ganglion (Fig. 8A). Each neuron has a tuft branes) were found, but these lacked presynaptrc vesicles (Fig. 11). 
of fine processes which arises from the major process near the cell This site also displays the triad arrangement of processes typical of 
body. In addition, the major processes of the two cells branch on the ultrastructure of leech synapses. The scarcity of vesicles may 
the side of the ganglion contralateral to their somata, giving rise to have been due, in part, to the presence of lmposil in the presynaptic 
a field of overlapping processes. In some preparations the primary cell. Drsruptron of intracellular structure was apparent in some Im- 
branches were seen to twist around one another. The secondary posrlllled processes, as evidenced by empty spaces in them (Frg. 
and tertiary processes in this area are also in close proximity. In IO). This IS srmrlar to the disruption that also results from HRP 
particular, there is an abundance of distinct swellings or varicosities labeling. Vesrcles were scarce in Imposil-filled processes, although 
on the contralateral processes of DI-1 (Fig. 9) The overall varicose organelles such as mrtochondria seemed to remain intact. Hence, 
appearance of these processes is strikingly different from those of the electron macroscopic studies demonstrated close contacts be- 
both the ipsilateral processes of DI-I and DE-3 and the contralateral tween DI-1 and DE-3 and strongly suggested, but did not absolutely 
processes of DE-3. Such varicosities, when examined at higher confirm, the presence of synapses between these two motor neu- 
magnification (Fig. 88) appear to contact DE-3 and are therefore rons. 
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Figure 70. Electron micrograph of a section from a ganglion in which DI-1 was labeled with lmposil and DE-3 was labeled with HRP. This section was 
taken from the side of the ganglion contralateral to the somata of the two marked neurons. In this micrograph there are 10 HRP-labeled processes (each 
containing black reaction product) and four Imposil-labeled processes (each marked here with an asterisk). There are seven sites at which HRP-labeled and 
Imposil-labeled processes abut one another. At one site (arrow) is an accumulation of presynaptic vesicles in DI-1 Scale bar, 0.5 pm. 

Non-/mpulse-medIated transmission 

The time course of the postsynaptrc hyperpolarizrng potentrals in 
the excrtors closely follows the presynaptic depolarizing membrane 
potential shifts caused by current injectron Into the inhibitors (Figs. 
3 and 4). This suggests that this InhIbItron IS mediated primarily by 
tonrc transmitter release, rather than through impulse-mediated syn- 
aptic transmissron. It was drfficult, however, to distinguish the effects 
of graded release from the summed effects of impulse-mediated 
release, because even small changes in membrane potential in an 
inhibitory motor neuron evoked changes in its firing rate. We wanted 
to determine whether transmission from inhibitory to excitatory motor 
neurons could occur In the absence of impulses. In leech neurons 
rmpulses are tetrodotoxrn-rnsensrtrve, thereby precluding the most 
common method used for abolishtng sodium-dependent impulses. 
It was therefore necessary to devtse other methods for this purpose. 
Three drfferent expenmental manipulations were employed. 

Nerve crush. The posterior peripheral nerve root (from which both 
PP and DP nerves branch) was pinched with forceps near the point 
where the nerve exits the ganglion. In some ganglia this procedure 

abolished impulses recorded in the somata of motor neurons that 
sends axons out the posterior nerve, including those of the inhibitors 
DI-1 and VI-2. Presumably this is because the region of membrane 
capable of generating impulses in these motor neurons is limited to 
the axon in the nerve and was thus eliminated by the crush. In other 
preparations ‘it was necessary to crush further into the ganglia, 
sometimes halfway into the contralateral side of the ganglia, to 
eliminate the impulses in these motor neurons. Apparently, the 
impulse-generating membrane of these motor neurons extended 
further into the ganglia in these preparations. The transmission 
coefficient (defined above) of the inhibitory-to-excitatory motor neu- 
ron connections were determined before and after crushing the 
posterior nerve. In the example illustrated (Fig. 12) the transmission 
coefficient between VI-2 and VE-4 decreased from 0.30 to 0.15, a 
reduction of 50% due to a crush that extended halfway into the 
contralateral side of the ganglion. This 50% reduction was the largest 
change in postsynaptic potential brought about by the crush in six 
similar experiments (three on VI-2, VE-4 pairs and three on DI-1 , DE- 
3 pairs), and much of this decrement could have occurred because 
of damage to neuropilar processes. Thus, impulses in these inhibitory 
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tory motor neuron were the only ones that occurred In extracellular 
recordings from peripheral nerves. This allowed relrable monitoring 
of impulses from a depolarized inhibitor. In the example shown (Fig. 
14) 0.5 nA of current injected into VI-2 caused a significant depo- 
larrzrng shift In the membrane potential of W-2, but only one impulse 
occurred. Although the single impulse was signrficantly delayed 
relative to the onset of the membrane potential depolarization caused 
by current injection, the postsynaptic hyperpolanzrng response in 
VE-4 followed the time course of the presynaptic depolarization, 
commencing before the occurrence of any impulses. Clearly, graded 
release of transmitter accounts for the postsynaptic response under 
these conditions. 

Discussion 

Monosynapticity. The common physiological tests used to deter- 
mine whether a chemical synaptic connection IS monosynaptic or 
polysynaptrc are limited to those functional interactions in which a 
presynaptic impulse elicits a distinctive postsynaptic potential (PSP) 
(Berry and Pentreath, 1976). Monosynaptrc connections are typrcally 
characterized by: (1) a PSP which reliably follows the presynaptic 
impulse at a short and constant latency, (2) concomitant changes 
in PSP duration with changes in the duration of the presynaptic 
Impulse, and (3) survival of the one-to-one relationship between the 
PSP and the presynaptic impulse In elevated concentrations of 
drvalent cations (whrch would raise the firing threshold of any putative 
Intermediate Impulse-generating neuron and thereby result in failure) 

Figure 77. Electron micrograph showing a process of DI-1 filled with 
(Nicholls and Purves, 1970; Berry and Pentreath, 1976). Even so, 

lmposil (i) and an adjacent process of DE-3 filled with HRP (hrp). A second, none of these tests can distinguish between a monosynaptic con- 

smaller HRP-labeled process is also visible in the lower half of the micrograph. nection and a polysynaptic pathway which includes either an elec- 
Scale bar, 0.2 pm. trically coupled Interneuron or an interneuron which uses graded 

release of neurotransmrtter (Berry and Pentreath, 1976). That this is 
more than an academtc Issue has been documented recently by 

motor neurons can account for no more than 50% of the synaptic the demonstratron of an electrically coupled interneuron between 
transmission. two neurons that appeared, from rigorous physiological tests, to be 

Na+-free saline. Bathing ganglia In sodium-free saline (in which directly connected (Muller and Scott, 1981). 
sodium chloride was replaced with Tris-HCI) also eliminated impulses In addition, there are other functronal interactrons for which there 
In the motor neurons. In normal saline, motor neurons typically had are no physrologrcal means for determining conclusively the drrect- 
resting potentials of 40 to 50 mV. In Tns-HCI saline, the membrane ness of a connectron. This IS particularly true when the presynaptrc 
potenttal hyperpolarized by 5 to 25 mV (Fig. 13A). This hyperpolan- neuron of concern uses, prrmarrly or entirely, graded release of 
zatron occurred rapidly and was completely reversible. It was ob- neurotransmrtter (Burrows and Sregler, 1978). A similar and perhaps 
served in every identified cell type tested, including sensory neurons, more general problem occurs for connections in which the impulse- 
motor neurons, and interneurons. Along with the increase in mem- evoked PSPs occur too far from the postsynaptic recording electrode 
brane potentral, impulse activity ceased in all motor neurons, both to be detected as rndrvidual events. In fact, our attempts to analyze 
as recorded from the somata and in the extracellular recordings the connectrons of the inhibitory to excitatory longitudinal muscle 
obtarned from axons in peripheral nerves. Furthermore, cells could motor neurons In leech appear to be complicated by a combination 
not be caused to fire impulses by injectron of even large depolarizing of these two factors. Measurements of synaptic latency Indicate that 
currents. the connectrons are probably direct. This is true whether the meas- 

Current pulses were injected into DI-I in preparatrons bathed in urements are made between VI-2 impulses and the IPSPs which 
sodium-free saline to assess the efficacy of synaptic transmission in they elrcrt In VE-4, or between the onset of presynaptic voltage 
the absence of nerve impulses. As Illustrated rn Figure 13B-2, the changes In VI-2 or DI-I caused by square-pulse current injection and 
time course of the hyperpolarizatrons induced in DE-3 by these the onset of the resultant postsynaptic voltage change in VE-4 or 
current pulses IS slowed, and greater presynaptrc currents are DE-3. In addrtron, the efficacy of the connections (judging from the 
required to achieve a given level of hyperpolarization in the postsyn- transmrssron coefficients which we measured between DI-I and DE- 
aptrc neuron. The apparent decrease In the strength of the interaction 3 and between VI-2 and VE-4) suggest direct connections. However, 
may be attributable to the 15-mV hyperpolarizatron induced in the the four polysynaptrc pathways shown schematically in Figure 15 
motor neurons by the Tns-HCI saline solution, whrch brings DE-3 also potentrally account for the short-latency inhibition between 
closer to the reversal potential for the postsynaptic inhibitory re- rnhrbrtory and excitatory motor neurons provided that the connec- 
sponse. Nevertheless, these experiments show unequivocally that tions were strong. 
the DI-I to DE-3 interaction can occur without nerve impulses. Despite the one-to-one relationship between VI-2 impulses and 

H/gh Ca”+/high Mg2+ saline. Ganglia were bathed in 20 mM Ca” VE-4 IPSPs, the physiological tests for monosynaptrcity described 
10 mtvt Mg2+ saline in order to raise the threshold for impulse above for Impulse-generating neurons are inconclusive. For example, 
generation. This resulted in suppressron of ongoing firing in all the elevated drvalent cation test for monosynapticity IS not definitive 
neurons In the ganglron. The motor neurons were still capable of because the Increased concentration of calcium ions also increases 
generating Impulses when stimulated, but only at abnormally high transmitter release. The depolarization used to elicit presynaptic 
levels of depolarization. Low intensities of current (e.g., 0.2 to 0.5 impulses from VI-2 under these conditions seems to cause a larger 
nA) injected into the inhibitory motor neurons resulted in substantial than usual amount of graded transmitter release, during which an 
depolarizatrons but very few impulses. Because impulse activity in Impulse-evoked IPSP becomes undetectable (Fig. 14). 
other neurons was suppressed, the impulses of a stimulated inhibr- Because the rnhrbrtory to excitatory motor neuron connections 
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figure 72. Relatronshrp between presynaptic membrane potentral depolarization of VI-2 (caused by current injection) and postsynaptrc hyperpolarizing 

responses In VE-4 before (0) and after (0) elrmrnatron of the impulse-generating regron of the axon of VI-2. The axon of VI-2 was punched off proximal to 
the Impulse-generatrng regron using a forceps between the trmes that data for these two curves were obtained. 

remain functional in sodium-free saline, not only can it be concluded 
that graded transmitter release occurs from the inhibitors, but also, 
with regard to the directness of the connections, it can be concluded 
that: (7 ) there are no intermediate impulse-generating neurons be- 
tween the inhibitors and excitors (unless they use calcium impulses), 
and (2) there are no excitatory chemical synapses involving in- 
creased sodium conductance excitatory PSPs anywhere in the 
pathway, such as might be required for putative pathways A and 5 
of Figure 15. 

Anafomy. One means available for distinguishing between a 
monosynaptic connection and a polysynaptic pathway which in- 
cludes an unidentified intercalated, electrically coupled neuron (Fig. 
15, C and D) is through the use of anatomical methods. A prime 
example of the success of this approach has been provided by 
Muller and Scott (1981) who revealed a physiologically undetecta- 
ble, electrically coupled interneuron between two neurons thought 
to be monosynaptically connected (the T cell and the S cell in 
leeches). They observed the coupling interneuron after it filled with 
Lucifer Yellow which had been injected into the S cell. Furthermore, 
by filling both T and S cells simultaneously with HRP, they demon- 
strated that no monosynaptic connections were possible between 

T and S cells because the two neurons were not in contact with one 
another. 

The light microscopy evidence which we have obtaned is con- 
sistent with the hypothesis that the short-latency connections be- 
tween DI- and DE-3 and between VI-2 and VE-4 are monosynaptrc. 
Both pairs of cells were examined at the light microscope level, 
which revealed close appositions between processes of the inhibi- 
tory and excitatory motor neurons in both cases. At the ultrastructural 
level, examination of the anatomical relationship between DI-1 and 
DE-3 revealed many processes of the two cells in direct contact 
with one another. However, we have not located any examples of 
contacts whrch strictly fulfill all of the ultrastructural criteria generally 
accepted as identifyrng features of leech synapses (Muller, 1979). 
This could be due in part to the disruption of vesicles by the 
presynaptic marker, Imposil, which may have precluded our recog- 
nition of some actual sites of synaptic contact. However, it is our 
impression that, although adjacent processes are quite common 
between DI-I and DE-3, the actual sites of synaptic specializations 
between these two neurons, if they exist, must be quite small. This 
has been shown to be so for Aplysia sensory neurons in which the 
synaptic active zones were found, by electron microscopic serial 
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Figure 73. Synaptic transmission in sodium-free saline. A, Simultaneous recordings from DI-1 and a dorsal posterior peripheral nerve (DP). At the time 

lndlcated by the left end of the first arrow, the bathing solution was changed from normal saline to sodium-free saline (Tris-HCI). This saline change caused 
a rapld hyperpolarization in DI-1 and brought about a cessation of recorded nerve Impulses in the DP nerve. At the time indicated by the left end of the 
second arrow, the preparation was perfused with normal saline. The presence of normal saline caused the cell membrane potential to return rapidly to its 
control level. Impulse activity returned in the DP nerve with a slight delay (not shown). B. Synaptic transmission in sodium-free saline. Current pulses injected 
into DI-l(L) (lower trace) continued to evoke DE-3(L) hyperpolarizations (upper trace) in Tris-HCI saline (B-2), although the synaptic potentials are smaller 
than In the controls (B-7). Two minutes of the record were excised at the gap in the traces of A. 

sections, to occupy only a small area of the synaptic terminals 
(Bailey et al., 1981). Such serial sectioning of leech ganglia, however, 

We have attempted, for the first time, to intracellularly inject 
neurons with Imposil, a solution of iron particles, which can be 

revealed only a few possible synaptic specializations between the distinguished in electron micrographs and thus be used as a second 
heart pattern-generating interneurons and the heart excitatory motor cellular marker in conjunction with HRP (Olsson and Kristensson, 
neurons (L. Tolbert, personal communication), which according to 
other criteria, were judged to be monosynaptically connected (Cal- 

1978). It is a great advantage that lmposil can be intracellularly 

abrese, 1977). It is possible, therefore, that leech synapses are 
injected using the same procedure of pressure injection as for HRP. 
However, there are three limitations on the use of this marker. First, 

structurally different or less defined than vertebrate synapses, and although histochemical techniques exist to reveal the lmposil in 
thus more difficult to distinguish. whole mounts (Olsson and Kristensson, 1978; Nguyen-Legros et al., 
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figure 14. Inhibition of VE-4 (top trace) by the contralateral VI-2 in 20 mM Mg *+ 10 mM Ca2+ saline. Impulses in the axons of the two motor neurons , 

appear in the extracellular recording from the posterior posterior peripheral nerve (Pf) (lower trace). The high Ca*‘/high Mg2+ saline raises the firing threshold 
of the cells. (VE-4 is continuously depolarized by current injection.) VI-2 is depolarized for 2 set by injecting 0.5 nA of current. This resulted in a substantial 
DC shift in VI-2 membrane potential but only one impulse occurred (indicated in the intracellular record by an asterisk). The hyperpolarizing response in VE- 
4 follows the time course of the depolarization of VI-2, commencing before any VI-2 action potentials occur. 

1980), they are incompatible with the preparation of the tissue for 
electron microscopy. Thus, the success of an intracellular injection 
with this marker cannot be judged in the whole mount prior to 
preparation for electron microscopy, as can be done with HRP. 
Second, lmposil may cause disruption of intracellular organelles, 
such as vesicles. Third, unlike the enzyme HRP, which produces 
many molecules of electron-dense reaction product resulting in a 
dark, homogeneously distributed stain, each lmposil particle pro- 
duces a single image so that this marker is not as easily detected 
as the reaction product of HRP. Thus, the detection of lmposil in 
thin sections requires scanning at relatively high magnifications (X 
10,000 to x 15,000). However, since we were searching for adjacent 
HRP- and Imposil-filled processes, sections were scanned first at 
low magnification for HRP-filled processes and then examined further 
for Imposil-filled processes. This method of scanning proved quite 
satisfactory for our purposes. 

Non-impulse-mediated synaptic transmission. In many types of 
neurons the propagation of regenerative impulses is the means by 
which information received by the neuron is transferred along cable- 
like processes (the axons) to presynaptic terminals. Impulses are 
required because the analogue signals are effective only over rela- 
tively short distances. In neurons that do not generate impulses, 
chemical synaptic transmission can occur only by way of graded 
release of neurotransmitter. Although a few primary or secondary 
sensory neurons have cable properties (such as large diameters 
and high membrane resistances) which allow passive spread of 
analogue signals over relatively long distances (e.g., loannides and 
Walcott, 1971; Shaw, 1972) most non-spiking neurons are local 
interneurons which transfer information over short distances (e.g., 
Werblin and Dowling, 1969; Pearson and Fourtner 1975; Burrows 

and Siegler, 1978). In the lobster, central interactions between motor 
neurons are involved in the generation of patterned motor output 
from the stomatogastric ganglion. Although these motor neurons 
generate impulses, it appears that graded release of neurotransmitter 
plays a major role in the central interactions of pattern generation, 
and that the predominant function of the impulses is to mediate 
transmitter release from the peripheral terminals at the neuromuscular 
junctions (Raper, 1979; Graubard et al., 1983). 

All three methods used,in this study to block impulse production 
also affect synaptic transmission. Removing the impulse-generating 
portion of the inhibitory motor neuron by crushing the appropriate 
nerve at the edge of the ganglion may also eliminate some of the 
synaptic region of the motor neurons. Furthermore, this procedure 
increases the input resistance of both the pre- and postsynaptic 
neurons since the entire axon distal to the crush (a current sink) is 
effectively eliminated from both cells. The loss of some of the 
synaptic region following the crush would be likely to result in an 
underestimate of the efficacy of transmission without impulses, 
whereas the increased input resistance would result in an overesti- 
mate. Sodium-free saline also reduces the efficacy of synaptic 
interactions. In large part this reduction appears to result from the 
substantial hyperpolarizations associated with the use of sodium- 
free saline in the leech. High Ca2+/high Mg2+ saline potentiates 
synaptic transmission above normal, presumably because the Ca2’ 
concentration is IO times higher than normal and twice that of the 
Mg2+ concentration, whereas usually the concentrations are equal. 
This may result in an overestimate of the efficacy of impulse- 
independent transmission. For these reasons, we cannot determine 
the quantitative contribution of graded versus impulse-medidated 
transmitter release between inhibitors and excitors, but we can 
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Figure 7.5 SchematIc representatfon of four polysynaptic pathways which 
could appear by all avallable physlologlcal tests as monosynaptic connec- 
tlons between neurons I and Il. Symbols for connecttons are: -1, excitatory 
chemical; -o inhibitory; +, electrical St/pp/ing indicates neurons which 
release neurotransmltter as a graded function of membrane potential. Path- 
ways C and D would appear to be monosynaptic even if I’ were an Impulse- 
generatlng neuron. 

conclude that under three different experimental conditions synaptic 

transmission does occur in the absence of impulses. 
The function of connections among motor neurons. In leeches, 

the body undulations of swimming result from alternating conbac- 

tlons of the segmentally iterated dorsal and ventral longitudinal 
muscles of the body wall. These alternating muscle contrations are 
caused by antiphasic bursts of impulses in DES and VEs. In addition, 
inhibitory motor neuron bursts are interposed between the excitatory 
motor neuron bursts in the sequence: DE-DI-VE-VI-DE-DI-VE-VI (Kris- 
tan and Weeks, 1983). These bursts of impulses arise from mem- 
brane potential oscillations in the motor neurons which are driven by 

the activity of central pattern-generating neurons. Excitatory motor 
neurons receive phasic excitation and inhibition from the pattern- 
generating interneurons (Friesen et al., 1978; Poon et al., 1978; 
Weeks, 1982). In addition, preliminary evidence indicates that the 
inhibitory motor neurons increase the amplitude of the oscillations in 
the excitatory motor neurons by providing inhibition which occurs 
antiphasically to the excitation from pattern generators (6. Granzow, 
manuscript in preparation). This inhibitory modification of the pattern 
generator-produced oscillations may be important in determining 
excitatory motor neuron burst characteristics such as duration or 
intensity. This remains to be tested. 

The electrical coupling between the dorsal and ventral inhibitors 
is enigmatic only if one attempts to consider a role for it in the 
swimming behavior. Since these two motor neuron groups oscillate 
out of phase with one another during swimming, the indirect inhibitory 
effects on excitatory motor neurons which result from this electrical 
coupling would not be expressed. However, during other behaviors, 
the coactivatton of ventral and dorsal longitudinal inhibitors (resulting 
in the simultaneous inhibition of both ventral and dorsal longitudinal 
excitors) or the coinactivation of both classes of inhibitors (simulta- 
neously releasing both ventral and dorsal excitors from inhibition) 
would presumably be appropriate. We can speculate that the latter 
would be the case, for example, during the whole-body shortening 
phase of leech crawling, wherein there is a coactivation of the dorsal 
and ventral longitudinal muscles, whereas the former would be 
appropriate in order to terminate the shortening phase of the crawling 
behavior. 
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