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ABSTRACT: Synaptic transmission was examined
between identified neurons in the central nervous system
(CNS) of the freshwater mollusk, Lymnaea stagnalis
Four identified neurons were used: Right Pedal Dorsal
one (RPeD1; a dopaminergic respiratory interneuron),
Visceral Dorsal two and three (VD2/3), and Visceral
Dorsal four (VD4; a cardiorespiratory interneuron).
Neuron RPeD1 synapses onto both VD2/3 and VD4,
while VD4 makes a reciprocal synapse onto RPeD1.
When compared from animal to animal, the connections
were variable in sign. Previously, we demonstrated that,
in a given animal, the RPeD1— VD4 synapse could be
either inhibitory, biphasic, or undetectable. The present
study now expands this concept of variability by show-
ing that the RPeD1— VD2/3 synapse was either excita-
tory or undetectable from animal to animal, while the
synapse from VD4 to RPeD1 was observed as inhibitory,
biphasic, depolarizing, excitatory, or undetectable. Next,
we used 1-day organ culture to determine if the vari-
ability observed between animals is a product of ongoing

change to the sign of these identified synapses and
whether or not the extent of change could be influenced
by the culture conditions. Changes to the sign of trans-
mission occurred within minutes and, more commonly,
after 24-h organ culture. All three synapses were inves-
tigated before and after 1-day organ culture, in either
defined medium (DM) or brain-conditioned medium
(CM). Regardless of culture conditions, the RPeD1—~
VD2/3 synapse showed no change of sign, i.e., it was
relatively stable. However, the synapses between RPeD1
and VD4 did change sign, and when cultured in CM, the
VD4 — RPeD1 synapse changed significantly more than
in DM. These data indicate that variability of some
synapses reflects changes at these synapses. This is the
first report that specific synapses in an adult CNS can
change sign, and that the sign of transmission can be
modulated by environmental conditions. © 2000 John
Wiley & Sons, Inc. J Neurobiol 42: 410-423, 2000
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Alterations to the sign and/or efficacy of synapses
shape the configuration of neural networks (Marder,
1994; Weimann and Marder, 1994) and underlie some
forms of learning (Fagnou and Tuchek, 1995; Abra-
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ham and Bear, 1996; Byrne and Kandel, 1996). Un-
derstanding these forms of synaptic plasticity is of
importance for resolving the mechanisms of central
pattern generation and behavioral plasticity. In a pre-
vious report (Magoski and Bulloch, 1999), we showed
that the sign of synaptic transmission between iden-
tified neurons could vary between animals, e.g.,
monophasic versus biphasic. The present work ex-
pands on this concept by examining the variability of
sign at a selection of synapses in the central nervous
system (CNS) of the freshwater molluskymnaea
stagnalis Furthermore, we test the stability of the sign
of these connections over time and in different culture
conditions. The data show that the variability of some



of the connections reflect their dynamic nature. Anal-
ogous processes are likely at work in the vertebrate
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MATERIALS AND METHODS

nervous system, where, for example, the shape andAnjmals, Dissection, and Salines

density of dendritic spines continually change with
time and experience (Cramer and Sur, 1995; Weiler et
al.,, 1995; Wolff et al., 1995; Maletic-Savatic et al.,
1999).

The molluskan CNS has been used extensively to
study neuronal communication and plasticity (Kandel,
1979; Bulloch, 1989). The freshwater mollusk,
stagnalis(a pond snail) offers a tractable CNS con-
taining identified neurons with known synaptic con-
nections and behavioral functions. Two particularly
important cells are interneurons Right Pedal Dorsal
one (RPeD1) and Visceral Dorsal four (VD4). These
neurons are part of the respiratory central pattern
generator (Syed et al., 1990; Syed and Winlow, 1991),

The experiments used a stock of the molluskstagnalis
raised and maintained at the University of Calgary. Animals
had shell lengths of 15-25 mm (agel—4 months). Before
selecting an animal, care was taken to ensure that it was not
engaged in any obvious behavior, such as feeding, mating,
breathing, or locomotion. All experiments required the re-
moval of the CNS (see Magoski and Bulloch, 1997), being
defined as the central ring ganghad the buccal ganglia.
For acute electrophysiology, the CNS was pinned to the
rubber base (General Electric RTV 616) of arb00-ul
recording chamber, whereas for organ culture it was pinned
to a small rubber pad. Dissection and pinning of the CNS
was performed in nhormdlymnaeasaline (composition in
mM: NaCl 51.3, KCI 1.7, CaGl4.1, MgC}, 1.5, andN-2-
hydroxyethylpiperazin@¥'-2-ethanesulphonic acid (HEPES)

and their synapses have been studied in some details ; adjusted to pH 7.9 wit1 N NaOH). All electrophys-

(Benjamin and Winlow, 1981; Benjamin, 1984; Sk-
ingsley et al., 1993; Magoski et al., 1995; Nesic et al.,
1996; Magoski and Bulloch, 1999). Neuron RPeD1
also synapses onto two, essentially identical neurons
known as Visceral Dorsal two and three (VD2/3).
This connection has also been analyzed extensively
(Winlow et al., 1981; Magoski et al., 1995; Magoski,
1996; Magoski and Bulloch, 1997).

It has been reported that RPeD1 and VD4 have
mutually inhibitory connections (Syed et al., 1990;
Moroz, 1991; Syed and Winlow, 1991), while RPeD1
makes an excitatory synapse onto VD2/3 (Winlow et
al., 1981). However, a number of observations have
suggested that the sign of these synapses can vary o

iology was performed in high Ga/high Mg®* saline (com
position in mM: NaCl 51.3, KCI 1.7, CaCl24.6, MgCl,
1.5, MgSQ 7.5, and HEPES 5.0; pH 7.9). This saline
reduces the probability of polysynaptic effects by raising the
action potential threshold of putative interneurons (Austin et
al., 1967; Berry and Pentreath, 1976; Elliott and Benjamin,
1989). Salts were obtained from Sigma or BDH. Experi-
ments were performed at room temperature (18—20°C).

Identification of Neurons

The neurons examined were all identifiable from prepara-
tion to preparation with a high degree of reliability. For
gxample, RPeD1 is the only large neuron in the right pedal

that the connections can at times be undetectable. Wedanglion and is easily recognizable on the basis of size,

recently examined the RPeD% VD4 synapse in
detail (Magoski and Bulloch, 1999) and showed that it

location, color, and relatively infrequent firing pattern (Ben-
jamin and Winlow, 1981). Neuron VD2/3 is a pair of
virtually identical cells that show the same morphologic and

was either biphasic (depolarizing followed by hyper-  gjectrophysiological characteristics, and consequently, they
polarizing), monophasic (inhibitory only), or unde- are treated as one neuron (Benjamin and Winlow, 1981;
tectable in 48%, 39%, and 13% of preparations, re- Magoski and Bulloch, 1997). They can be readily distin-

spectively. Our data showed that both the biphasic guished from the neurons around them on the basis of their
and purely inhibitory synapses are monosynaptic in large size, c.ol.or, high resting potentials, and IaF:k of spon-
nature and mediated by the same transmitter, dopa_taneous activity. For the organ culture experiments, the

. . same neuron from the VD2/3 pair in a given preparation
mine (Magoski and Bulloch, 1999). We now expand was investigated on both days; this was usually facilitated

our study of synapses to include the reciprocal VD4 by drawing a map of the location of these cells. Neuron

— RPeD1 and the RPeD%*> VD2/3 synapse. We  vD4 is a small, very white cell whose exact location in the

show that the VD4— RPeD1 connection is surpris- visceral ganglion can differ between preparations. To ensure
ingly variable, whereas the RPeB2 VD2/3 connec- that the cell in question was VD4, one or more of three

tion is relatively stable. We sought to explain the criteria were used: (i) VD4 always displayed a characteristic
animal to animal variability of all of these connections discharge of steadily broadening action potentials immedi-
and provide evidence that, for some synapses, it re- ately following impalement; (ii) VD4 often displayed re-

flects d ic ch that ithin individual generative firing properties; (iii) VD4 always made an ex-
ects dynamic changes that occur within individua citatory synapse with neurons RPeD2/3 (Syed and Winlow

nervous systems. Mo.reover, the frequency with Wh.iCh 1989; Nesic et al. 1996). Thus, the variability of synapses
a synapse changes sign can be influenced by environ-gescribed in this study was not due to discrepancies in
mental conditions. neuronal identification.
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Electrophysiology neuron, and, for the purpose of the present study, is as
follows: (i) excitatory where a depolarizing excita-

Current clamp was performed using electrodes of 20-30 tory postsynaptic potential (EPSP) elicited postsynap-

M2 resistance when filed with & potassium acetate. Data ;" i notentials; (ijjnhibitory, where an inhibi-
were collected with a dual-channel intracellular amplifier

equipped with a bridge balance [see Magoski and Bulloch tory postsypaptic potential (IPSP) hyperpolar.ized the
(1997) for details]. On some occasions microelectrode pen- POStSynaptic neuron, prevented postsynaptic action
etration of neurons was aided by exposing the surrounding Potentials, and reversed close+®0 mV; (jii) bipha-
connective tissue sheath to a small pronase crystal (SigmaSiC, where a biphasic postsynaptic potential (BPSP)
type XIV), held by forceps, for 1-3 s. The CNS was then displayed a depolarizing phase followed by a hyper-
rinsed five times in cold<{4°C) normal saline to remove  polarizing phase (despite the fact that the biphasic
excess enzyme. During electrophysiology, the chamber was synapse had a depolarizing phase, it was not excita-
perfused at a rate of 3 mL/min using a peristaltic pump.  tory because the depolarization was likely mediated
by a CI" conductance that clamped the membrane
below spike threshold; Magoski and Bulloch, 1999);
(iv) depolarizing but not excitatorywhere a depolar-
The CNS was cultured for24 h to examine synapses over izing postsynaptic potential (DPSP) inhibited postsyn-
time. A CNS was pinned to a small rubber pad, and the aptic action potentials (like the depolarizing phase of
synapses investigated. It was then taken to an aseptic lam-the BPSP, the DPSP had a reversal potential below
inar flow hood, rinsed (X 5 min) in antibiotic saline (ABS;  threshold and again likely involved a Clcondue
normal saline with 15Qug/mL gentamycin, Sigma G3632),  {ance); and (vundetectablewhere no physiological
and placed in a sterile glass vial (Kimble 08360) containing synapse could be detected. Although we recognize

6 mL of chemically defined medium (DM) or brain-condi- that “undetectable” is not a svnaptic Sioer se we
tioned medium (CM). The DM was serum-free, 50% (v/v) . . y. p. . 9 &
included it here because, while it is important to

Liebowitz L-15 medium (Gibco, special order), with added ) . e
inorganic salts (concentration inih NaCl 40.0, KCI 1.7, determine the sign of a detectable synapse, it is

CaCl, 4.1, MgCl, 1.5, and HEPES 5.0; pH 7.9) and 20 €qually important to note when the neurons are not
pg/mL of gentamycin. CM was made by incubating DM connected.
with 2 LymnaeaCNS/mL for 72 h (see Ridgway et al.,
1991). The vial was kept in a humidified incubator at room Different Signs of Transmission at RPeD4> VD2/3
temperature (18-20°C). The next day, the preparations were and RPeD1— VD4 Synapses
removed and investigated in the same order that they were ggoth of the synapses made by RPeD1 proved vari-
originally examined. Note that although the electrophysiol- able, although the connection onto VD4 displayed
ogy was performed in high Ca/high Mg™" saline, the 0 torms than the connection onto VD2/3. Each
organ cultured preparations spent most of their time in . . .
. PSP was investigated over a range of postsynaptic
either DM or CM. .
voltages, typically betweer-40 and—90 mV. The
average resting membrane potentials of the neurons
Statistical Analysis was: —56.0 = 0.7 mV for RPeD11f = 537),—74.4

o + 0.7 mV for VD2/3 f = 381), and—53.0+ 0.8 mV
The statistical software program, Instat 2.01 (GraphPad for VD4 (n = 267). For the RPeDt> VD2/3 syn-

Software) was used to calculate the mean and standard error, - . 0
of the mean (S.E.M.) of each data point and to perform apse, RPeD1 excited VD2/3 in 80% of the cases (

Fisher's exact test. This test examines the association be- 305), whereas the synapse was undetectable in the

tween two variables and was used to test hypotheses about€Maining 20% of preparations ¢ 76; Fig. 1). For
differences in frequency. Data were considered significantly the RPeD1—>VD4 synapse, we recently reported that
different if the two-tailedp value was less than 0.05. RPeD1 inhibited VD4 in 39% of the preparations (

= 104), in 48% of the cases made a biphasic synapse

onto VD4 ( = 129), and in the remaining 13% of
RESULTS preparations the synapse was undetectable (34;
numerical data taken from Magoski and Bulloch,
1999; Fig. 2). The biphasic synapse was likely not a
product of a polysynaptic pathway, inasmuch as the
We first examined whether the sign of the RPeB1 connection was maintained in high divalent saline and
VD2/3 synapse, the RPeD% VD4 synapse, and the showed a constant and rapid (more rapid than the
VD4 — RPeD1 synapse varied between acutely iso- inhibitory form itself) latency (Magoski and Bulloch,
lated CNS preparations. The synaptic sign refers to 1999). The biphasic and inhibitory synapses were also
the effect of presynaptic stimulation on both the mem- distinctly different. If a biphasic synapse was present,
brane potential and excitability of the postsynaptic it would be detected, particularly at more negative

Organ Culture

Acutely Isolated Preparations
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Figure 1 Neuron RPeD1 either excited or was not connected to VD2/3. (A) In the majority of
preparations, RPeD1 excited VD2/3. When VD2/3 was held-50 mV, a short burst of action
potentials in RPeD1 caused VD2/3 to fire a spike. At a more negative membrane potentiéd of

mV, action potentials in RPeD1 caused VD2/3 to depolarize. RPeD1 membrane potentiab

mV. (B) In another preparation, the synapse from RPeD1 to VD2/3 was undetectable. The synapse
did not elude detection, because a PSP could not be elicited at a range of postsynaptic membrane
potentials (given across the top). RPeD1 membrane potentia5 mV. Bars indicate the duration

of depolarizing current injection into RPeDL1.

postsynaptic voltages. Thus, a biphasic synapse wouldnected to both VD2/3 and VD4, both synapses were
not be categorized as an inhibitory synapse just be- investigated in the same preparation. For this purpose,
cause the depolarizing phase was overlooked. the synapses were considered only as connected (i.e.,
The possibility that seasonal or environmental excitatory, inhibitory, or biphasic) or not connected
changes were related to the differences seen in the(i.e., undetectable). When RPeD1 was connected to
sign of transmission was investigated. No obvious VD2/3 it was connected to VD4 86% of the time (
correlation between the month, day of the week, time = 96). In a markedly lower number of preparations,
of day, or feeding schedule and the sign of the RPeD1 9%, RPeD1 had no detectable synapse onto either
— VD2/3 or RPeD1— VD4 synapse was observed VD2/3 or VD4 (h = 10). Finally, in even fewer
(data not shown). preparations RPeD1 was connected to VD2/3 but not
A question arising from the preparations with un- VD4 3% of the time i = 3) and in 2% of the cases
detectable synapses is whether RPeD1 tends to beRPeD1 was connected to VD4 but not VD2¢3 2).
disconnected from multiple targets within a prepara-  There were three intriguing cases where the sign of
tion. To determine to what extent RPeD1 was con- the RPeD1— VD4 synapse changeduring the
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A VD4 uous and persisted for the remainder of the experi-

|2mv ment (total time 40-90 min). Figure 3 shows a bipha-
v sic synapse that changed to an inhibitory synapse over

a matter of minutes. These data suggest that the dif-

ference of synaptic sign between acutely isolated

RPeDLHMMJT ,,7k;] 50mVv preparations reflects changes occurring within indi-

400ms vidual preparations.

B N,Nw Different Signs of Transmission at VD4- RPeD1
\Ml 2mv Synapses
The sign of the reciprocal synapse from VD4 to RPeD1
in acutely isolated CNS preparations was also investi-
Mm”uum Hﬂ gated. The sign of the VD4> RPeD1 synapse was
S ~]50mV particularly diverse (Fig. 4). Neuron VD4 inhibited
400ms RPeD1 16% of the timen(= 40), made a biphasic

C connection to RPeD1 in 31% of cases= 78), and in
| BmV 26% of the preparations VD4 depolarized but did not

excite RPeD1r{ = 65). Neuron VD4 excited RPeD1 in
WM 10% of the preparations1(= 25) and the connection
——m______ _]50mV
- 2s

was undetectable 17% of the time € 44). No corre-
lation between the month, day of the week, time of day,
Figure 2 Signs of synaptic transmission at the RPeD1 to or feeding schedule and the sign of the VB4RPeD1
VD4 connection. (A) Stimulation of RPeD1 inhibited VD4,  Synapse was observed (data not shown).
Membrane potentials: RPeB4 —56 mV; VD4 = —70 mV.
(B) Neuron RPeD1 biphasically depolarized then hyperpolar- .
ized VD4. Membrane potentials: RPeB1 —58 mV; VD4 Organ Culture Preparations

= —70. (C) The synapse from RPeD1 to VD4 was undetect- . .
able. Membrane potentials: RPEBI—50 mV: VD4 — —70. Given the above data, we sought to examine whether

Bars indicate the duration of depolarizing current injection into Synaptlc_transm_lssmn can change over time W'th'n_ a
RPeDL1. In all cases, the synapse was tested with the membrand®'eparation. This was suggested by the observation
potential of VD4 held at various voltages, typically between that a few of the RPeD*> VD4 synapses spontane-
—40 and—90 mV. For simplicity, only the postsynaptic volt-  ously changed sign during the recording period. Two
age of —70 mV was presented here. hypotheses were tested: first, that the sign of trans-
mission can change within a preparation, and second,
course of an experiment. Two synapses spontaneouslythat the frequency of changes can be modulated by
changed from inhibitory to biphasic and another from neurotrophic factors. To this end, synapses were ex-
biphasic to inhibitory. These changes were unambig- amined before and after 1-day organ culture in either

=70mV |2mv
N
- — T om

Figure 3 Conversion of the sign of transmission at a synapse from RPeD1 to VDA4. Initially,
stimulation of RPeD1 produced a BPSP in VD4. Approximately 6 min later the synapse was tested
again, and RPeD1 elicited a monophasic IPSP in VD4. The sign did not change again throughout
the remainder of the experiment. No connection from VD4 to RPeD1 was detected at any time
during the experiment. RPeD1 membrane potentiat55 mV. Bars indicate the duration of current
injection into RPeD1.
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A RPeD1
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Table 1 Sign of the RPeD1— VD2/3 Synapse before
and after Organ Culture

Table 2 Sign of the RPeD1— VD4 Synapse before
and after Organ Culture

DM CM DM CM
Unchanged Unchanged
E—E 13 11 B—B 5 2
Uu—u 2 1 | — 1 3 5
Total 14 12 u—U 3 1
Changed Total 11 8
E—>U 0 1 Changed
a B —1 1 5
(n) (15) (13) | >B 1 1
E, excited; U, undetectable. B—D 1 1
2Number of preparations in which synapses changed or were B — U 1 0
unchanged in DM or CM following 1 day of organ culture.
Total 4 7
(n)® (15) (15)

defined medium (DM) or conditioned medium (CM,;
which contains neurotrophic molecules; Ridgway et
al., 1993). DM and CM experiments were performed
in parallel; DM can be considered a control or neutral
culture condition.

The RPeD1— VD2/3 Synapse Was Stable in Organ
Culture

For the RPeD1— VD2/3 synapse, in DM 0% (0 of
15) of the RPeD1— VD2/3 synapses changed syn-
aptic sign, while in CM, only 8% (1 of 13) of the
synapses changep & 0.05, Fisher’s exact test; Table
1). Thus, the RPeD%*> VD2/3 synapse appears to be
rather stable, inasmuch as neither of the two hypoth-
eses hold true for this connection. An important con-

sideration was whether or not the synapse was dete-

riorating in organ culture. This did not seem to be the
case, as only one RPeD2 VD2/3 synapse, in this
case cultured in CM, changed from excitatory to un-
detectable (Table 1).

The RPeD1— VD4 Synapse Changed in Organ
Culture
The RPeD1— VD4 synapse, a more variable con-

B, biphasic; D, depolarized but not excited; |, inhibited; U,
undetectable.

2Number of preparations in which synapses changed or were
unchanged in DM or CM following 1 day of organ culture.

nection, was examined before and after 1-day organ
culture in DM or CM. Some of these organ cultures
were the same preparations in which the RPeB1
VD2/3 synapse was examined. The only practical
manner in which to quantify change to synaptic sign
was to record the fact that a change occurred, as too
many types of changes were possible to analyze sep-
arately. In DM, 27% (4 of 15) of the RPeD% VD4
synapses changed synaptic sign, while in CM, 47% (7
of 15) of the synapses changed sign. Despite this
trend, the effect of CM on the frequency of change
was not significant > 0.05; Table 2). As shown in
Figure 5, the most common change in sign for the
RPeD1— VD4 synapse following organ culture, par-
ticularly in CM, was that of biphasic to inhibitory.
Overall, this data satisfies the first hypothesis, in that
the synapse does indeed change sign over time, al-
though the second hypothesis was not satisfied, as CM
did not enhance the frequency of change.

Figure 4 Signs of synaptic transmission at the VD4 to RPeD1 connection. (A) Neuron VD4
inhibited RPeD1. Membrane potentials: RPeB1-70 mV; VD4 = —60 mV. (B) Stimulation of

VD4 biphasically depolarized then hyperpolarized RPeD1. Membrane potentials: RPebl0

mV; VD4 = —52 mV. (Ci) Neuron VD4 depolarized RPeD1. Membrane potentials: RReD170

mV; VD4 = —55 mV. (Cii) When RPeD1 was driven to fire action potentials (membrane potential
—40 mV), and VD4 was again stimulated, it resulted in inhibition of RPeD1, not excitation. (D)
Neuron VD4 excited RPeD1, producing discrete EPSPs and a single action potential. Membrane
potentials: RPeD1l= —50 mV; VD4 = —60 mV. (E) The synapse from VD4 to RPeD1 was
undetectable. Membrane potentials: RPeB1-70 mV; VD4 = —58 mV. Bars indicate the
duration of depolarizing current injection into VD4. The membrane potential of RPeD1 was held at
various voltages, typically between40 and—90 mV, and the synapse was tested. For simplicity
only specific postsynaptic voltages were presented here.
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CM As with the RPeD1— VD2/3 connection, the
RPeD1— VD4 synapse did not deteriorate in organ
day 2 culture. One synapse, in this case cultured in DM,
changed from connected to undetectable (Table 2).

Because both the RPeDB2 VD2/3 and the RPeD1

v _53 ‘/‘\/A‘-— VD4 — VD4 synapses were investigated in many of the
m

same preparations, this allowed comparison of two

different synapses with a common presynaptic origin.
- Data were pooled from DM and CM because neither
- RPeD1 of these conditions promoted more change for these

— two synapses. Only 4% (1 of 28) of the RPeB4
VD2/3 synapses changed following organ culture,
-60 while in the same preparations, a significantly larger
v N e proportion, 37% (11 of 30), of the RPeD% VD4
\// synapses change@ & 0.003). This comparison em-

phasizes the relative stability of RPeD1’s connection
to VD2/3 compared with that to VDA4.

— The VD4 — RPeD1 Synapse Changed in Organ
Culture and Change Was Enhanced by CM
The reciprocal VD4— RPeD1 synapse was also

*j\/""“ -70 TN — investigated in organ culture. In DM, 40% (6 of 15) of
the VD4 — RPeD1 synapses changed sign, compared
M Uv to 87% (13 of 15) in CM. This result is significant,
— o \ indicating that the synaptic sign changed more fol-

—_— lowing organ culture in CM than in DMp(< 0.03;
Table 3). For the VD4— RPeD1 synapse, the most
frequent change to synaptic sign was that of depolar-

wp\”’m 80 izing to inhibitory synapse (Fig. 6). The behavior of
- TN the VD4 — RPeD1 synapse following organ culture
satisfies both of the hypotheses; the connection
O L changes over time, and the extent of change is en-
— . L_,*_ hanced by neurotrophic factors.

- As with the RPeD1 synapses, the VB4 RPeD1
synapse did not deteriorate in organ culture. Three
synapses in DM (20%) and three in CM (20%)
M[\\\.Nw» -90 |5mV changed from connected to undetectable, whereas one
in DM (7%) and two in CM (13%) changed from
undetectable to connected (Table 3). Thus, while there

o W'k#‘ ’;]50mV was loss of function for some synapses, there was also
- 2s

gain of function for others.

Figure 5 The RPeD1— VD4 synapse changed from

biphasic to inhibitory following organ culture. In this case DISCUSSION

the culture medium was CM. On both days, VD4 was held

at the same range of designated membrane potentials and g3oth the network properties of neurons and the ability

;E)P[\)Nas e”Citled' On d?ll 1a BdPSP was elicited in V|D4 bY to store information depend on the sign and/or effi-
eD1 stimulation, while on day 2 RPeD1 stimulation P " .

elicited an IPSP in VD4. The reduced frequency of firing in \3\?;?;nacr)1fn Z?}Zm':;:l det:ar;sgrgljsuc;;gn(ol\ﬁagdneé, Tj(?f?:k

RPeD1 on day 2 was intentional. The biphasic response ) )
could become somewhat obscured during high-frequency 1995; Abraham and Bear, 1996; Byme and Kandel,

input from RPeD1, and to demonstrate with certainty that 1996). Thus, it is important to examine both the
the synapse on day 2 was in fact only inhibitory, a lower €fficacyand the sign of synapses. We have reported
frequency of stimulation was chosen. RPeD1 membrane 0On the variability of connections between identified
potential on both dayss —70 mV. Bars indicate the dura- Lymnaeaneurons. As well, we have shown that some
tion of depolarizing current injection into RPeD1. of these connections are stable, whereas others show
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Table 3 Sign of the VD4— RPeD1 Synapse before
and after Organ Culture

Neuron RPeD1 uses dopamine as its neurotrans-
mitter (Magoski et al., 1995); thus, the undetectable
RPeD1— VD2/3 or RPeD1— VD4 synapses could

DM CM
be due to lack of dopamine release or absence of
Unchanged postsynaptic dopamine receptors. Alternatively, the
g:g g 2 synapse may not have been formed during develop-
U—U 3 0 ment. The enigma of two different chemical connec-
| — | 1 1 tions at the RPeD*> VD4 synapse can be explained
by our prior work. Magoski and Bulloch (1999)
Total 9 2 showed that the biphasic synapse is mediated by do-
Changed pamine acting on two dopamine receptors: one that is
D—I 1 3 sulpiride-insensitive and likely activates a Cton
B—D 0 1 ductance, and a second that is sulpiride-sensitive and
D—B 1 0 probably activates a K conductance. The inhibitory
D—-U 0 2 RPeD1— VD4 synapse is mediated solely by the
l—>U 3 0 sulpiride-sensitive, K conductance-coupled recep
E—B 0 2 tor.
:3_;BU 8 1 The VD4 — RPeD1 synapse has been reported as
ESD 0 1 inhibitory (Syed gt al., .1990; Morpz, 1991, Syed and
U—B 0 1 Winlow, 1991), biphasic (Benjamin, 1984; Skingsley
U—D 0 1 et al., 1993), and in a preliminary report € 2), as
U—l 1 0 excitatory (Park and Winlow, 1993). Skingsley et al.
(1993) indicated that the inhibitory effects of VD4 on
Total 6 13 RPeD1 are mediated by SDPFLRFamide or GDPFL-
(n)2 (15) (15) RFamide. Furthermore, the depolarizing, but not ex-

citatory, effects of VD4 on RPeD1 might be glutama-
tergic (Nesic et al., 1996). Thus, differences in
synaptic sign may reflect a divergence in the types of
transmitters released by VD4. However, none of the
transmitters thought to be present in VD4 produce
true excitation in RPeD1 (Nesic et al., 1996). Also,
preliminary attempts on our part to correlate the sign
of the VD4 — RPeD1 synapse with a response to
glutamate or GDPFLRFamide were inconclusive
(data not shown). Consequently, differences in
postsynaptic receptors may also contribute to variabil-

B, biphasic; D, depolarized but not excited; E, excited; I,
inhibited; U, undetectable.

#Number of preparations in which synapses changed or were
unchanged in DM or CM following 1 day of organ culture.

change in the sign of transmission over time, which
can be influenced by culture conditions.

Variability in Synaptic Sign

Previously, we demonstrated that the sign of the
RPeD1— VD4 synapse was variable between ani-
mals, with inhibitory, biphasic, or undetectable con-
nections (Magoski and Bulloch, 1999). This lead us to

ity at the VD4 — RPeD1 synapse.

There are other potential sources of differences in
synaptic sign. Different receptors may be localized on
different postsynaptic axon collaterals and activated

examine the RPeDl- VD2/3 and the VD4 — in various combinations, depending on the extent of
RPeD1 synapses in the present study, and we alsotransmitter release from presynaptic terminals. This is
found differences in the sign of transmission for these in essence an issue of efficacy, in which different
connections. The VD4- RPeD1 synapse displayed degrees of efficacy at specific sites of release combine
the most physiological and functional differences in to produce variability and a distribution of synapses.
sign, with inhibitory, biphasic, depolarizing, excita- Such a possibility notwithstanding, we would argue
tory, or undetectable connections. In contrast, the that the fundamental issue of changes in the effects of
RPeD1— VD2/3 synapse was more predictable, usu- presynaptic stimulation on both postsynaptic mem-
ally manifesting itself as a simple EPSP, or less fre- brane potential and excitability, i.e., sign, can be sep-
quently it was undetectable. When both of RPeD1's arated from changes to efficacy. These events may
synapses were examined in the same preparationsyreflect a level of complexity beyond that of changes in
their presence appeared to be interdependent, i.e., inefficacy, where the manner in which the presynaptic
general, RPeD1 was either connected to both VD2/3 neuron signals the postsynaptic neuron is different
and VD4, or was not connected to either postsynaptic both functionally and likely mechanistically. Another
neuron. potential source of variability could be animal-to-
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Figure 6 The VD4 — RPeD1 synapse changed from depolarizing to inhibitory following organ
culture. In this case the culture medium was DM. The VB4RPeD1 synapse was investigated in

the same preparation before and after 1-day organ culture. For each day, RPeD1 was held at the
designated membrane potentials, and a PSP was elicited. On both days, when RPeD1 was held at
a potential above threshold, the synaptic input inhibited spiking; however, the underlying mecha-
nism was different, because on day 1 the synapse was depolarizing@&tmV (likely CI™-
dependent), while on day 2 the synapse was hyperpolarizing7atmV (likely K*-dependent).

VD4 membrane potential: day £ —60 mV; day 2= —62 mV. Bars indicate the duration of
depolarizing current injection into VD4.

animal alterations in ionic gradients. For example, a 1999). In the present work, varying the degree of
specific K"/CI~ co-transporter is developmentally expression or expressing different transporters could
regulated such that its expression mediates a changeaccount for changes to some of the synapses, espe-
in GABA responses from depolarizing to hyperpolar- cially those activating Cl-permeable channels. Al
izing upon hippocampal maturation (Rivera et al., ternatively, shunting conductance(s) could cause a
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synaptic input to decay and not consistently reach the frequency of both spiking in RPeD1 and the sponta-

soma (the recording site), which would make it appear
as if a synapse was absent. The latter is unlikely

neous bursting of Input three were reduced in animals
whose respiratory behavior had been operantly con-

because of the robust nature of the preparation and theditioned. Whether similar variability in synaptic con-

use of high C&"/high Mg?* saline. Finally, there is a
small possibility that variability is the product of
polysynaptic activation of putative interneurons, al-
though this is unlikely because of prior evidence for
monosynapticity of connections (Skingsley et al.,
1993; Magoski and Bulloch, 1997, 1999) and the
presence of high divalent ions.

Differences in synaptic sign imply functional dif-

nectivity can be correlated with different behavioral
states remains to be seen. In another example, the
swallowing CPG in lobsters is temporarily configured
by borrowing neurons from other CPGs (Meyrand et
al., 1991). By eliminating a synapse, or changing its
sign, neurons may be brought into or out of a circuit,
or their role within a circuit altered (the “polymorphic
network” concept; Getting, 1989).

ferences, such as connected versus not connected or An unusual aspect of our study is that all of the

inhibitory versus excitatory. However, the difference
between depolarizing, biphasic, and inhibitory syn-
apses is less straightforward. Although all of these
synapses are functionally inhibitory, the time course
of inhibition is different. For example, the depolariz-

ing form of inhibition causes a decrease in excitability
without a large change in voltage, particularly at rest-
ing potential, and recovery is quite rapid. Conversely,
the hyperpolarizing, K-dependent form of inhibition

causes a significant change in postsynaptic membranec

potential, and recovery is prolonged. Additionally,

depolarization could regulate voltage-dependent phe-

synapses showed, to one extent or another, cases
where no connection could be detected. Such “unde-

tectable” synapses could be the result of transmitter

release or receptor levels being so low that PSPs are
not large enough to be monitored. Hence, we use the

term “undetectable” as opposed to “absent” synapses,

as the synapses could be physiologically present, but
the neurons are clearly néinctionally connected.

hanges to Synaptic Sign
The rapid conversion of sign at a RPeB% VD4

nomena, such as voltage-sensitive adenylate cyclasesynapse suggested that dynamic changes might ac-
(Reddy et al., 1995). Furthermore, the changes that count for the differences in synapses displayed by
likely occur to postsynaptic Clconcentration, during  acutely isolated preparations. This was tested by ex-
biphasic and depolarizing transmission, could modu- amining the synapses before and after 1-day organ
late G-protein—dependent processes, as suggested bgulture. For the synapses between RPeD1 and VD4,

Lenz et al. (1997).

Variations in synaptic sign may be linked to the
behavioral state of the animal (Lukowiak, 1980;
Lukowiak and Freedman, 1983). In crayfish, exoge-
nous serotonin modulation (facilitation or inhibition)
of synaptic input to an identified interneuron depends

the sign did change, indicating that synapses change
sign over time within the animal. However, time is
likely not the most important variable in producing
change; rather, the conversion of sign is probably
driven by processes discussed above (lothivo and

in situ), as attested by the sudden sign switch at three

on the social dominance status of the animal (Yeh et of the RPeD1— VD4 synapses. Magoski and Bulloch

al., 1997). Variations in synaptic connections may

(1999) showed that the biphasic and inhibitory syn-

also depend on the release of neuromodulators (Selv-apses from RPeD1 to VD4 are likely produced by the

erston, 1992; Marder, 1994). In the crab stomatogas-

tric nervous system, presynaptic inhibition selectively
reduces chemical excitation, without effecting electri-
cal transmission at mixed chemical/electrical syn-
apses (Coleman et al., 1995).

Neurons RPeD1, VD4, and another cell known as
the input three interneuron constitute the respiratory
central pattern generator (CPG)ligmnaea(Syed et
al., 1990; Syed and Winlow, 1991). Mutual inhibition

activation of two dopamine receptors. Thus, a possi-
ble mechanism for changing the RPeD% VD4
synapse would be to alter the activation or expression
of these receptors. Furthermore, the various mecha-
nisms contributing to variability (receptor localiza-
tion, differential transmitter release, changes in
efficacy, changes in ionic gradients, shunting conduc-
tances, polysynaptic pathways) hypothesized in the
previous section of the Discussion could function in

between RPeD1 and VD4 is thought to be essential the organ culture and result in the synapses changing

for rhythm generation (Syed et al., 1990; Moroz,
1991; Syed and Winlow, 1991). However, RPeD1 and
VD4 are also part of circuits involved in locomotion

and cardiovascular function (Buckett et al., 1990) and

over time within a preparation.

Although the RPeD1— VD4 synapse changed
following organ culture, CM did not affect the fre-
quency of change. Thus, change at this synapse is

these networks may be configured in more than one likely due to a variable other than a diffusible mole-
state. Spencer et al. (1999) recently reported that the cule. A dichotomy was apparent between the RPeD1



— VD2/3 and RPeD1~ VD4 synapses. The RPeD1
— VD4 synapse changed significantly more often
following organ culture than the RPeD% VD2/3
synapse. Thus, the RPeB% VD4 synapse is mal-
leable, whereas the RPeDB2 VD2/3 synapse is rel-
atively stable. Neurons RPeD1 and VD4 may have
more diverse physiological roles than VD2/3 (whose
function remains to be determined), this being re-
flected in the plasticity of their synapses. This also

demonstrates that organ culture does not result in \gine Magoski
widespread change or deterioration, as specific syn-
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1997). The results of the present study suggest that a
component of CM can regulate synapses inlthim-
naeaCNS. This is the first report that synaptic sign, as
opposed to efficacy in its strictest sense, can be mod-
ulated by the neurotrophic environment. Collectively,
these studies support a role for neurotrophic factors as
neuromodulators in the CNS.
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