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Wang, Jijiang, Mustapha Irnaten, and David Mendelowitz. Aga-  acetylcholine as a neurotransmitter is now suggested to| be
toxin-IVA-sensitive calcium ?ha“r;ds g?ed'ate tlhe Pfi?g;apt'c apdsponsible for the respiratory modulation of heart rate gnd
postsynaptic nicotinic activation of cardiac vagal neurahbleuro- 5y e involved in many cardiorespiratory diseases, includ|n
physiol85: 164—-168, 2001. Whole cell currents and miniature glutg- d%jen infant death (Fe)I/dman andeucca);usco 199é_ Florezcgai

matergic synaptic events (minis) were recorded in vitro from cardi ) - ]
vagal neurons in the nucleus ambiguus using the patch-clamp te -1990; Loewy and Spyer 1990; Mallard et al. 1999; Pa

nique. We examined whether voltage-dependent calcium chanr@i@hy et al. 1997; Slotkin 1998). _
were involved in the nicotinic excitation of cardiac vagal neurons. Previous studies from this laboratory have described

Nicotine evoked an inward current, increase in mini amplitude, ar@ctivation of cardiac preganglionic vagal neurons by nicoti
increase in mini frequency in cardiac vagal neurons. These respornsRel acetylcholine (Mendelowitz 1998; Neff et al. 199
were inhibited by the nonselective voltage-dependent calcium chann@98a). This activation involves presynaptic NnAChRs that
blocker Cd (10QuM). The P-type voltage-dependent calcium channglrease the frequency of spontaneous glutamatergic miniajige
blocker agatoxin IVA (100 nM) abolished the nicotine-evoked resynaptic events (minis) and postsynaptic nAChRs that enhange
sponses. Nimodipine (M), an antagonist of L-type calcium chan- n-N-methyle-aspartate (NMDA) currents and evoke a dire g
i
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nels, inhibited the increase in mini amplitude and frequency but d@

not block the ligand gated inward current. The N- and Q-type voltag anglgal:eg ana:)rd current..The Increase Olf mini freque
dependent calcium channel antagonists conotoxin GVIAND and was blocked byn-bungarotoxin ¢-Bgtx), a selective antago

conotoxin MVIIC (5 uM) had no effect. We conclude that theNiSt of NAChRs that contain the-7 gene product (Clarke
presynaptic and postsynaptic facilitation of glutamatergic neurotrark®92; Couturier et al. 1990), suggesting the existence of th
mission to cardiac vagal neurons by nicotine involves activation tfpes of NAChRS in the presynaptic terminals of neurons t
agatoxin-IVA-sensitive and possibly L-type voltage-dependent cgroject to cardiac vagal neurons.
cium channels. The postsynaptic inward current elicited by nicotine isThe mechanisms by which-Bgtx sensitive nAChRs in-
depgndent on activation of agatoxin-IVA-sensitive voltage-dependgitbgse the frequency of spontaneous release of transmitte
calcium channels. unclear.a-Bgtx-sensitive NnAChRs have a high permeability
calcium, are preferentially localized, and are clustered at
synaptic sites (Amador and Dani 1995; Castro and Albuqu
INTRODUCTION que 1995; Clarke 1992; Couturier et al. 1990; Zhang et
The control of heart rate and cardiac function is determind®96). One possibility is that the calcium influx elicited froc.
primarily by cardiac vagal neurons that are located in ttectivation of the nAChR channel is sufficient to cause spo &
nucleus ambiguus (NA) and the dorsal motor nucleus (DMNX)eous transmitter release. Another possibility is that the sppg-
of the vagus (I1zzo et al. 1993; Standish et al. 1994, 199&neous transmitter release depends on nAChR-evoked pregs;
Taylor et al. 1999). These neurons dominate the neural contapitic depolarization and subsequent activation of presyna
of heart rate under normal conditions and also determine thaltage-dependent calcium channels (VDCCs). This sec
prognosis of many pathological cardiac challenges (Vanili amdechanism has been shown to be involved in the enhancement
Schwartz 1990). In each respiratory cycle, the heart beats mofespontaneous GABA release from neuron terminals within
rapidly in inspiration and slows during postinspiration andhick lateral spiriform and ventral lateral geniculate (Tredway
expiration (referred to as respiratory sinus arrhythmia). Caet al. 1999). It is also not known if VDCC are involved in the
diorespiratory interactions do not seem to occur between s@ostsynaptic enhancement of non-NMDA currents or the dirgct
sory neurons at their first central synapses in the nucleus tradtgand-gated inward current elicited by nicotine in cardigc
solitarius (NTS), suggesting cardiorespiratory interactions ogagal neurons.
cur later in the reflex pathways perhaps within the nucleusThe present study investigates whether VDCCs play a rolg in
ambiguus (Mifflin et al. 1988). With the discovery of diverseghe presynaptic and postsynaptic nicotinic activation of card|ac
types of nicotinic acetylcholine receptors (nAChRs) in thpreganglionic vagal neurons and the identity of the specffic
CNS, particularly the evidence that nAChRs exist in synaptilDCC subtype(s) involved. This study indicates that nicotine-
terminals in NA and DMNX (Winzer-Serhan and Leslie 1997)voked increase in presynaptic transmitter release does invplve
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presynaptic VDCCs, and among the subtypes, agatoxin-I\VAsing student's pairetitest. The data are presented as mearSE,
sensitive channels predominate with L type channels playingviih one asterisk signifying differences Bf< 0.05, and two asterisks
minor role. Unexpectedly, the same VDCC subtypes are fgf P = 0.01.

sponsible for the postsynaptic enhancement of non-NMDA

currents on activation of nAChRs. RESULTS

Nicotine evoked an inward current in cardiac vagal neurg
as well as dramatic increases in both the frequency and

Terminals of preganglionic vagal cardiac neurons are locaténplitude of the minis (Fig. lleft). CdCl inhibited, but did
mostly in the fat pads at the base of the heart in rats (Standish etradt completely abolish, this nicotinic activation of cardig
1994). In an initial surgery, rats of 6- to 12-days old were anesthetizgdgal neurons (Fig. ¥ight). In the presence of CdgInicotine
with methoxyflurane and hypothermia and received a right thoracefid not induce any significant change in baseline curre

omy. The heart was exposed, and rhodamine (XRITC, MoleculRficotine significantly increased mini frequency and amplitu
Probes) was injected into the pericardial sac. On the day of experim g Y q y P

(3-7 days later), the animals were anesthetized with methoxyflur. 0 .
and killed by rapid cervical dislocation. All animal procedures Wer@%cantly reduced by 75.5 and 83.9%, respectively, compa

performed in compliance with the institutional guidelines at Geord’g'th_ control responses. -
Washington University and are in accordance with the recommenda-Since the nonspecific VDCC blocker Cddhhibited the
tions of the Panel on Euthanasia of the American Veterinary Medidafe- and postsynaptic nicotine-evoked responses, we next
Association and the National Institutes of Health publication “Guid@mined which VDCCs were responsible for these nicotir]
for the Care and Use of Laboratory Animals.” The hindbrain wamediated changes. The specific P-type VDCC blockerga-
removeql _and _placed for 1 min in cold (0—2°C) buffer of the followingoxin IVA (100 nM) completely abolished all presynaptic an
composition (in mM): 140 NaCl, 5 KCl, 2 Cagl5 glucose, and 10 postsynaptic nicotinic activation of cardiac vagal neuror
HEPES and was continually gassed with 100% the medulla was ,_agatoxin IVA (Fig. 2, right) blocked the nicotine-induced
then cut in sections of 25@m thickness using a vibratome. S|ICES1n ard current, increases in mini frequency and mini amplitu

METHODS
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@tlen accompanied with Cdglbut these responses were-sig
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were mounted in a perfusion chamber and submerged in the perfusa . :
of following composition (in mM): 125 NaCl, 3 KCl, 2 Cagl26 soyeg&z- 87.0, and 99.6%, respectively, compared with con
Lesponses (Fig. 2eft).

NaHCQ,, 5 dextrose, and 5 HEPES, constantly bubbled with g . ) .
(95% O,5% CO,), and maintained at pH 7.4. Calcium channel [N contrast the specific L-type VDCC blocker nimodipin
antagonists were directly perfused into the chamber at the followiighibited the nicotine-evoked increases in mini amplitude
concentrations. CdgI(100 M) was dissolved directly into the per
fusate; nimodipine was dissolved in ethanol for a stock solution of 2
mM, and diluted to a final concentration ofg2Vl. Conotoxin GVIA,

cadmium

nicotine == nicotine ==

agatoxin IVA, and conotoxin MVIIC were prepared immediately _1-gg.BaseI|ne Current (pA)
before use and their concentrations wergM, 100 nM, and 5uM, 450 1 I 1 I .
respectively. 2001 x
Individual vagal cardiac neurons were identified by the presence of 250 ] I
the fluorescent tracer. These identified vagal cardiac neurons were -
then imaged with differential interference contrast (DIC) optics, in- 350
frared illumination, and infrared-sensitive video-detection cameras to
gain better spatial resolution and to visually guide and position the 307 Mini Frequengy (Hz)

patch pipette onto the surface of the identified neuron. The pipette was 25 1 2 Bomad o

advanced until obtaining a seal over 1 G8tween the pipette tip and 20] o .o EOTRLAEE  p Shcgmmg oo o

the cell membrane of the identified neuron. The membrane under the 2 g0, reelWTEEY o LSRRt
pipette tip was then ruptured with a brief suction to obtain whole cell 157 mpoienipalt o B TE LT Tew
patch-clamp configuration, and the cell was voltage-clamped at a 10 r‘”“’ =* L

holding potential of—80 mV. Picrotoxin (100uM), strychnine (1 51 : . .
uM), prazosine (1QuM), p-2-amino-5-phosphonovalerate (pM), N

and tetrodotoxin (TTX, 1uM) were infused to prevent GABAergic, 15-
glycinergic, a;-adrenergic, glutaminergic NMDA postsynaptic €ur . ) . .

rents and to plrevent polysynaptic pathways, respectively. The pipettes  -°] Mini Amplitude (pﬂA) Avg Mini Amplitude (pA)

2

were filled with a solution consisting of (in MM) 130 Kgluconate,
10 HEPES, 10 EGTA, 1 Cagland 1 MgC}.

Nicotine (1 M) was pressure injected directly onto the neuron by
a micropipette positioned directly above the neuron for 20—40 s. After
application, a brief (approximately 10 s) negative pressure pulse was
applied to limit any diffusion of nicotine out of the micropipette. The
slice was then perfused with a calcium channel antagonist for 20 min.
At the end of this 20-min period, nicotine was reapplied in the
continued presence of the antagonist. A 20-min delay was used to - ) ) L
minimize any desensitization of the cell by nicotine. Analysis of F'é: 1. Left nicotine evokes an inward current, increase in mini frequen
spontaneous postsynaptic events was performed using MiniAnaIy%T%mcrease in mini amplitude in cardiac vagal neur&ight: when Cd (100

(Synaptosoft, version 4.3.1) with an amplitude threshold of 6 pAng the increase in mini frequency and amplitude are significantly inhibi
Different groups of neurons were examined for each toxin. Responggs- g). In this and all subsequent figures, the vertical axes for the typi

to nicotine during simultaneous application of the toxin were statigxperiments shown are shown on tef, and the vertical axes for the average
tically compared with the responses from control nicotine applicatiodata illustrated as solid squaresSE, when different, are shown on thight.
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Two important transmitters that excite cardiac vagal neurgns
are glutamate and acetylcholine. One of the more functionglly
important pathways for blood pressure regulation is the gl
matergic pathway from the NTS (Neff et al. 1998b; Taylor

cardiovascular reflex control. Acetylcholine is also an impqr-

22_ **mf" tant transmitter innervating cardiac vagal neurons, and this
S 1 input likely play an important role in cardiorespiratory intef-
10] emoel o3 @ TR R actions (Giby et al. 1984). Our previous work has shown that
51 ;ﬁ;{ﬁn . nicotine, but not muscarinic agonists, activates postsynaptic
0] oF Fod receptors and a depolarizing inward current in vagal cardjac
] neurons (Neff et al. 1998a). In addition, nicotine acts at djf-

ferent pre- and postsynaptic sites to facilitate glutamater
neurotransmission (Mendelowitz 1998; Neff et al. 1998a). P
synaptic nicotinic receptors increase the frequency of trans,
ter release, and are sensitive to block &ybungarotoxin.
Nicotine also elicits an augmentation of postsynaptic nd
NMDA currents. These nicotinic responses may serve to
rectly depolarize cardiac neurons as well as augment the
. tamatergic input to cardiac vagal neurons both pre- 3
100 150 200 postsynaptically during the postinspiratory phase of the reg
Time (sec) ratory cycle. These latter two effects may constitute mec
Fic. 2. The specific voltage-dependent calcium channel (VDCC) block&SMS by which cholinergic respiratory neurons gate or fac
w-Agatoxin IVA (100 nM) completely abolished all pre- and postsynaptitate the baroreflex during postinspiration.
nicotinic activation of cardiac vagal neurons-Agatoxin IVA blocked the
nicotine-induced inward current and increases in mini frequency and mini
amplitude by 98.22, 86.99, and 99.64%, respectively (right), compared with
control responses (lefty = 5).

100 150 200 O
Time (sec)

0 50 50

Nimodipine
nicoting ===

nicotine s
1Baseline Current (pA)
50{ %

o

frequency but did not significantly inhibit the nicotine-eicited
ligand-gated inward current (Fig. 3). The nicotine-evoked in-
creases in mini frequency and amplitude were not statistically
significant from baseline values when accompanied by nimo-
dipine. However, the nicotine-evoked inward current during
nimodipine remained statistically significant and was only at-
tenuated by 46.6% from the control nicotine response.
w-Conotoxin MVIIC andw-conotoxin GVIA did not alter
the nicotinic activation of cardiac vagal neurons. In the pres-
ence of w-conotoxin MVIIC (5 wM), the nicotine-induced
increases of the frequency and the amplitude of the minis, as
well as the inward current, were not significantly different from
control responses. Similarly-conotoxin GVIA (1 M) did
not alter the pre- and postsynaptic nicotine-evoked responses.
The effects of each calcium channel antagonist on the nicotinic
activation of cardiac vagal neurons are summarized in Fig. 4.

DISCUSSION

Recent studies of cardiac vagal neurons in the nucleus am-
biguus (NA) have demonstrated that these neurons are intrin-
sically silent and do not exhibit spontaneous pacemaker like —_— ——
activity (Mendelowitz 1996). In agreement with these in vitro 100 150 200 100 150 200
results, the relatively few in vivo studies that have successfully Time (secs) Time (secs)
examined preganglionic cardiac neurons with extracellulargg, 3. Right: the L-type calcium channel blocker nimodipine 1)
electrodes have also found that most of these neurons (idesitjrificantly attenuated the nicotine-evoked increases in mini frequency
fied by antidromic stimulation) were silent (Giby et al. 1984)_a}mplitude but did not significantly alter the nicotine-elicited ligand-gatg

; S ; vard current. The nicotine-evoked increases in mini frequency and am
These results suggest that the tonic Vagal activity that is n ude were blocked with nimodipine, but the nicotine-evoked inward currg

mally present in unanesthesized animals depends on excitat@Ryained statistically significant and was only attenuated by 46.63% from
synaptic contacts to initiate and maintain vagal cardiac activiyontrol response during nimodipine ¢n 9).
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1207 I require activation of VDCCs and in particular the agatoxin
§-1007 IVA-sensitive VDCC. It is possible that these nicotinic rg-

§ 801 sponses rely on a Ca-dependent or other second messengdr that
o is only activated when postsynaptic VDCCs are at least par-
3 tially open.

2 -40] Nimodipine partially inhibited the nicotine-evoked increage

2 207 | |« . in mini frequency and amplitude but did not significantly alt¢r

a gt = the direct inward current. One possibility is that L-type VDC(s

£33

Mini Frequency Change
L

167

are involved in enhancing glutamatergic transmission; but
other possibility is that nimodipine directly inhibits these nig-
otinic receptors. Other studies have provided evidence
L-type VDCC antagonists may directly alter nicotinic receptars

(Donnelly-Roberts et al. 1995). Since the subunit composition
and the full pharmacological profile of the nicotinic receptors

located postsynaptically in cardiac vagal neurons are unknoyn,

i we cannot rule out the possibility that nimodipine direct
inhibits these nicotinic receptors. It is highly unlikely that t

;
t
i n
.

S 40 T inhibition of the nicotinic responses with Cd or agatoxin afé&
§ . due to direct effects on the nicotinic receptors since the c 5-
9 3] centration of Cd and agatoxin used in this study (108 and | 8
2 o0 . 100 nM, respectively) have been shown to have no effect|d
e 111 nicotinic receptors (Donnelly-Roberts et al. 1995). 2
f(c— 0] " It is somewhat surprising that the nicotine-evoked responpgs
5 0.0 i are blocked by agatoxin IVA but are unalteredd»conotoxin
Cacl, Aga Nimd CgTx MVIC MVIIC. In many neurons, studies have shown that agato

IVA and w-conotoxin MVIIC block the same P/Q type VDCC
ti : (for review, see Meir et al. 1999). However, there are so
ﬁl? ')l-(Tg‘ehSPec'f'C dP'type VDCdC. blocker f"‘gat.‘”."f” IVA (100 ”?': 5)I_a'i‘° _eurons in which a population of VDCCs are blocked
ocked the inward current and increase in mini frequency and amplitude. . . e .
specific L-type VDCC blocker nimodipine @M, n = 9) blocked the nicotine- gﬁatoxm IVA but are insensitive te-conotoxin MVIIC. For

evoked increase in mini frequency and amplitude but did not significantly anexample, . in crayfish nerve terminals (Wright et al. 1994
the nicotine-evoked ligand-gated inward curremConotoxin MVIIC (5uM,  peptidergic neurons (Garcia-Colunga et al. 1999), and telg

FiGc. 4. Nicotine-evoked responses (vere blocked by Cd (10@M, n =

n = 8) andw-conotoxin GVIA (1uM, n = 5), specific blockers of the Q- and retinal cone horizontal neurons (Pfeiffer-Linn and Lasafe®.

N-type VDCCs, respectively, did not alter the nicotinic activation of cardiai996) agatoxin IVA nearly completely blocked VDCCs whil
agal neurons. ’ -
vagaineu these VDCCs were not altered hy-conotoxin MVIIC. In

This work demonstrates that VDCCs play a critical role jjumans, there may be developmental changes in the sensitj\ig

mediating the nicotinic facilitation of glutamatergic responsé¥ VDCCs to blockers since in a 10-mo-old child, but not i
both pre- and postsynaptically. The nonspecific VDCC block8fults, hippocampal granule cells are agatoxin IVA sensit
Cd and the specific VDCC blocker agatoxin IVA inhibited th&Ut are insensitive ta-conotoxin MVIIC (Beck et al. 1997). It
nicotine-evoked increase in mini frequency. This suggests th&s recently been suggested that there is a much greater d

although the presynaptie? subunit containing nicotinic re- Sity of voltage-dependent calcium channel subtypes than pre-

ceptors is responsible for the increase in transmitter dischaMj@usly recognized and can be distinguished with the L, N, %
and is highly permeable to calcium, the increase in mif¥: and R toxin-based classification (Burley and Dolphin ZOOJE
frequency is dependent on concurrent activation of VDCCs, N summary, the nicotine-evoked inward current and bqt®

and in particular agatoxin-IVA-sensitive calcium channels. e pre- and postsynaptic enhancement of glutamatergic §

therefore seems likely that activation @7 subunit containing @PSes in cardiac vagal neurons is dependent of activation of

presynaptic nicotinic receptors is sufficient to evoke depolg@datoxin-IVA-sensitive VDCCs. L-type, but not N- arcono-

ization at the presynaptic terminals to activate VDCCs bt@Xin MVIIC-type, VDCCs may also be involved. It therefor

cannot independently increase presynaptic calcium to suffici@§€ms likely that for nicotine to enhance glutamatergic p3

levels to evoke transmitter release. ways to cardiac vagal neurons, the presynaptic neurons nee
The postsynaptic facilitation of non-NMDA currents and th@€polarize sufficiently to activate VDCCs, and the VDCCs &

direct ligand-gated inward current elicited by nicotine are al€§s0 involved in the postsynaptic facilitation.

dependent on activation of VDCCs. The subtype of nicotinic

receptors located postsynaptically in cardiac vagal neurons thathe technical assistance of K. Peterson, C. Evans, and A. Eliberq

are responsible for these postsynaptic responses are unknamatefully acknowledged. _ _

The postsynaptic nicotinic receptors in cardiac vagal neurogs! mss ‘A’E_rig‘g’gg :ﬁgpl_?[t_‘;‘ég% National Heart, Lung, and Blood Instity

are insensitive ta-bungarotoxin and therefore do not contain '

the o7 subunit (Neff et al. 1998a). Surprisingly however, the

postsynaptic nicotinic responses are also dependent on VDGESERENCES

and can be blocked by C.:d as well ."?‘S _agatoxm IVA. ThIEMADOR M anD Dani JA. Mechanism for modulation of nicotinic acetylcho

suggests that both the nicotinic facilitation of non-NMDA "jine receptors that can influence synaptic transmissibmeurosci15:

currents, as well as the direct postsynaptic inward currents4s25-4532, 1995.
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