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Isolated midbody ganglia of the leech Hirudo medicinalis
were surveyed for interneurons
contributing
to the dorsal
component
of the local bending reflex, i.e., to the excitation
of dorsal excitatory
motor neurons that follows stimulation
of dorsal mechanoreceptors
responsive
to pressure (P cells).
Nine types of local bending
interneuron
could be distinguished
on physiological
and morphological
grounds-8
paired and 1 unpaired
cell per ganglion.
Synaptic latencies
from sensory neurons to interneurons
were consistent
with
a direct or possibly
disynaptic
pathway.
Connections
between interneurons
appeared
to be rare and hyperpolarization of individual interneurons
during local bending produced
small but reliable
decrements
in motor neuron response,
suggesting
that multiple parallel pathways contribute
to the
behavior.
Paradoxically,
most interneurons
received
substantial inputs from ventral as well as dorsal mechanoreceptors, indicating
that interneurons
that were distinguished
by their contribution
to dorsal local bending
were, in fact,
active in ventral and lateral bends as well. The capacity to
detect a particular
stimulus and produce
the appropriate
response
cannot be localized
to particular
types of interneuron; rather, it appears to be a distributed
property of the
entire local bending network.

In responseto a moderate mechanical stimulus to the dorsal,
ventral, or lateral midbody surface, the leech withdraws from
the site of stimulation, a responsecalled local bending (Kristan
et al., 1982). The sensory cells (T and P cells) mediating the
reflex respond either singly or in combination. The previous
paper (Lockery and Kristan, 1990) showedthat singleor paired
dorsal, ventral, and lateral P cell stimulation produced unique
patterns of excitation and inhibition in the motor neuronsthat
accountedfor appropriate local bending responses.Input to the
local bending motor neurons is polysynaptic (Kristan, 1982),
suggestingthat interneurons play an essentialrole in transformation of sensoryinput to motor output patterns. In one model
to explain the 3 types of local bending behavior, individual
intemeurons are dedicated to detecting activity of particular P
cell pairs and commanding the associatedmotor neuron responses.In a secondmodel, these 2 functions are distributed

acrossmany intemeurons which participate in the detection of
more than one P cell pair and the production of several motor
patterns.
To distinguish between the dedicated and distributed processingmodels,we searchedfor local bending intemeurons and
examined their input and output connections. In particular, we
sought dorsal local bending intemeurons (dorsal LBIs), that is,
intemeuronscontributing to the excitation ofdorsal longitudinal
musclesproduced by excitation of dorsal P cells (PDs). Nine
types of interneuron were identified. Hyperpolarization of individual intemeuronsduring sensorystimulation producedsmall
decrementsin the local bending response,indicating that many
intemeuronscontributed simultaneouslyto motor output. With
a singleexception, all interneurons received input from ventral
as well as dorsal P cells. This suggestedthat the local bending
network forms a distributed representation of sensory input;
moreover, becausethey received ventral input, dorsalLBIs were
also active during lateral and ventral local bending, suggesting
that each interneuron contributes to multiple behaviors in a
functionally distributed system.
Materials and Methods
Physiology
Animals, preparation of ganglia, and electrophysiological recording
techniques were as described previously (Stuart, 1970; Kristan et al.,
1974; Ort et al., 1974; Lockery and Kristan, 1990). Intracellular and
extracellular recordings were made from single midbody ganglia (ganglion 8, 9, or 10) with the glial sheath removed. The large somata of
sensory cells and other neurons of the anterior-lateral glial packets were
sometimes excised to improve access to the smaller somata of the intemeurons. Penetration of intemeurons resulted in an increase in extracellularly recorded motor neuron activity, probably due to injury of
the interneuron. Therefore, intemeurons were returned approximately
to resting potential by injecting hyperpolarizing current until spontaneous motor neuron activity returned to prepenetration levels. In some
experiments, the P cell was stimulated extracellulary by a suction electrode fixed to a patch of body wall (Kristan, 1982); otherwise, intracellular stimulation was used. The class of dorsal excitatory motor neu-

rons(DES)wasrepresented
by cell 3 or cell 107;of dorsalinhibitory
motor neurons (DIs) by cell 1; of ventral excitatory motor neurons (VEs)
by cell 4; of ventral inhibitory motor neurons (VIs) by cell 2 (Muller et
al., 198 1). Data were recorded on FM tape (Crown-Vetter, model A) or
digitized (Apple II, ISAAC interface) and stored on disk.
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To measure synaptic latency from a sensory neuron to an intemeuron,
the sensory cell was activated by a brief current pulse that elicited a
single action potential. The oscilloscope, triggered to the stimulus, was
photographed, and the latency was measured from the peak of the
sensory cell action potential to the onset of the synaptic potential. Several sweeps were superimposed to ensure a reliable measurement.
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Figure 1. Identification ofdorsal local
bending intemeurons (LBls). A, Preparation. The dorsal excitatory motor
neuron (cell 3) was recorded extracellularly in the dorsal posterior(W) nerve.
Intracellular recordings were made from
intemeurons (IN) and the dorsal pressure cell (PQ. B-C, Criteria for identification. Intemeurons that caused cell
3 action potentials when depolarized(B)
and received an excitatory postsynaptic
potential from trains of PD impulses
(c) were considered dorsal LBIs.
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Connections between interneurons

Terminology

Pairwise interneuron recordings were made, and each cell in turn was
first depolarized then hyperpolarized by current injection. The current
pulse was adjusted to an amplitude that was approximately 15% greater
than that which produced a moderate response in cell 3 when the current
was depolarizing. To compensate for the fact that interneuron recordings
sometimes deteriorated rapidly, results (positive or negative) were accepted only for cases in which the “presynaptic” cell, when depolarized,
caused cell 3 to fire, demonstrating that it was still synaptically efficacious.

“Ipsilateral” and “contralateral” were defined with respect to locations
of cell somata, except in the case of motomeurons, where these terms
are defined with respect to the location of the field of innervation.

Necessitytests

Results
Isolated midbody ganglia were searchedfor interneurons contributing to the dorsal component of dorsal local bending, that
is, to contraction of dorsal longitudinal musclesfollowing activation of PDs. Thus, ganglia were surveyed for interneurons
that (1) causedimpulsesin an excitor of DE (cell 3), and (2)
were excited by trains of impulsesin PDs sufficient to evoke
local bending (Fig. 1). Cells that met both criteria were considered dorsal LBIs.

The criteria for identifying an LB1 indicated that the input and output
connections of a given intemeuron are sufficient to contribute to motor
output, but they do not demonstrate that the intemeuron makes a necessary contribution to motor output. Therefore, 2 types of necessity tests
were performed: one with extracellular recording of motor neuron activity, and the other with intracellular recording.
ExtruceNu/ur. Following identification of a dorsal LBI, the ipsilateral
P cell with a dorsal receptive field was stimulated extracellularly with
a (0.5 set) train of impulses (at 10 Hz) which was always sufficient to
evoke local bending. In order to minimize the effect of habituation, an
alternating, A-B design was used in which the intemeuron was hyperpolarized (1.3-4.0 nA) on A trials and not hyperpolarized on B trials.
Comparisons were made between successive A and B trials. Intertrial
intervals were 10-30 sec. Every 5-10 trials, the intemeuron was depolarized to determine whether it was still able to fire cell 3. Each
necessity test lasted until the intemeuron could no longer fire cell 3
(usually less than 20 trials). Cell 3 impulses were counted in a window
O-4.5 set from the end of the train, as it was not always possible to
distinguish cell 3 impulses during the train itself, because of stimulus
artifacts and activity of other neurons. Data from the ipsi- and contralateral DP nerve were pooled since depolarization of all intemeurons
studied increased cell 3 activity on both sides of the ganglion. A cell
was considered to make a necessary contribution to the motor neuron
response if there were significantly fewer PD-evoked motor neuron impulses on hyperpolarized trials than on the immediately succeeding
nonhyperpolarized trials.
Intracellular. A similar A-B design was used, except that the motor
neuron was recorded intracellularly, the P cell induced synaptic potentials digitized (at 0.25 kHz) and the signals averaged. Separate averages
were obtained for hyperpolarized and nonhyperpolarized trials. A cell
was considered to make a necessary contribution to the postsynaptic
response if the average synaptic potential in the motor neuron was
greater on nonhyperpolarized
trials, as judged by subtraction of the
averaged records.

Statistics
Averages are means & SEM. Significance in necessity tests was assessed
using a t-test for related measures on the data from pairs of A and B
trials.

Table 1. Amplitude of action potentials and P cell induced synaptic
potentials in local bending interneurons
Cell

Action potential
mean (mV)

Synaptic potential
mean (mV)

115
125
157
159
161
162
169
212
218

1.43
1.74
4.49
0.85
0.88
6.68
0.77
2.40
0.70

3.84
4.57
2.39
2.03
1.97
4.00
2.05
6.37
7.84

Data

*
+
f
f
+
+
k
f
f

0.14
0.35
0.39
0.12
0.17
0.83
0.08
0.43
0.30

were obtained in 5 to 37 cells.

f 0.50
* 1.11
k 0.22
k 0.35
k 0.16
f 0.47
f 0.32
f 1.61
-+ 0.13
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Figure 2. Physiological properties of
local bending intemeurons. Within each
panel, the top trace shows the response
of the interneuron to the single PD action potential shown in the second trace.
The third trace shows the response to
the train of PD impulses shown in the
fourth trace. In some traces, 2 or 3
sweeps (several seconds apart) are superimposed to show the extent to which
latencies were consistent. Vertical calibration: first and third traces, 10 mV
(third trace, cell 115, 20 mV); second
and fourth traces, 100 mV. Horizontal
calibration: first and third traces, 20
msec; second and fourth traces, 400
msec.
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Identification of dorsal LBIs
The position and soma size of each dorsal LB1 found was recorded on a map of the ganglion. After the entire surfaceof the
ganglion was surveyed, one dorsal LB1 was reimpaled, filled
with the fluorescentdye Lucifer yellow, and drawn usingcamera
lucida. A survey of 73 ganglia yielded a population of 235 cells
that qualified as dorsal LBIs. Cells of similar soma size, physiological properties (Fig. 2), and dendritic morphology (Fig. 3)
were regularly found in similar locations from one preparation
to the next (Fig. 4). There appearedto be only a single representative of eachtype of cell within each ventral or dorsal hemiganglion since, on a given side of the preparation, we never
recorded from cells that were indistinguishable. Most dorsal
LBIs appearedto be bilaterally paired because,with one exception, we regularly found cells of similar size and physiological
properties at equivalent locations on both sidesof the midline.
From thesecomparisonswe concluded that there were 9 types
of dorsal LBI: 7 on the ventral surfaceof the ganglion and 2 on
the dorsal surface. Eight types occurred as bilateral pairs and
the ninth (cell 2 18)wasunpaired. Thus, eachganglioncontained
17 dorsal LBIs.
Commonfeatures of dorsal LBIs
No nonspiking interneurons were found, though spikestended
to be small (< l-7 mV, Table l), suggestingthat the soma did

not contain active membrane,a common feature of invertebrate
interneurons(Selverstonet al., 1976;Sussweinand Byrne, 1988)
including most in the leech(Thompson and Stent, 1976;Weeks,
1982; Nusbaum et al., 1987). Unitary PSPs,defined assynaptic
potentials produced by a single P cell impulse, ranged from 2
to 8 mV, and occurred with a short, fixed latency (e.g., Fig. 2,
cell 115). Action potentials in the dorsal LBIs did not appear
to be necessaryfor producing an effect on cell 3: the effect on
cell 3 wasapparent even with small current injections that were
below spike threshold in the interneuron and in pair-wiserecordings we never saw unitary EPSPsin cell 3 correlated with
spikes in the intemeuron. Depolarization of dorsal LBIs produced a responsein both the ipsi- and contralateral cell 3, but
the effect was generally strongestipsilateral to the interneuron.
Each type of dorsal LB1 had at least one axon in the anterior
or posterior connective.
Distinguishing characteristicsof dorsal LBIs
The identified neurons differed in the size and shapeof their
action potentials and in the amplitude and rate of riseof synaptic
potentials associatedwith stimulation of single PD impulses
(Fig. 2; Table 1). The synaptic potential produced by trains of
PD impulseswas also a distinguishingfeature; the responseof
some intemeurons (e.g., cell 125) had a rapid and slow component, while the responseof other intemeurons showedonly
the rapid (e.g., cell 2 18) or only the slow (cell 159)component.
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Figure 3. Morphology of local bending interneurons. Camera lucida drawings were made from whole mounts of cells injected ionophoretically
with Lucifer yellow. Identifying numbers were assigned according to the most common location of their cell body on a standard map of the ganglion
(see Fig. 4).

The identified neurons also differed in morphological features
(Fig. 3), including the size and position of somata, the density
of dendritic arborization, and the number of axons projecting
into the interganglionic connectives. Details of the particular
distinguishingcharacteristicsof the 9 types of LB1 are given in
the Appendix.
Latenciesof interneurons and motor neurons
Previous

studies using extracellular

stimulation

of PD found

that synaptic potentials arrived at the dorsal motor neurons with
a delay that suggestedthere was a short, possibly disynaptic
pathway from sensorycell to motor neuron (Kristan, 1982). To
confirm and extend this result using intracellular stimulation,
the latency of synaptic potentials in each type of intemeuron,
and, for comparison, several types of motor neuron, were de-

termined (Fig. 5). Intemeurons fell into 3 groupsbasedon similar latencies: a short-latency group (cell 218 only; mean, 0.8
msec),an intermediate-latency group (cells 125, 161, 162, and
2 12; mean, 2.8 msec), and long-latency group (cells 115, 157,
159, and 169;mean, 5.5 msec).Motor neuronsfell into 2 groups:
a short-latency group whose latencieswere approximately the
sameasthe long-latency group of intemeurons(contralateral VI
and ipsilateral DE; mean, 6.5 msec),and a long-latency group
with latencies substantially

longer than those of any intemeuron

(ipsilateral VE, VI, and DI; mean, 10.8 msec).
Connectionsbetweeninterneurons
To determine whether serialconnectionsexist in the local bending circuit, pairwise recordings were made from intemeurons
in different latency groups (Table 2). Connections were tested
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Figure 4. Locations of identified local
bending intemeurons. A, Ventral aspect
of a midbody ganglion. B, Dorsal aspect. Arrows indicate the left member
of each bilateral pair of intemeurons.
Cell 2 18 is an unpaired cell. Dotted lines
indicate margins of glial packets.

first in the “forward” direction, that is, by depolarizing the cell
with the shorter latency. For completeness,connections were
then testedin the “backward” direction by injecting current into
the other cell. In a smaller number of cases,recordings were
made from intemeurons in the samelatency group to examine
the possibility of lateral connections.

Anterior

\

/

1OOpm

The 17 dorsal LBIs in a ganglion yield 136 different possible
connections, allowing for both forward and backward connections and compensatingfor bilateral symmetry and the unpaired
cell (218). Becauseof the difficulties in identifying particular
interneuron pairs in the samepreparation, and the difficulty of
recording simultaneously from the dorsal and ventral surface
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Table 2. Tests of connections between local bending interneurons
218
162
161

Presynaptic cell

Postsynaptic cell

Short
218~

115
169
159

218~
218~
Short
218u
218~

No
No

212

218~

No

Long
157
157

Intermediate
161i

No

1

169

162i
162i

No
No

4
1

Intermediate
161
162
Long
157
169
115

Intermediate
162i
161i
Long
157c
159c
115c

No
No

1
1

No
No
Yes

1
1

212
125

157
WC)

..

DE(i)
Dl(i)

k+
4

VE(i)
VI I‘i,
I
0

2

0 ’

I 1 ’
4

I

p ’

6

Latency

I

8 1 I
10

6

- r

(ms)

Figure 5. Latency from PD to each intemeuron and several longitudinal muscle motor neurons. Intemeurons were ipsilateral to PD; motor
neurons were ipsilateral or contralateral as indicated (c, contralateral;
i, ipsilateral). White barsindicate excitatory responses; black bars indicate inhibitory responses. Classification into short, intermediate, and
long latency groups is explained in the text.

of the ganglion, we did not examine all possibleconnections.
Thirty-three pairwise recordingswere made in which a total of
20 different possibleconnections were tested. Table 2 lists by
latency group all the connectionsthat were tested,together with
the number of replications of eachtest in different preparations.
A weak but reliable connection was found betweenthe left and
right cell 115 (Fig. 6) which appeared to be linked by a nonrectifying electrical junction since a small amount of current
passedfrom one cell to the other in either direction. No other
pairs tested revealed detectable connections.
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-
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Figure 6. Connection between left and right cells 115 in the same
ganglion. Depolarizing, then hyperpolarizing current passed from the
right cell 115 to the left (top two rows), and from the left cell 115 to the
right (bottom two rows). Current pulses were k2.6 nA. Low gain traces
were clipped by the recording apparatus.

Connection

n

Intermediate
161

No

218~

162

No

2
3

218~

212

No

1

Short
218~
218~
Intermediate
161
162
Intermediate
161
162
Long
157
159

Long
157
159
Long
157i
157i

No
No

3

No
No

3

1

1

ShOti

No
No

1
1
1
3
1

2

Pairwise intracellular
recordings were made of interneurons
from the same or
different latency groups (short, intermediate,
or long). Connections were tested by
injecting
current
into one cell (presynaptic)
and recording
from the
other (postsynaptic).
Pairs were considered unconnected in the direction tested if
no postsynaptic response was seen. Some connections were tested more than once.
c, contralateral;
i, ipsilateral; a, unpaired.

Extracellular and intracellular testsof the necessityof dorsal
LBIs for motor neuron responses
responsiblefor local bending
To perform the extracellular tests for necessity,individual interneuronswerehyperpolarized on alternate trials of P cell stimulation, and the burst of P cell evoked cell 3 action potentials
usedas a measureof behavior. Three successivetrials of such
an experiment, performed on cell 2 18, are shown in Figure 7A.
P cell stimulation evoked fewer cell 3 impulseswhen cell 2 18
was held hyperpolarized. In 6 of 8 experiments, hyperpolarization of cell 2 18 significantly reducedthe number cell 3 impulses
(Table 3). The average(statistically significant) reduction in the
number of cell 3 impulseswas 33.5%.
The resultsof hyperpolarizing intemeurons from other latency groups are compared with the data on cell 2 18 in Table 3.
Each of the 9 types of interneuron was tested at least once. Of
the dorsal LBIs on the ventral surface, at least one exemplar
from each latency group appeared to make a contribution to
cell 3 responses.However, hyperpolarizing any of these cells
produced a smaller effect than did hyperpolarizing cell 2 18. No
single dorsal LB1 thus appeared to be responsiblefor a large
part of the cell 3 response.It is important to note that LBIs,
being small and relatively labile under recording conditions,
frequently appeared to lose their synaptic efficacy during the
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Figure 7. Effect of hyperpolarization
of local bending interneurons on the response of motor neurons to PD stimulation. A, Test of intemeuron 2 18 using extracellular recordings of motor
neuron response. Upper and lower traces
are control recordings of cell 3 action
potentials in the DP nerve. In the midd/e trace, cell 218 was hyperpolarized
by current injection. B-D, Tests of the
indicated interneurons using intracellular recordings from 2 different motor
neurons. In each panel, the top trace
(control) is the average digitized recording from a dorsal excitor ipsilateral
to the interneuron [DE(i)] during elicitation of a train of impulses in the ipsilateral PD. The time of occurrence of
each impulse is shown by an arrow. The
middle trace (hyperpolarized)
is the
same, except that the indicated interneuron was hyperpolarized. The lower
truce (difference) is the result of subtracting the middle trace from the top
trace. A positive difference indicates a
detectable excitatory contribution from
the interneuron to the postsynaptic response in the motor neuron. Control
and hyperpolarized sweeps were recorded on alternated trials. Dorsal excitors used: B, cell 3; C, cell 3; D, cell
107. Number of sweeps contributing to
each average: B, 12; C, 20; D, 6.
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A
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course of a necessity test, asjudged by their ability, upon de-

polarization, to causecell 3 to fire. To maximize our data set,
we did not exclude negative tests where synaptic efficacy was
lost, since it was not possibleto determine where in the series
of trials the lossin efficacy occurred; the necessitytest thereby
probably underestimatedthe possiblecontribution of an interneuron.
The intracellular test of necessityconsistedof comparing the
size of EPSPs in the motor neuron on trials in which the interneuron was hyperpolarized to those in which it was not. This
method, illustrated in Figure 78-D, was practical only for cells
115 and 125, the 2 dorsal LBIs found on the samesurface of
the ganglion as cell 3. The interneuron was hyperpolarized on
a!iematetrials of P cell stimulation, while stimulus-evokedEPSPs
were recorded intracellularly from cell 3. Hyperpolarization of
cell 125 produced a small but consistent reduction in the EPSP
recorded in cell 3 (Fig. 7B). The effect was most apparent at the
beginningof the synaptic potential. Thus, cell 125 appearedto
make a detectablecontribution to the excitation of cell 3 during
local bending. For cell 115, by contrast, the difference PSP was
flat, or slightly negative, suggestingthat hyperpolarizing this cell,
if anything, enhancedthe effect of P cell stimulation (Fig. 7C).

150ms

--.-.“.\ ,-..%A,.s,.‘.-- -~\,-~~-^x--.,..,~
A A A A A A

-I
15Oms

5.0 mV

motor neuron similar to cell 3 (cell 107 usually lies near the
lateral margin of the dorsal surface of the ganglion but occasionally appearson the ventral surface),allowing an intracellular
necessitytest on a third dorsal LBI, cell 218 (Fig. 70). As with
cell 125, hyperpolarization produced a small but consistentreduction in the initial phaseof the motor neuron synaptic potential.

This result is complicated
by the fact that hyperpolarization
of
cell 115 (2-3 nA) causeda small (l-3 mV) hyperpolarization

Inputs to local bending interneuronsfrom other P cells
Pairwise intracellular recordingswere obtained between an interneuron and each of the 4 P cells. P cells were stimulated
intracellularly (1 Hz, 0.5 set), and the postsynaptic response
recorded in the interneuron. A typical set of recordingsfrom a
singleinterneuron is shownin Figure 8A; the responseassociated
with a particular P cell is located in the quadrant of the diagram
that correspondsto the quadrant of body surfaceinnervated by
that Pcell. Responses
were quantified aspeaksynaptic potential
and resultsfrom at least 3 preparations were averagedfor each
P cell-interneuron pair (Fig. 8B). All responseswere excitatory,
with the largest responseusually from the PD with its soma
ipsilateral to the soma of the interneuron. Each intemeuron,
except cell 161, received substantialinputs from ventral aswell
as dorsal P cells, and most intemeurons received substantial
inputs from all 4 P cells.

of cell 3. This level of hyperpolarization, when produced by
current injection directly into the soma of cell 3, caused the P
cell-induced synaptic potential to increasein height. Thus, the
apparent increasein PSP height on trials in which cell 115 was
hyperpolarized may have been due to the hyperpolarization of
cell 3. In favorable circumstances,it was possible to obtain
pairwiserecordingsof cell 2 18 and cell 107, a dorsal excitatory

Connectionsfrom interneurons to motor neurons
Individual dorsal LBIs were impaled and depolarizedby current
injection, while recordings were made from each of 8 longitudinal motor neurons (Fig. 9, upper panels).The recording from
eachmotor neuron is shownin the quadrant of the diagram that
correspondsto the quadrant of body surfaceinnervated by that
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Number
tested
8

7
4

Significant reduction in
number of action potentials
Mean percent
Number
reduction
6
2
1

33.51
19.47
24.49

* 6.61
+ 0.78

LBIs were hyperpolarized
on alternate trials of PD stimulation
and pairwise
comparisons made (&test, repeated measures) between the number of PD-elicited
action potentials
on nonhyperpolarized
and the immediately
preceding
hyperpolarized
trials. Hyperpolarization
significantly reduced the number of action
potentials in a subset ofthe LBIs tested in each latency group. The average percent
reduction in number of action potentials is given for these LBls.

responseto sensory stimulation and LB1 depolarization were
not in agreement(i.e., the contralateral DI and the ipsilateral
VI), the synaptic potentials produced by sensory input were
small.
Connectionsbetweenmotor neurons
The 8 types oflongitudinal motor neuronscontributing to dorsal
bendingare highly interconnected(Stuart, 1970;Ort et al., 1974;
Granzow et al., 1985; Friesen, 1989). It is possibletherefore
that someof the coordination of motor neuron excitation and
inhibition is attributable to these connections, rather than to
inputs from the intemeuronsthemselves.For example,the strong
inhibitory connections from inhibitors to excitors of the same
quadrant may be responsiblefor someof the inhibition of excitors when one of the P cellsis stimulated. To determine whether
this was the case,pairwise intracellular recordings were made
from the ventral excitor cell 4 and its ipsilateral inhibitor cell
2 (Fig. 10.4).PD wasthen stimulated (10 Hz, 0.5 set) with and,
on alternate trials, without strong hyperpolarization of the inhibitor. Subtraction of the average with- and without-hyperpolarization responsesshowedthat hyperpolarization of the inhibitor removed all of the inhibition, revealing an underlying
excitatory responsein the excitor. The sameresults were obtained for the dorsal excitor cell 3 and its ipsilateral inhibitor
cell 1 when PV was stimulated (Fig. 10B).
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Table 3. Effect of hyperpolarizing interneurons from different
latency groups on the extracellularly recorded response to PD
stimulation
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Figure
8. Inputs to intemeurons from each P cell. A, Intracellular
recording of cell 212 in response to trains of P cell impulses. Each
recording is shown in the quadrant location corresponding to the field
of innervation of the stimulated P cell. B, Average peak synaptic potential from at least 3 experiments (like the one in A) for the indicated
intemeuron.

motor neuron. Within quadrants, excitors are shownon the left,
inhibitors on the right.
In determining interneuron-motor neuron connections, we
were again limited by the fact that the somata of only 2 of the
identified LBIs, cells 115 and 125, are located on the sameside
of the ganglionasthe somataof the longitudinal motor neurons.
Each dorsal LB1 tested had a detectable effect on all 8 motor
neurons.In general,there wasgood agreementbetween the pattern of excitation and inhibition produced by each interneuron
and the pattern produced excitation of PD (cf. Lockery and
Kristan, 1990,figure 4A). For cell 115,the polarity ofthe average
effect wasin agreementwith the responseof all 8 motor neurons
to PD stimulation, although there weresubstantialdiscrepancies
in amplitude. For cell 125, the polarities were in agreementin
6 of 8 motor neurons, and, aswith cell 115, there were considerable discrepanciesin amplitude. Where the polarities of the

Discussion
Contribution of dorsal LBIs to local bending motor neuron
responses
Each pattern of sensory input to the local bending reflex is
associatedwith a unique pattern of motor output (Lockery and
Kristan, 1990). As a first step in understanding how this is
achieved, we searchedthe ganglion for intemeuronswith input
and output connectionssufficient to produce dorsal local bending, that is, intemeurons that were excited by at least one PD
and in turn excited DES. Each ganglion appearedto contain 17
such interneurons. Comparison of the time course of synaptic
potentials in the intemeurons (Fig. 2) and DE (Fig. 7B-D) in
responseto a train of P cell impulsesshowsthat these interneurons can account for the motor neuron response.The responseof DE to a train of P cell impulseswascharacterized by
a seriesof unitary, summating synaptic potentials. Thesecould
beproduced by time-locked action potentials in the interneurons
or by interneurons that releasetransmitter intraganglionically
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depolarizingindividual interneurons.
Upper panels, intracellularrecordings
from eachof eighttypesof longitudinal
motor neuronin response
to depolarization(24 nA, 2.5set)ofthe indicated
interneuron.Bars at the bottom indicatethe durationof the current pulse.
Eachrecordingis shownin the quadrant locationcorresponding
to the field
of innervationof themotorneuronfrom
whichthe recordingwasmade.Within
quadrants,the response
of the excitatory motorneuronis shownon the left
andthe response
of the inhibitory motor neuronis shownon theright. Lower
panels, averagepeaksynapticpotential
from at least3 experiments
for the indicatedinterneuron.Abbreviations:E,
excitatory motor neuron;I, inhibitory
motor neuron.
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in the absenceof action potentials, a common feature of interneuronsin the leech(Thompson and Stent, 1976;Friesen, 1985;
Granzow et al., 1985)and other invertebrates (Katz and Miledi,
1967; Burrows and Siegler, 1978). In the latter case,the timelocking of unitary synaptic potentials in the motor neuron would
be the result of time-locked synaptic potentials in the interneurons in responseto each P cell impulse. Inspection of the responseof each interneuron to P cell impulse trains (Fig. 2)
suggestedthat both mechanismscould play a role; with the
exception of cell 159, action potentials were time-locked to the
P cell impulses,and all interneurons except cells 159 and 161
exhibited well-defined, time-locked synaptic potentials.
The presentset of interneurons, though sufficient in principle
to account for the time courseof excitation of DE during dorsal
local bending,cannot comprisethe entire local bending network
becauseadditional interneurons must exist to provide the inhibition of DE and excitation of VE observed in responseto
ventral and lateral stimulation (Lockery and Kristan, 1990, Fig.
5). Such interneurons were, of course, systematically excluded
by the selectioncriteria chosenin this initial study.
Necessityof dorsal LBIs for dorsal local bending
Many dorsal LBIs received substantial inputs from both PDs;
inspection of Figure 8 showsthat stimulation of a single PD
activates between 14 and 16dorsal LBIs. Thus, multiple parallel
pathways exist between sensory and interneurons. On the assumption that each pathway wasapproximately equipotent, removing a singlepath by hyperpolarizing one dorsal LB1 would
have reduced the motor neuron responseby about 7%. The
extracellular necessitytests typically produced 20-30% reductions in the number of action potentials in responseto trains of
P cell impulses for each interneuron (Table 2). However, for
technical reasons(seeMaterials and Methods), action potentials
were not counted during the P cell train, but only after it, that
is, during the tail of the synaptic potential when the motor
neuron waspresumablyreturning to thresholdand smallchanges
in membrane potential could have had a disproportionately

E

I

I
I

Tf I

5mV

largeeffect on the number of action potentials. The intracellular
necessity tests were complementary to the extracellular tests
becausethe intracellular tests primarily examined the contribution of interneurons during the P cell train itself. Hyperpolarization of individual interneurons reducedthe motor neuron
synaptic potential following the first or second,but not subsequent, P cell impulsesin the stimulus train. Taken together,the
evidence from intra- and extracellular necessitytestsindicates
that there existsa window during which hyperpolarizing current
injection is ineffective in reducing transmitter release.One possibility is that there is a lossofcontrol in the presynapticterminal
of the interneuron by the hyperpolarizing current during this
window, due to the decreasein input resistancein the interneuron associatedwith synaptic input. The maximum decrease
in input resistancewould occur during the peak of the increase
in synaptic conductance, that is, at the height of the synaptic
potential in the interneuron and therefore near the peak of the
motor neuron synaptic potential as well. An alternative possibility is that the relative contribution of the interneurons subjected to the necessitytest was reduced in the later stageof the
P cell impulse train asthe effect of other, untestedinterneurons
becamea greater proportion of the total response.Shifts in the
relative contribution of interneuronscould bedue to differential
facilitation of either sensoryto interneuron (Fig. 2) or intemeuron to motor neuron synapses,or to differencesin the number
of P cell impulsesrequired to bring someinterneurons to the
threshold for transmitter release.
The modest effect of removing individual dorsal LBIs from
the circuit is consistent with results of similar experiments in
other systemsinvolving multiple intemeuronal pathways (Jellies and Larimer, 1986; Nagayama and Hisada, 1987; Hensler,
1988; Laurent and Burrows, 1988). Nevertheless,it raisesthe
possibility that other, as yet undiscovered, interneurons contribute to the synaptic potential in DE; however, we believe this
is unlikely since we undertook an exhaustive searchof many
ganglia.Additional pathwayscould be provided by the processes
of dorsal LBIs whosesomatalie in adjacent ganglia(which were
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removed in dissection)if theseprocesseshad local P cell inputs
and motor neuron outputs. The number of pathwayspotentially
provided by adjacent ganglia is large; a singleganglion’scomplement of LBIs sendsa total of 28 axons to the interganglionic
connectives and presumably to the adjacent ganglia (Fig. 3).
Processesisolated from their somata can remain functional in
the leech (Carbonetto and Muller, 1977).
Cells 115 and 125
A summary of the input and output connections of cells 115
and 125,togetherwith previously establishedconnectionsamong
motor neurons, is shown in Figure 11. The coordinated excitation and inhibition of motor neurons produced by cells 115
and 125 might be explained by connectionsof the appropriate
sign from interneurons to motor neurons or by connections to
selectedmotor neuronstogether with lateral connectionsamong
the motor neurons themselves.For example, in the caseof cell
115, someor all of the inhibition of the ipsilateral VE is attributable to an inhibitory connection from the cell 115 to the
contralateral VE together with the electrical connection between
VEs. Similarly, for cell 125, someor all of the inhibition of the
contralateral VE by cell 125 is attributable to excitation of the
contralateral VI which inhibits VE. Indeed, lateral inhibition at
the motor neuron level appears to play an important role in
determining the responseto PD stimulation (Fig. 10). It is clear,
however, that connections between motor neurons cannot explain all aspectsof the cell 115 and 125 output patterns. For
instance,cell 115 produceslittle or no excitation of the VIs, yet
both VEs are strongly inhibited by this interneuron. Thus, it
appearsthat a mixture of interneuron-motor neuron and motor
neuron-motor neuron connections could contribute to shaping
the output patterns.
Production of local bending motor output patterns
Inspection of the input and output connectionsof cells 115 and
125suggests
that the pattern of motor output produced by stimulation of a singlePD (Lockery and Kristan, 1990, Fig. 4A) is
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Figure10. Effect of hyperpolarization
of inhibitory motor neurons on the response of excitatory motor neurons to
PD stimulation. A, Recording from VE
(ipsilateral to PD) with and without hyperpolarization of the ipsilateral VI. B,
RecordingofDE (ipsilateral to PD), with
and without hyperpolarization
of the
ipsilateral DI. In each panel, the top
truce(control) is the average digitized
recordingfrom the excitatory motor
neuron (A, cell 4; B, cell 3) during elicduration of the stimulus train (10 Hz,
0.5 set) is shown by the horizontal bar.
The middlerace(hyperpolarized) is the
same, except that the inhibitory motor

neuronthat innervatesthesamequadrantwashyperpolarized.
Thelowertrace
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(difference) is the result of subtracting
the middle trace from the top trace.
Control and hyperpolarized sweeps were
recorded on alternated trials. Number
of sweeps contributing to each average:
A, 15; B, 10. Abbreviations: c, contralateral; i, ipsilateral.

the sum of appropriate and inappropriate intemeuronal effects.
Stimulation of the left PD excites both the left and right cell
115 and the left and right cell 125. The DES and VEs receive
appropriate inputs from all 4 interneurons (i.e., excitation and
inhibition, respectively),while the inhibitors are excited by some
intemeurons and inhibited by others. For instance,the DIs receive conflicting excitatory and inhibitory inputs from the left
and right cell 125, and the left VI receives conflicting inputs
from the left cell 115 and 125. Similar conflicts must occur in
responseto paired stimulation of the left and right PD (Lockery
and Kristan, 1990, Fig. 5A) becausethis stimulation pattern
activates the same4 interneurons.
The fact that most dorsal LBIs received excitatory input from
at leastone ventral P cell (PV) meansthat motor output patterns
produced by stimulation involving ventral input are also produced by summation of appropriate and inappropriate effects.
Stimulation of a singlePV producesnet inhibition of ipsi- and
contralateral DES(Lockery and Kristan, 1990, Fig. 4B), despite
the fact that most of the dorsal LBIs, which excite DES, are
activated by this stimulus. While activation of dorsal LBIs appearsto be counterproductive in ventral local bending, it can
contribute positively to lateral local bending (the responseto
ipsilateral PD and PV stimulation), which produces net excitation of DES and inhibition of VEs on the stimulated side
(Lockery and Kristan, 1990, Fig. SC).
Latencies of interneurons and motor neurons
Previously reported monosynaptic latenciesfor intraganglionic
connections in the leech range from 2 to 4 msec(Nicholls and
Purves, 1970; Nicholls and Wallace, 1978). The shortest synaptic latenciesin motor neuronswere about 6 msec,consistent
with a disynaptic pathway from PD. Since the latency of the
intermediate group of intemeurons wasabout 3 msec,it is possible that these cells mediate the short-latency motor neuron
synaptic potentials. By contrast, it is unlikely that the longlatency group of intemeurons contributes to the initial rise of
synaptic potentials in the short-latency motor neuronssincethe
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Figure
Il.
Summary of input and
output connections of 2 local bending
intemeurons. The location of each sensory and motor neuron corresponds to
its field ofinnervation. Connections are
functional and not necessarily direct.
Lateral connections among motor neurons are also shown. The effect of depolarizing each intemeuron is indicated
by the bars inside the motor neurons.
For simplicity, connections from interneurons to motor neurons have been
omitted where the required effects could
be mediated by lateral connections
among motor neurons. Ipsilateral and
contralateral are with reference to the
soma of the intemeuron. Symbols are
given in the key. Abbreviations: E, excitatory motor neuron; I, inhibitory
motor neuron.
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Parallel and serial connectionsin the local bending network
The connectivity ofcells 115and 125,together with related data
from other interneurons,

suggests that the basic unit of the local

bending network is an element that receives inputs from left
and right, dorsal and ventral

sensory cells and has substantial

connections to left and right, excitatory and inhibitory longitudinal motor neurons. However, the present data are insufficient to determine

whether

the interneurons

are arranged

excitatory
mhibltory
electrical

I

neuronswhich reachesa peak in about 15 msec,and is tens of
millisecondsin duration.
The longestsynaptic latenciesbetweenP cellsand motor neurons were equal to approximately 3 monosynaptic latencies,
suggestinga trisynaptic pathway from PD. It is possiblethat the
long-latency group of interneurons contributes directly to the
synaptic potentials in the long-latency motor neuronssincethere
wasthe equivalent of a singlemonosynaptic delay betweenthese
groups.It is lesslikely that the intermediate group of interneurons contributes directly to the synaptic potentials of the longlatency motor neurons,sincethere appearto be 2 synaptic delays
betweenPD and thesemotor cells.However, sucha contribution
cannot be ruled out, since synaptic releasein the leech, being
often independent of action potentials (Thompson and Stent,
1976;Granzow et al., 1985),can be subjectto longerconduction
times than might otherwise
1978; Friesen, 1985).
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latenciesof these 2 groups were roughly equivalent. However,
the long-latency interneurons could still contribute to the peak
and tail of the synaptic

B Cell 125

in a

mostly parallel network or one that combinesparallel and serial
connections.
The 2 possibilitiesare distinguishedby the way in which each
accountsfor the latency from the P cell to the long-latency group
of motor neurons, as shown in Figure 12. In an exclusively
parallelcircuit with no interconnectionsamongthe intemeurons
(Fig. 124, the short and intermediate latency intemeuronswould

affect motor neurons by lateral connection among motor neurons or by direct but intrinsically slow connectionsfrom interneuronsto motor neurons(Burrows and Siegler, 1978; Friesen,
1985). Long-latency intemeurons would contribute to the prolonged motor neuron response,after the initial rising phase.By
contrast, in a mixed parallel-serial circuit (Fig. 12B), interneurons would be arranged in 2 tiers: the short- and intermediatelatency interneurons together in the first tier (sincethere do not
appearto be forward connectionsbetweenthesegroups)and the
long-latency intemeurons in the second.In this case,the longlatency motor neurons receive their inputs from other motor
neurons,

as before, or from

long-latency

intemeurons.

The 2

possibilitiesare, of course,compatible. A combination of single
and multiple intemeuronal tiers has been observed in other
systems(Hawkins et al., 1981; Jelliesand Larimer, 1985; Burrows et al., 1988).
While a uniformly parallel model is conceptually simple, it
requires

the same intemeuron

to have multiple

latencies to mo-

tor neurons.This might be possiblefor a nonspiking intemeuron
if the connections to motor neurons were mediated by dendrites
of different electronic lengths,and henceintrinsic delays,though
we have no direct evidence for this. The combined parallelserial arrangement

does not entail the same difficulty;

however,

this schemerequiresintemeuron-intemeuron connectionswhich
have not yet been found.
Feature detection and distributed processing
Analysis of the input-output relations of local bendingindicated
that the reflex can distinguish different patterns of paired P cell
stimulation, i.e., it producesdifferent behavioral outputs to different combinations of P cell stimuli (Lockery and Kristan,
1990). Hypothetical circuits that account for this capacity are
of 2 main types and make different predictions regardinginput
connections. Under a dedicated neuron or “feature detector”
hypothesis (Ewert, 1987), each dorsal LB1 would respondto a
specific sensoryneuron or pair of sensoryneurons.A left lateral
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bending interneuron, for example, would have connections only
from the left PD and PV, a dorsal bending interneuron would
have connections from only the right and left PD, and so on for
the other paired P cell patterns that the system specifically detects. Under a “distributed processing” hypothesis, interneurons
could receive inputs from l-4 sensory cells, no interneuron
would be specific for a given P cell pair, and detection of particular stimuli would be achieved by the set of interneurons as
a whole.
Examination of the inputs to the dorsal LBIs strongly favors
the distributed processing hypothesis. The only intemeuron consistent with the feature detector model is cell 16 1, which appears
to receive input only from the ipsilateral PD. All other identified
cells had substantial inputs from all 4 P cells, implying that each
interneuron responds, in some degree, to all patterns of sensory
input; none appears to have input connections as required by
the feature detector model for the detection of particular P cell
pairs.
The fact that most intemeurons received input from all 4 P
cells raises the question of whether the present set of intemeurons can distinguish one sensory input pattern from another. In
the extreme case, where each intemeuron receives a connection
of identical strength from each sensory cell, the system could
determine the number of active P cells, but not which P cells
were active. However, with sufficient variation in the strengths
of P cell-interneuron connections, a distributed representation
of sensory input would emerge in which different input patterns
would produce different levels of intemeuron activation, despite
the fact that an individual intemeuron responds to all 4 sensory
cells. Inspection of the variability of P cell-intemeuron connection strengths (Fig. 8B) suggests that the local bending network employs such a distributed representation. If so, then the
conflicts between output effects of particular intemeurons is a
natural consequence of this method of information processing
because each intemeuron participates in the production of multiple, and incompatible, output patterns.
Models

of distributed

processing

The evidence presentedhere suggeststhat each dorsal LB1 participates in the detection of several patterns of sensory input

and contributes to a variety of motor output patterns. Thus,
responsibility for translating each input pattern into the appropriate pattern of motor output cannot be localized to particular
interneurons; instead, it appearsto be distributed acrossmany
interneurons. While such a model is conceptually plausible, it
remains to be shown whether it can be made to function in
practice. At issueis how the system links a distributed representationofsensory input to particular patternsofmotor output.
Specifically, can a singleset of interneuron-motor neuron connections be found such that the entire input-output function of
the reflex is produced by intemeuronsthat receive left and right,
dorsal and ventral P cell inputs? It is not immediately obvious
that such a set of connections exists; however, sincethe inputoutput function ofthe reflex isquantitatively well defined(Lockcry and Kristan, 1990), neural network modeling techniques
that predict intemeuronal connectivity from input-output information (Lehky and Sejnowski, 1988; Zipser and Anderson,
1988) can be usedto answerthis question. Preliminary results
from one such study indicate that it is indeed possibleto find
sucha set of connections(Lockery et al., 1989). In fact, a great
many suchsetsexist, raisingthe interesting possibility that identical behaviors could be produced by physiologically distinct
neural circuits.

Appendix
Distinguishing features of dorsal LBls
Cell 115 was found in the dorsal anterior packet in the region
defined by map locations 105-106-l 14-115 (Fig. 4). It had a
somadiameter of 25-35 wrnand an initial segmentthat was flat
and broad. A singleaxon projected posteriorly, leaving the ganglion via the contralateral connective. Unitary EPSPsfrom PD
onto cell 115 usually produced a single action potential (not
shown). Trains of P cell impulsescausedindividual EPSPsthat
underwent facilitation and summation. Cell 115 has beenpreviously identified in connection with the swimmingpattern generator (Friesen, 1989).
Cell 12.5was found in the dorsal anterior packet along the
posterior packet margin at map location 122-l 26. It had a cell
body of 15-25 Km that, in desheathedpreparations. often lay
under cell 101. Cell 125 had a short initial segmentthat gave
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rise to a single axon in the ipsilateral,
posterior connective. It
received a unitary EPSP from the P cell with a latency 2 msec
shorter than the latency to cell 115 and often fired a single action
potential. Trains of P cell action potentials elicited trains of
EPSPs that summated but did not facilitate.
Cell I57 generally was found in the center of the lateral ventral
packet, near the mechanosensory
neurons. It had a small soma
of 20-30 pm, with axons projecting into the anterior and posterior trunks of the contralateral
connectives. Its initial segment
was much finer than that of cell 169, the other ventral interneuron with 2 contralaterally
situated axons. Unitary EPSPs in
cell 157 occurred with one of the longest latencies and regularly
caused single action potentials. Trains of P cell impulses produced trains of discrete EPSPs that were characteristically
larger
at the beginning and ends of the train. Action potentials in cell
157, although large, were smaller than those of cell 162, which
had larger unitary EPSP.
Cell 1.59 was found in the same general region of the ganglion
as cell 157. It had a soma of approximately
20-30 Km and was
unique among cells on the ventral surface in having a single fine
axon that exited the ganglion in the posterior ipsilateral connective. Unitary EPSPs that occurred had a long latency, and
although these were quite small, they usually produced action
potentials. Trains of P cell impulses produced a characteristitally ragged EPSP composed of small, individual
EPSPs that
facilitated and showed moderate summation.
This was more
readily apparent when the cell was strongly hyperpolarized.
The
action potentials and EPSPs in this intemeuron
were consistently among the smallest.
Cell 161 was usually found along the posterior margin of the
anterior lateral packet on the ventral surface, or less often, just
across the packet margin in the posterior lateral packet. Thus,
it was found anywhere in the map region defined by cell locations
16 1- 162-62-65. Like cell 162, cell 16 1 had a soma diameter of
15-25 pm and axons in both ipsilateral connectives. However,
in contrast to cell 162, the fine processes of cell 16 1 projected
largely to the medial side of the axons. Trains of P cell impulses
produced trains of decrementing
EPSPs with a characteristic
plateau between the first and second EPSPs in the train. Occasional spontaneous IPSPs were also seen and action potentials
were very small
Cell 162 was found in approximately
the same location as
cell 16 1 and had a soma of approximately
the same size (1525 pm) with an axon in the ipsilateral trunks of the anterior and
posterior connectives.
Unitary EPSPs from PD usually produced action potentials that were much larger than those of cell
16 1. Trains of impulses produced trains of discrete EPSPs that
facilitated then decremented
without the plateau typical of cell
16 l’s PSPs. Cell 16 1 and 162 were occasionally found on the
same side of a given ganglion, justifying the distinction
between
these 2 rather similar cell types.
Cell 169 was most often found among a cluster of small cells
at map locations 166-l 70, but in preparations
from which the
larger somata had been removed, it was sometimes found more
laterally. This cell had a soma of 20-30 wrn and was distinguished by a thick initial segment giving rise to 2 axons that
entered the anterior and posterior contralateral
connectives.
Physiologically,
cell 169 resembled cell 159 in many respects.
Its small unitary EPSPs had a long latency, were slowly rising,
and often accompanied
by action potentials.
Its EPSP in response to trains of P cell impulses was ragged, much like that

of cell 159. Its action potentials were also small but had a more
pronounced
undershoot
than those of cell 159.
Cell 212 was found in the left and right posterior corners of
the central packet (map locations 202 and 2 12), and sometimes
in the upper corners of the posterior packet. It had a large soma
of 30-40 Km and a distinctly broad initial segment. Its unitary
EPSPs were among the largest of the dorsal LBIs. P cell trains
produced
nonsummating
EPSPs that facilitated
then decremented. Action potentials were intermediate
in size.
Cell 218 was typically found in the anterioventral
central
packet just lateral to the most anterior Retzius cell. In some
preparations,
it was found at map location 222; more rarely, it
occurred in the lateral anterior packet (map location 166). With
a soma diameter of 30-40 pm, it was one of the largest of the
LBIs. Cell 2 18 appeared to be unpaired; only one example was
found in any ganglion, despite explicit searches for a homolog
across the midline in 15 preparations.
The morphology of 2 18
was reminiscent
of another unpaired neuron, the H cell (Petersen, 1985) with axons in the right and left trunks of both connectives. Unitary EPSPs from the P cell had the shortest latency
and showed little or no facilitation
or summation.
Action potentials in 2 18 were very small and difficult to detect against
the background oflarger and more frequent spontaneous EPSPs.
In addition to exciting cell 3, cell 2 18 excited another DE, cell
107.
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