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Wang, Yong, Judith A. Strong, and Christie L. Sahley.Modulatory was isolated and purified (Cropper et al. 1987b), multiple
effects of myomodulin on the excitability and membrane currents fgrms of MM were found to be localized in many neurons

Retzius cells of the leechl. Neurophysiol82: 216-225, 1999. Ion including feeding motoneurons (Brezina et al. 1995; Cropper et
channel modulation by the peptide myomodulin (MM) has bee . : ’
demonstrated in a wide variety of organisms includiplysia, Lym- e'ﬂ_ 1987b, 1991, Miller et al. 1993). There they serve as

naea,andPleurobranchaeaThis neural and muscular modulation hag0transmitters modulating neuromuscular transmission. The
been shown to be important for shaping and modifying behavior. &ffects of MM have been seen as a potentiation (Brezina et al.
this paper, we report that MM modulates several distinct ionic chat995; Cropper et al. 1987b, 1991) or depression of neuromus-
nels in another species, the medicinal ledg¢liudo medicinalis cular transmission (Brezina et al. 1995; Cropper et al. 1988,
Experiments have focused on the Retzius cell (R) because the R 4&h0; vilim et al. 1994). The specific net modulatory effect of

is a multifunction neuron that has been implicated in a number me neuropeptides depends on the ratio of different MMs and
behaviors including feeding, swimming, secretion, thermal sensin

and the touch elicited shortening reflex and its plasticity. Previof%her transmltters and modulators involved (Brezina et al.
work had identified a MM-like peptide in the leech and demonstratd®95, 1996; Cropper et al. 1987a,b). All nine MMs+{ have
that this peptide modulated the excitability of the R cell. Using potentiation effect on the contraction of the accessory radular

combined current- and voltage-clamp techniques to examine the efieser muscle at low concentrations (10 nM), but seven of the
fects of MM on the R cell, we found that in response to a step pulsg§ine MMs (MMa and MMb-1) produce depression at concen-
MM increased the eXC|tab|I|ty of the R cell such that the cell f|reﬁ-at|0ns Of 1_1mM Moreover,the potentlatlon and depress|0n
more action potentials with a shorter latency to the first action pOterpear to have different time courses (Brezina et al. 1995).

tial. We found that this effect was mediated by the activation of a ) ; g
Na"-mediated inward current near the cell resting membrane pot%‘_VOItage clamp analysis has revealed that potentiation of

tial. Second, we found that MM differentially modulated the pota uccal muscle contraction |Ap|y5é%|s primarily dqe to the
sium currentd , andl,.. No effect of MM was found on,, whereas MM enhancement of an L-type Ca current (Brezina et al.

MM significantly reduced both the peak and steady-state amplitude894a; Scott et al. 1997). Depression of the contraction is due
of I, by 49 + 2.9% and 43+ 7.2%, respectively (means SE). to the activation of the modulator-induced Kurrent (Brezina

Finally we found that MM reduced the amplitude of the?Caurrent et al. 1994a; Scott et al. 1997). Interestingly, MMs differ in
by ~20%. The ionic currents modulated by MM are consistent wittheir effectiveness in activating Kcurrents, whereas they are
the overall effect of MM on the cellular activity of the R cell. An equally effective in activating the &4 current (Brezina et al.
understanding of the cellular mechanisms by which MM modulatq_%94a,b, 1995; Scott et al. 1997). Different MMs activate the
the activity of the R cell should help us to better understand the rolgs-  ,-rent with variable efficacy at their corresponding max-
of both MM and the R cell in a variety of behaviors in the leech. imal concentrations, and additive effects can be seen with
selective combinations of different MMs (Brezina et al. 1995).
Therefore the effect of MMs on the buccal muscle contraction
INTRODUCTION is a result of complex temporal interplay of the modulation of
these various currents (Brezina et al. 1995; Scott et al. 1997).
In addition to its action on muscles, MM has been found to

ulate neurons. MM modulation of neural properties also
S been analyzed. Aplysig for example MM opens both the

The myomodulin (MM) family of peptides has been identi
fied in a broad range of organisms including several molluscan
species (Fujiwara-Sakata and Kobayashi 1992; Greenber
al. 1997; Santama et al. 1994a,b), arthropods (Christie et
1994: Evans 1994; O'Brien and Taghert 1998), annelids (Keat-< curent [k s) and the voltage-gated Kcurrent () of
ing and Sahley 1996; Takahashi et al. 1994), and one mam tail sensory neurons (Critz et al. 1991), resulting in a

(Vilim and Ziff 1994). Further, the MM peptides have bee ecrease in the excitability of these neurons. In the leech, MM
shown to play an important ,role in the modulation of th{:’ranaently depolarizes the resting membrane potential and

properties of both muscles (Brezina et al. 1994a,b) and neuré'ﬁ%e:esteosf tr?l?tz]:tril\?g l\r/Ial\t/IEiccgr:tha?nli—\;]egtzr:gi r(i)er:ls(i\:]\/?r?eg g:\%l'olfgtﬁg)'

(Critz et al. 1991), including those associated with specifjc . - :
behaviors such as feeding (Cropper et al. 1987a,b), locomoti§fch has been identified (Keating and Sahley 1996). MM
(Evans 1994), reproduction (van Golen et al. 1996), and molimunoreactivity is distributed across cells within neural cir-

ing (O’'Brien and Taghert 1998). IAplysia, where MM first cuits medir_;\ting several distinct. pehaviors inqluding cardiqva}s—
9 g )- 1Aply cular function and the touch-elicited shortening reflex. Within
The costs of publication of this article were defrayed in part by the paymeme shortening reflex circuit, the anterior Pagodas (AP), Leydig

of page charges. The article must therefore be hereby marewtiisemertt ~ C€lls, longitudinal motor neuons (L), S cells, and their coupling
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.  interneurons are all immunoreactive for MM (Keating and
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Sahley 1996). Thus MM could potentially be important in theurrent. Sample rates were set between 3 and 7 kHz, and the clamp
expression and modulation of the touch-elicited shorteniggin was set at 25-50 nA/mV. For optimum capacitance neutraliza-
reflex. Moreover we recently observed a putative peptiderdie. capacitance neutralization control was advanced until the 10
synapse between the S and the Retzius (R) cell (Wang, unpmy_/mv MONITOR waveform on a second oscilloscope decayed

; : : . L most rapidly to a horizontal baseline without any overshoot or under-
lished observations). Given the MM immunoreaciivity ob oot. All K" current studies were carried out using standard TEVC.

X ; : S
served in the S cell, R cell may be a physiologically relevaL}Ee gain for TEVC was set between 800 and 2,500 vol/vol. The
target of MM modulation. ) output bandwidth was set at 0.3 kHz. Both SEVC and TEVC were
Several of the ionic currents in the R cell have been charactgéed in C3"-current experiments. Data were digitized by a Digidata

ized extensively in intact leech ganglia as well as in culture200 converter (Axon Instrument). All voltage steps were generated,
(Johansen et al. 1987; Schirrmacher and Deitmer 1991; Stewastteted, and analyzed by a Gateway P5-133 computer using pClamp
al. 1989b; for review, see Kleinhaus and Angstadt 1995). The&€ software (Axon Instruments). Further filtering was applied during
include the voltage-dependent Naurrent (Johansen and Klein-data analysis and figure plotting. Data were accepted only if the step
haus 1987; Kleinhaus and Prichard 1976; Nicholls and Baylgfianges in voltage-clamp potential were fast and no voltage sag was
1968), and two major components of the" keurrents, |, a detec’ged (Critz et aI.. h1.991), and tfhehelectrqde drnl‘t at thedgnd ofdthe
rapidly activating and inactivating transient current, dpga SXPefiments was within 5 mv of the starting value (Nadim an

. . labrese 1997). For subtraction, leakage current was obtained by
delayed rectifier current (Johansen and Kleinhaus 1986). In a ing hyperpolarizing voltage steps. Leakage current from the hyper-

tion, asmgle_class of &4 current has been revealed inR cells b}ﬁolarizing pulse was multiplied to the correct magnitude on the
using both single-channel and voltage-clamp recordings (BoQisumption of a linear leakage and then used for subtraction.
man and Liu 1987; Johansen et al. 1987; Schirrmacher and Deiall drugs and chemicals were purchased from Sigma unless noted
tmer 1991). In this report, we characterized the ionic basis of ththerwise. Normal leech saline containing (in mM) 115 NacCl, 4 KClI,
MM-induced cellular property changes in the R cell. We repo#t8 CaC}, and 10 HEPES with pH adjusted to 7.4 was used for
that MM increases the excitability of the R cell such that the cedpnglia preparation, excitability, and MM-induced current experi-
fires more action potentials or shortens the latency to the fifdgnts. Other solutions were made by equimolar substitution (unless
action potential in response to a step current pulse; MM inducegé%'la;g'nsge ﬁ;te:g doégle (:rb&‘é% j)c’:;ngjlii‘:}‘”g“&gf“%';’p;ggﬁgﬁ;‘nl‘re]
+ : . . , , .
small Na -mediated inward current near the cell resting mer ome experiments, a was replaced by Bd as charge carrier.
brane potential, which can account .for the small depolarizatiQfl)..c soiutions of tetraethylammonium (TEA) and 4-aminopyridine
obse_rved when cells are monltpred in CU(rent-cIamp mod_e; M LAP) were made in dds® at 1 M each. TEA or/and 4-AP were
has little or no effect on the rapidly activating and inactivaling added to the working solutions so that their final concentrations were
current but significantly reduces the delayed rectifiecurrent; 25 and 8 mM, respectively. We were not able to block voltage-gated
and MM decreases the amplitude of the Ca current. Taken ig" current in the R cell with either pharmacological methods (Klein-
gether, the modulatory effects of MM on the ionic currents atgus and Prichard 1976) or by somata ligation (Acosta-Urquidi et al.
consistent with the excitatory effect of MM on R cells. 1989; Johansen and Kleinhaus 1986). Myomodulin A (PMSMLRL-
NH,) (Aplysig peptide was purchased from Peninsula Laboratories
(Belmont, CA). Leech MM peptide GMGALRL-NK (Wang et al.
1998) was synthesized by Research Genetics (Huntsville, AL). The
Adult leeches,Hirudo medicinalis(3-5 g) were obtained from peptides were dissolved in dd&i to make 1 M stock and kept at80
Leeches USA (Westbury, NY) and maintained in plastic containeps —20°C in small-volume aliquots. Because the effectsApfysia
[28 (L) X 20 (W) X 8 (H) cm] filled to the depth of~4 cm with myomodulin A and leech MM were indistinguishable (Wang et al.
artificial leech pond water [0.5 g oflirudo salt (Leeches USA) 1998), the data for excitability and the MM-induced current were
dissolved h 1 L of ddH,O] at room temperature with 12/12 hpooled from experiments using eith&plysiaor leech MMs. Modu-
light/dark cycle. Segmental ganglia, excluding the sex ganglia (gdatory effects orl,, I, andl-,were done usingplysiamyomoduolin
glia 5 and 6), were dissected and pinned down in a custom-maieWe found that the effect of MM was saturated between 25480
Plexiglass (20Qul in volume) recording chamber containing siliconewhich was similar to the range of concentrations used to study MM
elastomer (Sylgard; Dow Corning, Midland, MI). The capsule covemodulation of Aplysia neurons (Critz et al. 1991). Before use, the
ing each ganglion was removed carefully by fine scissors or forceptock solutions were thawed, diluted to working concentration of 50
Cells were impaled with borosilicate microelectrodes (1 mm OuM in appropriate recording solutions, and applied to the cells by bath
0.75 mm ID) (Sutter Instrument, Novato, CA) filled wi8 M potas- superfusion.
sium acetate with 100 mM KCI (10-20 §). An Axoclamp 2A Statistical comparisons were of the within-preparation differences
(Axon Instruments, Foster city, CA) was used for intracellular recorgiroduced by the treatment, using a paired Studertest. The crite-
ing, current-clamp and single- and two-electrode voltage clantign for statistical significance wa3 < 0.05. All averaged data were
(SEVC and TEVC). Standard intracellular recording in bridge modxpressed as means SE.
was used to monitor the basic effect of MM on the R cells. For the
excitability test, conventional discontinuous current clamp was used.
The excitability was measureel1.5-2 min after MM application, i.e., RESULTS
after the initial burst and depolarization were over. The membrai ARl
potential of the R cell was monitored and maintained betweé&b WM effect on excitability

current.passing elecirode during the excltabity test. Bursts of actign |, /ESRONSE of the R cell to MM application is presented in
potentials were elicited by injecting a series of 90-ms depolarizi 19- 1Aa.t Af' iggg |r,\1/”t;1e f'%uTet an?has rﬁp.?rte(? tﬁre\gousllly
current pulses. The amplitudes of these depolarizing pulses ral ang et al. Id ) lari mt9 ulates the "’}Cc'jvt')y ot e f C?.
from 0.5 to 3 nA and were increased incrementally in steps of 0.5 n&ausing a small aepolarization accompanied by a train or action
D e o re eaporoweris o1 el
were coated with Sigmacote (Sigma, St Louis, . o) .

with a ramp protocol) was used to characterize the MM-induceepetitive applications of MM decreased dramatically as shown

METHODS
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] 10mV
A a b 10 Sec

Fic. 1. Effects of myomodulin on Retzius
MM MM Washout MM cell (R) cell excitability. Aac 50 uM of the
synthetic leech myomodulin-like peptide
was applied to the R cell by bath superfu-
sion. Cell membrane potential was moni-
tored by standard intracellular recording in
BRIDGE mode.Ab: desensitization of the
myomodulin effect on the R cell. After the
1st application of 50uM, myomodulin
(MM) was washed out and a 2nd dose of 50
M MM was applied. Responsiveness of the
R cell declined dramatically after the 1st
application of myomodulinB: excitability,
measured as the number of action potentials
produced by injecting depolarizing currents.
This was done~1.5-2.0 min after myo-
modulin A (Aplysig application, i.e., after
O Control the initial bu(rsg ch? de%%larization was over.
B MM For a given cell, at a given value of current

injection, the number of action potentials
n=5 cells tended to increase, and the time to the 1st
action potential tended to decrea€e excit-
ability group data. Cells were injected with a
AP# 2 series of depolarizing pulses in steps of 0.5
nA. A consistent increase in number of ac-
tion potentials was observed after myomodu-
lin A application.

———  Control

4~

0 0.5 1 1.5 2 2.5 3

Current puise (nA)

in Fig. 1Ab. In addition, as presented in FigB1MM appears in Fig. 2B, superfusion of 50uM of MM induced a small

to increase the excitability of the R cell. That is, a given valuaward current (Fig. B). In the nine cells studied with this

of depolorizing current pulse elicited a consistent increase piotocol, the average MM-induced current wa6.70 + 0.08
number of action potentials, a decreased latency to fire, an& The induced inward current was not completely inacti-
decreased interspike interval after MM application (FiB).1 vated at 1 min after MM application. Because the currents near
For example, for a 2.5-nA current pulse, the average numberigé resting potential were so small, it was difficult to determine

action potentials before and after MM application were £.8 \yhether the current was sustained or slowly decayed over
0.2 and 2.7+ 0.4, respectivelyt(= 3.16,P < 0.05,n = 5). In longer time periods.

addition, there was a decrease of the latency time for the firstAS shown in Fig. £, in a Na-free saline, no MM-induced

spike from 25+ 4.8 to 19+ 4.8 ms, a reduction of 23 5.5%. injﬁvard current was observed (= 7). An apparent, small

There was also a.consistent reduction .in interspike interMal hcient outward current was seen occasionally during the
time between the first and the second spikes fromt48.0 t0 55 hjication of MM. This small current was very similar to that
28 = 8.3 ms ( = 3). Excitability data from five cells are

A, . ) - sometimes observed during the application of control Ringer,
plotted in Fig. . No apparent changes in action potenthig g i g

h h . fterh larizati us it was considered to be a superfusion artifact. The MM-
shape such as duration or afterhyperpolarization were GRgced current persisted in bath solutions with lowered[Ga

serveq, althou_gh sometime_s a small reduction of the acti@gaa = 0.9 mM) Ringer. The amplitude of the MM-induced
potential amplitude was noticed. current in 0.9 mM C&" Ringer solution was relatively larger
than the same current observed in normal Ringer, 1135
MM induced a small Na current nA (VH = —-60 mV,n = 5), although that increase was not
statistically significantt(= —1.5,P > 0.05, df= 12). How-
Using voltage-clamp procedures, we analyzed the speciicer, the MM-induced current was blocked by extracellular
ion current modulation underlying the MM-induced changes i@0*" ions. As shown in Fig. R, when the R cell was bathed
the R cell. Desheathed leech ganglia were bathed in nornrahormal Ringer with 1.8 mM Co" substituting for C&", the
leech saline. R cells were clamped at a holding potential dM-induced current was reduced significantly to 0:23.13
—60 mV, a potential slightly hyperpolarized from rest. As seemA (n = 7;t = 3.2,P < 0.01, df= 14). MM-induced currents
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2 nA et al. 1994a,b, 1995; Critz et al. 1991; Scott et al. 1997).
J Because modulation of K currents has a dramatic effect on
5 sec neuronal excitability (Critz et al. 1991), we also examined the
MM effect on the K" currents in R cells. Using two-electrode
voltage clamp, we first examined the MM effect on the total
K* current. Cells were bathed in both Naand C&*-free
B saline. The results from a series of step pulses frord to 40

¥ 50 uM MM mV in 10-mV increments applied from the holding potential of

—60 mV are presented in Fig. 4. As seen in FigC4andD,
W a general decrease of total lKcurrent was observed. At 20 mV,
C there was a 25 3.5% ¢t = 5.9,P < 0.005,n = 5) reduction
in the peak current and a 27 2.2% ¢ = 6.8,P < 0.005,n =
5) reduction in the steady-state current. The difference current
was obtained by subtracting the total current after MM appli-
cation from the total current before MM and presented in Fig.
D v 4B. The difference current appears to resembleltheurrent
50 uM MM (see following text) in that it has a smaller peak current

Co* (compared with ,) and a long-lasting steady-state current.
The voltage-sensitive K currents in the R cell consist of at
least two distinct components that can be distinguished readily
by their voltage-sensitive inactivation kinetics and/or selective

_ _ , , sensitivity to K™ channel blockers, TEA and 4-aminopyridine
re;'ien-gz-m";"n':’k')r?npéd'go?ggggltessﬁ%Igg%grgjaé“i‘g:ﬁ‘;‘é Cglgrenr“)t r(“?s?\‘,rv |tt<?fi 4-AP) (Acosta-Urquidi et al. 1989; Johansen and Kleinhaus
clamp”) was used to investigate the ion current activated immediately aft; 86). By analogy with similar currents in other preparatlons,
myomodulin application. R cell membrane was clamped near the restH3€S€ two currents have been termgdand I, respectively
potential—60 mV while MM was bath superfusion applie&t. superfusion of (Johansen and Kleinhaus 1986).
normal RingerB: superfusion of 5uM of myomodulin.C: superfusion of 50 L. . . . .
1M MM while cells were bathed in Nafree Ringer solutionD: superfusion .. |a Can be distinguished frory by its specific sensitivity
of 50 uM MM while the cells were bathed in 1.8 mM €b Ringer solution. t0 4-AP but not TEA. To study the effect of MM dR current,

, 25 mM of TEA was added to the Na, C&*-free bath solution

in four of seven cells showed complete blockade by extracel piock|,.. Results from a set of incremental (10 mV) 300-ms

lular Cc*. _ _ depolarizing steps, preceded by a 500-ms conditioning pre-
Results from the previous experiments revealed a lack Gise 0 —90 mV from a holding potential of-60 mV are

time dependence in the MM-induced current. Thus we Weffesented in Fig. B. Command voltage steps to elitjf were
able to study the voltage dependence of the current usingeht at or below 0 mV to minimize the possible contribution of
ramp protocol. We applied a voltage ramp fron85 to =55 5 smal TEA-resistant fraction 0f because there is potentially
mV in normal leech Ringer followed by an identical ramp iy overlap of these two currents ¥, values more positive
MM containing Ringer solution. FigureA8shows the total than 0 mv (Acosta-Urquidi et al. 1989; Johansen and Klein-
current-voltage I¢V) curves before and after application o ;5 1986). As seen in FigB5MM had no effect on the peak
MM. The MM-inducedI-V relationship presented in FigB3 amplitude ofl , (t = 0.92,P > 0.4,n = 5) within the voltage
was acquired by subtracting the total current with MM from th?ange examined. For example at 0 mV, the pbakefore and

¥ Control

¥ 50 uM MM
Na* free

total current without MM. after MM application was 25.2- 1.4 and 25.9+ 1.4 ¢ = 0.94,
P > 0.3,n = 5). Moreover, no effect on the inactivation time
MM effect on K currents constant £,,) was observed. Values efy; pre- and post-MM

TOTAL K. MM peptides have been demonstrated to differe@pplication for currents elicited by voltage stepping to 0 mV
tially modulate several distinct Kcurrents inAplysia(Brezina from V,, of —60 mV were 42+ 2.5 ms and 37- 4.8 ms { =

FIG. 3. Single-electrode voltage clamp (SEVC) with
voltage-ramp protocol was used to determine the voltage
dependence of the MM-induced current. Desheathed gan-
glia were bathed in normal leech saline. R cell membrane
potential was ramped from the holding %5 mV) to more
negative values {85 mV). A: MM activated an inward
current throughout the negative potential range monitored,
and the conductance increase was larger at the more positive
-1 L potentials.B: |-V relation for the difference current was
acquired by subtracting the total current with myomodulin
) from the total current without myomodulin. Voltage-ramp
i to more positive potentials could not be achieved because

! ! L j -1.5 | | | , the Na~ channels underlying the action potential in the
-80 -70 -60 ~-50 _80 70 60 50 leech R cell are insensitive to all known voltage-gated

Na-channel blockers.
mV mV

MM induced current
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A B

40myv

-60mv

C Control D

Fic. 4. MM reduces the total voltage-activated Kurrents. Voltage-activated 'Kcurrents were examined by 2-electrode
voltage clamp (TEVC) using Nafree (N-methyl-o-glucamine-substituted), E&-free (CF* substituted) bath solution. A series
of step pulses from-70 to 40 mV in 10-mV increments were applied from the holding potentiat & mV. A: cell membrane
potentials following the voltage-clamp protocBt.difference currents obtained by subtracting currents after MM from those before
the application of MM at each potential. Modulated current has the propety@frrent.C andD: sample currents from a single
cell before and after MM application.

1.8, P > 0.1, n = 5). Representative unsubtracted samplga® current. The effect of MM on the G4 current is pre-
records before and after the application of@d MM from a  sented in Fig. 7C and D, respectively. To isolate the €a
single cell were shown in Fig. 5C and D. An I-V plot current, we used Nafree Ringer with the addition of TEA (25
constructed from leak-subtracted currents in the prese®e (M) and 4-AP (8 mM) to block the K currents with C&" or
and absence) of MM is plotted in Fig. B. Ba®" (at 2.8 mM) as the charge carrier. Current traces were
. | was separated froy, by adding 8 mM of 4-AP to the Ieak—_subtracted using conventional methods._ Consistent with
Na'-, C&"-free saline. Current responses were evoked B€Vious reports, we f_ound that from a holding potential of
command voltage steps in increments of 10 mV fromaof ~ 60 MV, the current first appeared with steps to abe@d
—50 mV. In contrast to the lack of effect dp, 50 uM MM mV, peaked between 5 and 10 mV, then degreased until it
consistently suppressed both the peak and steady-state anipyersed~40 mV (Johansen et al. 1987; Schirrmacher and
tudes ofl in the R cells (Fig. 6). Sample records from a singl&€itmer 1991). Anl-V plot from a sample recording is pre-
cell with and without MM are presented in Fig.&andB (leak Sented in Fig. B. As seen in Fig. 7€ andD, MM induced a
currents not subtracted). THeV plot constructed from five Significant decrease in peak current at 0 nW, & —60 mV).
cells for the peak current value for each voltage step is pr\él_lth calcium as the charge carrier, the current at 0 mV in the
sented in Fig. 6. These data indicated that there was Bresence of MM was reduced to 284% (control, 23.5+ 1.3
consistent decrease in peak current beginning at abéamy  NA; MM, 18.0 = 0.9 nA) of the pre-MM amplitudet (= 4.6,
and reaching its maximum at 0 mV. The average reduction < 0-002,n = 9). With barium, the post-MM current at 0 mV
0 mV for peakl was 18.7+ 4.3 nA (control, 37.7+ 8.3 nA; Was reduced to 83 5% (control, 17.4« 1.6 nA; MM, 14.6=
MM, 18.9 + 4.2 nA). This represents a mean decrease af 4917 NA) of the pre-MM valuet(= 3.5,P < 0.05,n = 5; Fig.
2.9% ¢ = 4.3, P < 0.01,n = 5). Similarly, there was a 8)- NO change in the shape kf, andlg, before and after MM
consistent decrease of steady statdor all the voltage steps application was apparent, indicating that the kinetics of the
examined. Steady-statg at 0 mV was reduced by 7.4 2.0 Current was not altered.
nA (control, 15.7+ 3.1 nA; MM, 8.6 = 1.4 nA). This repre-
sents a mean decrease of #37.2% ¢ = 3.5,P < 0.05,n= p,scussionN
5; Fig. ).
The results presented above extend the analysis of the mech-
MM effect on Ca current anisms of the neuropeptide MM as a neuromodulator to an
additional invertebrate species, the medicinal leétitudo

Both patch-channel and voltage-clamp recordings have raedicinalis.Due to the peptide’s localization to specific neu-
vealed only a single type of voltage-gated®Caurrent in R rons within well-characterized and behaviorally relevant neural
cells of the adult leech (Bookman and Liu 1987; Johansen eteitcuits in the leech, the role of MM in the expression of
1987). We examined the effect of MM on this voltage-gateseveral specific behaviors can be analyzed. Understanding the
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A B
30
O Control
® MM
20
Omv nA
-60my 10
_\
-90mv &
0 v
50 40 30 20 10 0
mV
C D
Control MM
W l”# w
f r
10nA
100ms

FIG. 5. MM has no effect o, in R cell. Currents were evoked by 300-ms depolarizing steps in 10-mV increments, following
a 500-ms conditioning prepulse 690 mV from a holding potential of 60 mV. Bath saline was Na and C&"-free with 25 mM
TEA added to remové, contaminationA: cell membrane potentials following command voltage protoBol:V plot of the peak
amplitudes of thd, currents (leakage corrected, seerHops) before () and after ) MM application. No change of pedl
currents were observed throughout the voltage range exanthaad D: exemplary traces recorded from a single cell bef@pg (
and after D) application of 50uM myomodulin. Leakage current was not subtracted from the records.

actions of MM will facilitate our understanding as to hownability to specifically block the voltage-gated, TTX-resistant
neuropeptides modulate behaviors. sodium current that underlies the action potential in the R cell.

Although we previously had purified a MM-like peptide A very similar current induced by the neuropeptide FMRF-
from the leech (Wang et al. 1998) and demonstrated that bathide near the cell resting potential was reported in the heart
application of MM produced an excitatory response in the Rterneurons of the leech (Schmidt et al. 1995). There are
cell, the ionic basis of this effect was not known. Here wseveral striking similarities between the MM-induced current
present evidence that the MM effect on the R cell consists iof the R cell and the FMRFamide-induced current in the heart
the activation of a Na-mediated current near rest as well agterneuron. Both currents have similaW characteristics at
the modulation of , and|z+. the corresponding voltage range tested and both are blocked

The characteristics of the small, inward current induced thy extracellular C6". Moreover effects of the peptides on the
MM near rest are well suited to account for the initial, rapidorresponding cells desensitize rapidly. Finally, neuromodula-
depolarization seen when MM is applied in current-clamior currents with similar characteristics that are carried mainly
conditions. Because the current disappeared in"-fMae by Na“ have been reported in a variety of other systems
Ringer and persisted in low €& Ringer, it appears that theincluding proctolin in the lateral pyloric neurons of the crab
current was carried predominantly by sodium, although wi&olowasch and Marder 1992) and FMRFamide in the R14
cannot rule out the possibility that calcium and/or potassiuneuron ofAplysia(lchinose and McAdoo 1988). Interestingly,
are also permeable. in these other systems, inward currents mainly mediated by

Voltage steps around the resting potential did not reveal aNg™ were blocked when extracellular €aconcentration was
new time-dependent components induced by MM, hence wkevated (Gillette and Green 1987; Golowasch and Marder
were able to use voltage ramps study the current-voltage rel®92; Ichinose and McAdoo 1988). The effects of divalent
tion of this current. Voltage ramps revealed an unusual curreng&tions on those currents suggests that there may be an instan-
voltage relationship for the current. Over the narrow range t&neous block of the currents by extracellular calcium. Al-
potentials examined, the current grew larger at more posititteough the MM-induced current in the R cell appears to be
potentials even though the driving force should be smaller larger in low C&" saline, the difference is not significant.
these potentials. We were unable to examine this phenomemtowever, the MM-induced current was blocked efficiently by
at potentials more positive thar50 mV because of our extracellular C8" ions. This effect is similar to the FMRF-
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FIG. 6. MM suppressek; in R cell. Current responses were evoked by command voltage steps in increments of 10 mV from
aV,, of =50 mV. Bath saline was Na and C&*-free with 8 mM 5-aminopyridine (4-AP) added to remdye A andB: sample
traces (leak unsubtracted) recorded from a single cell befyrar{d after B) application of 50uM of myomodulin.Inset cell
membrane potentials following the command voltage protdgolesponses appear to have reached steady state at the end of the
command pulse (550-ms duratio)andD: I-V plots of peak C) and steady-stat®] |, amplitudes (leak subtracted, seerHops)
before and after myomodulin application. There was a consistent decrease in both peak and stegdgtstaets within the
voltage range examined. Average decrease of peat 0 mV was 49+ 2.9% ¢ = 4.3,P < 0.01,n = 5). Average decrease of
steady-staté, at 0 mV was 43+ 7.2% ¢ = 3.5,P < 0.05,n = 5)

amide-induced current in leech heart interneuron (Schmidtwehat was reported in the R cell iMacrobdella (Acosta-
al. 1995), the proctolin-induced current in crab neurons (Golbirquidi et al. 1989; Johansen and Kleinhaus 1986). This,
wasch and Marder 1992), and the serotonin-induced currenipierhaps, reflects the differences in the voltage-gatete-
snail neurons (Gillette and Green 1987; Sudlow and Gilletteeen the two species. In addition we found that the total K
1995). Thd-V characteristics of the MM-induced current seeraurrents measured in these experimentkliludo were larger
to resemble the persistent Na:urrent,lp, in the leech heart than those ifMacrobdella(100 vs. 40 nA at 0 mV) (Johansen
interneuron (Opdyke and Calabrese 1994). If the MM-induceohd Kleinhaus 1986).
current and , were the same, then the effects offCand MM As a multifunction neuron, activity in the R cell varies
on the current would be mutually exclusive. depending on the particular behavior the animal is expressing.
The reduction of ¢ also could contribute to the MM-inducedThese behaviors range from feeding (Lent and Dickinson
increase in excitability. MM reducdsg to about half its normal 1984), to swimming (Kristan and Nusbaum 1983; Willard
value. It is likely that the modulation df; contributes to the 1981), to mucus secretion (Lent 1973). It appears that changes
increase in excitability becaudg begins to activate aroundin the R cell may be the result of its modulation by a number
—35 mV (Figs. 8 and 6,C andD), a value that is within the of neurotransmitters and neuropeptides including serotonin
normal range of the R cell resting membrane potenti@@to (5-HT) (Acosta-Urquidi et al. 1989), FMRFamide (Sahley et
—60 mV) (Hagiwara and Morita 1962; Leake 1986). Althoughl. 1993; Strong et al. 1996), and the small cardiac peptide B
other investigators further divide peak and steady-diatato (SCPB) (Kleinhaus and Sahley 1989). Analysis of the modu-
I, andl,, (Hodgkin and Huxley 1952; Simon et al. 1992jatory effects of these various neurotransmitters indicates that
Stewart et al. 1989b), we did not attempt this distinctioseveral distinct and sometimes overlapping ion channels are
because we found that MM reduced both peak and steady-statdified. One dramatic example of the relationship between R
I« equally effectively. No MM-induced kinetic alteration f  cell activity and behavior is the onset of patterned bursting of
was observed. the R cell that accompanies swimming (Friesen 1989). This R
MM had no effect on IA both in terms of current amplitudecell bursting can be mimicked by the application of FMRF-
and inactivation time constant. Interestingly, ther., in the amide (Sahley et al. 1993).
Hirudo R cells measured in these experiments is smaller thanin contrast to MM and FMRFamide, serotonin has an im-
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FIG. 7. MM reduces the voltage-activated Tacurrent. Voltage-activated &a current was examined by both SEVC and
TEVC. Bath saline was Nafree Ringer with either Gd or B&2* as the charge carrier, and TEA and 4-AP were added to block
K™ currents. Membrane potential was stepped fre0 to 0 mV for 250 msA: command voltage protocoB: I-V relation for
peakl -, with and without myomodulinC andD: sample records d., andlg, at 0 mV before and after myomodulin application.
These current traces have been leak-subtracted by using leakage current resulting from hyperpolarizing pulse multiplied to the
correct magnitude assuming a linear relation for the leakage current.

mediate transient inhibitory effect on Retzius cell because gér pathways underlying 5-HT and MM modulation is still
the enhancement of a chloride conductance (Walker and Smidbking, the fact that MM has different effect on theand|
1973). In addition, a more long-lasting effect of 5-HT has beaypbmpared with 5-HT indicates that a different second-messen-
characterized by Acosta-Urquidi et al. (1989) in which 5-Hfer mechanism may be involved.
enhances, while suppressindy. There is evidence that the  Although cells express different types of voltage-gate@i'Ca
eﬁect Of 5-HT on |eeCh neurons iS me(;iiated at |eaS_t pal’tlally wanne|s (H|||e 1992), Sing'e_channe' and V0|tage_c|amp re-
elevated cCAMP level and accompanied by protein kinase éyrdings have revealed only one class of Cehannel in leech
(PKA) activity (Biondi et al. 1982; Garcia-Gil et al. 1993).g g5 (Bookman and Liu 1987; Johansen et al. 1987; Schirr-
Although a systematic characterization of the second-messgis-her and Deitmer 1991). The R cell®Cachannel perme-
ability is SP*>Ba®">C&", and the C&" current shows
characteristic Cd dependent inactivation (Bookman and Liu
=9 1987; Schirrmacher and Deitmer 1991; Stewart et al. 1989b).
Voltage-gated Cd (Ba®") currents, measured in Nafree
20 . and K"-channel-blocked solution, showed characteristics of
- = C&* currents previously measured in adult leech ganglion
x cells (Johansen et al. 1987; Stewart et al. 1989b). Activation
occurs at potentials more positive tharP0 mV and peaks
nA between 5 and 10 mV. Our data showed a moderate but
0 significant reduction of the Ga current after MM application.
Peakl ., reduction is~10-20% of the total., with little
alteration of the activation and inactivation kinetics of thé Ca
current. The functional consequence of this modulation on the
excitability of the R cell is not known. The effect of MM dg,
is expected to have minimum effect on the cell excitability
because R cell action potential is exclusively'™Nfependent in
Ica IBa the absence of artificial pgrturbation of .the endogenou$ Na
FIG. 8. Group data plot of th&Ca andlg, reductions. Mean reduction for gg(diitlgnccl)irllguoithagrcsea éﬁféggﬁuasngnglel::rr]lﬁgﬁgdljé%é?’V\}eg gi?j).nlcr)]t
lcaat 0 mV was 22+ 4% (** t = 4.6,P < 0.002,n = 9; 5 cells SEVC and L .
4 cells TEVC). Mean redu(ction fdg, at 0 mV was 17+ 5% (*t - 3.5,p < See evidence for a Ca-activatedl ., component (data not
0.05,n = 5; SEVC). shown) even after prolonged step depolarizatiod@ ms)
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althoughl ¢,y has been detected in cultured R cells (Stewart €17z, S. D., B\TER, D. A., AND BYRNE, J. H. Modulatory effects of serotonin,
al. 1989b) as well as in R cells from specialized sex gang"aFMRFamide, and myomodulin on the duration of action potentials, excit-
(Merz 1995). However, it is Iikely that the effect of MM o, ability, and membrane currents in tail sensory neurondmysia. J. Neu-

. . . : rophysiol.66: 1912-1926, 1991.
could have an impact on the €amediated signal transductlonCROF,F,ER E.C.. BReziNA, V.. VILM, F. S., HARISH, O., FRICE, D. A., ROSEN S..

and transmitter releases (Stewart et al. 1989a). AND WEIss K. R. FMRF peptides in the ARC neuromuscular system of
In the Aplysiabuccal musculature, MM enhances the L-type Aplysia purification and physiological action3. Neurophysiol72: 2181—
C&* current by an average of 50—70% via a cAMP-mediated2195, 1994.
second-messenger pathway (Brezina et al. 1994b; Hooper efapPPERE. C., LLovp, P. E., RED, W., TENENBAUM, R., KUPFERMANN, |., AND
1994; Scott et al. 1997). FMRFamide, which does not activate’VE'ss K. R. Multiple neuropeptides in cholinergic motor neuronsiply-
- o . sia: evidence for modulation intrinsic to the motor circiitroc. Natl. Acad.
CAMP in the buccal muscle, causes a 10—-20% reduction of th&; sasa: 3486-3490. 1987a.
Ca current (Cropper et al. 1994; Scott et al. 1997). We do ncoprer E. C., MLLER, M. W., TENENBAUM, R., KUPFERMANN, |., AND WEISS,
know if the reduction ofl, in the R cell by MM is mecha-  K.R.Buccalinis present in the cholinergic motor neuron B18pifysiaand
nistically comparable with that iAplysiaby FMRFamide. :;tci‘grﬁ’fgf;el% accessory rsal‘jz‘{'i7céosle75mfgsg(')e contractions evoked by stimu-
T,aken to_gether, our results _On the MM modulation Of th ROPPER E. C., MLLER, M. W., TENENBAUN;, R., KUPFERMANN, |., AND WEISS
various ionic currents are consistent with the overaI_I excitablex. R, structure and action of buccalin: a modulatory neuropeptide localized
effect of MM on the R cell. What could be the potential role of to an identified small cardioactive peptide-containing cholinergic motor
MM modulation on leech behaviors? One possibility is that it Tguron ofAplysia californica. Proc. Natl. Acad. Sci. US¥5: 6177-6181,
mﬁy partlc!p_atehlnl moﬁullgtlng tlhe tOlﬁCh-ell(Steq Sdhort.(ejmn(gaopPE-R E. C., TENENBAUM, R., KoLks, M.A.G., KUPFERMANN, |., AND WEISS
reflex circuit in the leech. Recently we have obtained evidencg R wyomodulin: a bioactive neuropeptide present in an identified cho-
that indicates a peptliderglc synapse exists between the S andifergic buccal motor neuron ofplysia. Proc. Natl. Acad. Sci. US84:
cells (Wang, unpublished data). Previous work has indicate®483-5486, 1987b.
that both the S cell (Modney et al. 1997; Sahley et al. 1994) aRfpPPes & C, Muw, . S., Aevizos, A, TENENEAUM, R, KOLKS, MLAG.,
. . - 0SEN, S., KUPFERMANN, |., AND WEIss, K. R. Structure, bi ivity
the R cell (E.hr“Ch et al'. 1992; Sahley 1994) are_ Important fo_rcellular localization of myomodulin B: a nov@lplysiapeptide.Peptidel2:
the expression of learning dependent changes in the behavioggz 90, 1901.
Thus the S to R synapse could be an important site of modi#ruich, J. S., Buus, N. M., KARRER, T., AND SaHLEY, C. L. Differential

lation. Studies are underway to explore the role of modulationeffects of serotonin depletion on sensitization and dishabituation in the
by MM in |eaming leech,Hirudo medicinalis. J. NeurobioR3: 270-279, 1992.
: Evans, B. D. The effects of myomodulin and structurally related neuropeptides
on skeletal neuromuscular transmission in the locdstExp. Biol. 190:
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