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in tail sensory neurons (SNs): increased excitability,
Tail shock induces reflex sensitization in Aplysia and, in increased input resistance, spike broadening, and

parallel, induces a number of modulatory effects in central facilitation of synaptic transmission to the tail motor
neurons, such as increased excitability in tail sensory neu- neurons (MNs); (Walters et al., 1983a,b). These mod-
rons (SNs) and facilitation of synaptic transmission from ulatory effects are mimicked by stimulation of theSNs to motor neurons. Both of these modulatory effects

tail nerve P9 (Klein, Hochner, & Kandel, 1986; Mer-are mimicked by exogenous application of serotonin (5HT)
cer, Emptage, & Carew, 1991) or by exogenous appli-or electrical stimulation of the tail nerve P9. In the present
cation of serotonin (5HT) (Brunelli, Castellucci, &study we examined the activation thresholds for increased
Kandel, 1976; Walters et al., 1983a,b; Mercer et al.,excitability and synaptic facilitation induced by either

5HT or P9 stimulation. We found that the concentration 1991). We have recently shown that the different
of 5HT sufficient to produce a significant increase in excit- modulatory effects induced by 5HT in the SNs have
ability produced no significant synaptic facilitation and, different activation thresholds (Stark, Mercer, Emp-
conversely, that the intensity of nerve stimulation suffi- tage, & Carew, 1996). To extend this general obser-
cient to produce significant synaptic facilitation produced vation, in the present study we examined the activa-no excitability changes. This reversal of relative thresh-

tion thresholds for increased excitability and synap-olds for these modulatory effects may reflect the differen-
tic facilitation, induced either by 5HT or by P9tial access of exogenous 5HT and endogenous 5HT (re-
stimulation.leased by tail nerve stimulation) to the SN cell body and

Standard procedures for isolated ganglion prepa-synaptic terminals, respectively. q 1997 Academic Press

rations of adult Aplysia californica were used for
intracellular recording from monosynaptically con-

A single tail shock induces short-term behavioral nected tail SNs and MNs located in the pleural and
sensitization of the siphon and tail withdrawal re- pedal ganglia, respectively (e.g., Walters et al.,
flexes in Aplysia (Walters, Byrne, Carew, & Kandel, 1983a; Emptage, Mauelshagen, & Carew, 1996). For
1983a,b; Marcus, Nolen, Rankin, & Carew, 1988) nerve stimulation experiments, P9 was wrapped
and, in parallel, induces several modulatory effects around silver chloride post electrodes connected to

an external stimulator (Grass S88). The MN was
hyperpolarized to080 mV to prevent it from spiking.1 We thank Laura Stark for helpful comments on the manu-

For 5HT experiments, SN activation was achievedscript. This work was supported by a DFG grant to J.M. and NSF
in two ways: (1) with a short (0.3 ms) depolarizationGrant BNS831130 and NIH Grant R01-14-1083 to T.J.C. We also

acknowledge here the loss of a coauthor of this paper, Juliane that elicited one action potential in order to evoke a
Mauleshagen, a valued friend and colleague, who died in a climb- single EPSP in the MN and (2) with a long (200 ms)
ing accident on October 4, 1996. depolarization to assess excitability in the SN. AfterAddress reprint requests and correspondence to Thomas J. Ca-

three baseline measures of EPSP amplitude (inter-rew, Department of Psychology, Yale University, P.O. Box
208205, New Haven, CT 06520-8205. Fax: (203) 432 7172. stimulus interval (ISI) Å 15 min), two 5-min pulses
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FIG. 1. Threshold concentration of 5HT induces excitability increases but no synaptic facilitation. (A) Outline of experimental
procedure. (B) Representative intracellular traces from a SN and MN. The 2 mM 5HT induced increased excitability but not facilitation
of the EPSP. The 50 mM subsequently induced facilitation at the same synapse. (C) Summary data from seven experiments showing
that increased excitability is induced at a lower concentration of 5HT than is synaptic facilitation. Data are expressed as median percent
of baseline { interquartile ranges.

of 5HT were administered in 15-min intervals (the Å 15 min; Fig. 2A), a 200-ms depolarizing pulse
adjusted to elicit one action potential was deliv-first with 2 mM, the second with 30–60 mM; Fig.

1A). One minute after the end of each 5HT pulse, ered to the SN to determine baseline excitability.
To achieve functionally comparable intensities offacilitation of the EPSP and increased excitability

(as measured by an increase in the number of spikes nerve stimulation between different preparations,
we established a nerve stimulus threshold (NST),elicited in the SN) were assessed. In each test, facili-

tation of the EPSP was evaluated prior to SN excit- defined as the minimum voltage (5-ms pulse deliv-
ered to P9) required to cause an increase in theability to avoid any interaction with possible homo-

synaptic effects (e.g., depression or PTP) resulting frequency and/or amplitude of EPSPs in the MN.
Across all experiments, the NST ranged from 7 tofrom activation of the SN during assessment of excit-

ability. 45 V. P9 was subsequently stimulated with a 3-s
train of 5-ms pulses at 10 Hz, at voltages corre-For tail nerve stimulation experiments, after

three baseline measures of EPSP amplitude (ISI sponding to fixed increments of the NST (1.21 to
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FIG. 2. Threshold tail nerve stimulation induces synaptic facilitation but no increase in excitability. (A) Outline of experimental
procedure. (B) Representative intracellular traces from a SN and a MN. Synaptic facilitation was induced by a stimulus 41 NST, but
at this same intensity, no excitability changes were induced. Excitability changes were subsequently induced with a stimulus 51 NST.
(C) Summary data from 15 experiments showing that, unlike with 5HT application (see Fig. 1C), synaptic facilitation was observed at
lower stimulus intensities (mean Å 21 NST) than increased excitability (mean Å 2.81 NST). Data expressed as in Fig. 1C.

51NST). 1 min after each P9 stimulation, synaptic the SN, but not facilitation of the EPSP. Subse-
quently a higher concentration of 5HT (50 mM) pro-facilitation and increased excitability were as-

sessed as in the 5HT experiments. In both 5HT and duced both facilitation and even more excitability
(excitability data not shown). The results are sum-nerve stimulation experiments, if both facilitation

and increased excitability were observed at the marized in Fig. 1C. The 2 mM 5HT produced a sig-
nificant increase in excitability (from one to twolowest 5HT concentration or tail nerve stimulus

intensity, the experiment was not continued. Sta- spikes, T(7) Å 0; p õ .02) but no significant synap-
tic facilitation (T(7)Å 9; N.S.). Significant synaptictistical comparisons were made by means of a Wil-

coxon test. facilitation was subsequently observed with (em-
pirically determined) higher concentrations ofTypical results from a 5HT experiment are

shown in Fig. 1B. A concentration of 2 mM 5HT 5HT (30–60 mM; T(5) Å 0; p õ .05).
Typical results from a P9 experiment are shownwas sufficient to produce increased excitability in
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ability and synaptic facilitation. Importantly, sig-
nificant facilitation was induced with a higher 5HT
concentration (Fig. 1C), and significant excitability
was induced with increased nerve stimulation (Fig.
2C), indicating that both forms of modulation could
be induced in either experimental condition.

The 5HT experiments confirm earlier results
showing that increased excitability of the SNs is
induced at a lower concentration than is synaptic
facilitation (Emptage et al., 1996; Stark et al.,
1996). However, the P9 experiments show the un-
expected opposite result: synaptic facilitation is in-
duced at lower stimulus intensities than is in-
creased excitability. One explanation for the rever-
sal of thresholds with P9 stimulation compared to
5HT may be differential access of exogenous and
endogenous 5HT to the SN somata and synapticFIG. 3. Relative distribution of increased excitability and syn-
terminals. While increased excitability is mostaptic facilitation in experiments employing 5HT or P9 stimula-
likely a somatic process, synaptic facilitation re-tion. Histograms provide a comparison of the relative distribution

of experiments in which (1) excitability alone, (2) excitability and quires that 5HT act directly at the SN–MN syn-
synaptic facilitation, or (3) synaptic facilitation alone was ob- apse (see, e.g., Emptage & Carew, 1993). From this
served at the lowest concentration of 5HT or the lowest nerve perspective, exogenous 5HT would increase excit-stimulus intensity. These results demonstrate the reversal of rel-

ability via 5HT receptors on the SN soma (to whichative thresholds for synaptic facilitation and increased excitabil-
bath-applied 5HT should have immediate access),ity under these two different modes of inducing comparable modu-

latory effects in the SNs. but to induce synaptic facilitation, 5HT would
have to diffuse into the neuropil, perhaps giving
rise to a modest concentration gradient. In con-
trast, endogenous 5HT released by P9 stimulation

in Fig. 2B. A stimulus intensity of 41 NST produced (see Mercer et al., 1991) may be more effectively
facilitation of the EPSP but no excitability changes released onto SN nerve terminals than onto so-
in the SN. Subsequently, a higher intensity stimula- mata. In considering this explanation of our over-
tion (51 NST) produced both increased excitability all results, we should emphasize that we cannot
and facilitation of the EPSP (facilitation data not exclude additional possibilities, such as procedural
shown). The results are summarized in Fig. 2C. A differences between the two conditions (e.g.,
mean stimulus intensity of 21 NST { 0.21 induced whereas the duration of 5HT bath exposure can be
significant synaptic facilitation (T(15)Å 0; põ .001), well controlled, the actual duration of the pre-
but no significant increase in excitability. At a sumed 5HT exposure induced by nerve stimulation
higher nerve stimulus intensity (mean Å 2.81 NST cannot be) or mechanistic differences between the
{ 0.35), significant increased excitability was ob- modulatory effects induced by exogenously applied
served (T(11) Å 0; p õ .005). 5HT and tail nerve stimulation, including the pos-

As shown in Fig. 3, a comparison of the proportion sible involvement of other neuromodulators known
of 5HT and nerve stimulation experiments in which to affect SNs, such as small cardioactive peptide
increased excitability and/or synaptic facilitation (Abrams et al., 1984) and FMRF-amide (Belardetti
(each defined as any increase over baseline) was ob- et al., 1987), which may also be released by tail
served at the lowest 5HT concentration or the lowest nerve stimulation.
nerve stimulus intensity reveals opposite trends: ex- In conclusion, our results reveal interesting differ-
citability in the absence of synaptic facilitation was ences between modulatory effects induced in SNs by
observed in 5 of 7 5HT experiments; this was never 5HT application compared to tail nerve stimulation.
seen in the P9 experiments. Conversely, synaptic Many different preparations, ranging from semi-in-
facilitation in the absence of excitability was ob- tact animals to isolated SNs and MNs in cell culture,
served in 11 of 15 P9 experiments, but was never are used to examine cellular and molecular mecha-
observed in the 5HT experiments. In the remaining nisms of sensitization in Aplysia. The results of the
experiments, the lowest 5HT concentration or lowest present paper highlight the importance, at each level

of analysis, of attempting to determine the relation-nerve shock intensity produced both increased excit-
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in Aplysia sensory neurons. Journal of Neurophysiology, 75,ship between cellular observations and their poten-
843–854.tial behavioral significance.
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