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Abstract

Considerable evidence suggests that nitroxidergic mechanisms inKegwords
nucleus tractus solitarii (NTS) participate in cardiovascular reflexNitric oxide

control. Much of that evidence, being based on responses to nitriéucleus tractus solitarii
oxide precursors or inhibitors of nitric oxide synthesis, has beefardiovascular control

indirect and circumstantial. We sought to directly determine cardibR?Cept0;§ |
vascular responses to nitric oxide donors microinjected into the NT& trosothio

responses to certain of these donors in the central nervous system.
Anesthetized adult Sprague Dawley rats that were instrumented for
recording arterial pressure and heart rate were used in the physiologi-
cal studies. Microinjection of nitric oxide itself into the NTS did not
produce any cardiovascular responses and injection of sodium nitro-
prusside elicited minimal depressor responses. The S-nitrosothiols, S-
nitrosoglutathione (GSNO), S-nitrosoacetylpenicillamine (SNAP), and
S-nitroso-D-cysteine (D-SNC) produced no significant cardiovascu-
lar responses while injection of S-nitroso-L-cysteine (L-SNC) elicited
brisk, dose-dependent depressor and bradycardic responses. In con-
trast, injection of glyceryl trinitrate elicited minimal pressor responses
without associated changes in heart rate. It is unlikely that the re-
sponses to L-SNC were dependent on release of nitric oxide in that 1)
the responses were not affected by injection of oxyhemoglobin or an
inhibitor of nitric oxide synthesis prior to injection of L-SNC and 2) L-
and D-SNC released identical amounts of nitric oxide when exposed
to brain tissue homogenates. Although GSNO did not independently
affect blood pressure, its injection attenuated responses to subsequent
injection of L-SNC. Furthermore, radioligand binding studies sug-
gested that in rat brain synaptosomes there is a saturable binding site
for GSNO that is displaced from that site by L-SNC. The studies
suggest that S-nitrosocysteine, not nitric oxide, may be an interneu-
ronal messenger for cardiovascular neurons in the NTS.
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Over the past 15 years a new concept afation of vagal and glossopharyngeal cardio-
signal transduction has arisen as a result ghscular afferent nerves.
studies suggesting that the radical nitric oxide In our initial studies we assessed effects of
(NGO, generated by constitutive nitric oxideunilateral microinjection (25-50 nl) into the
synthase (NOS), may participate in endothelNTS of S-nitrosocysteine (SNC), an S-
um-derived relaxation (1), inhibition of plate- nitrosothiol known to release NO'he com-
let aggregation (2), and interneuronal transmigound elicited cardiovascular responses that
sion of signals (3). A soluble gas passing freelwere gqualitatively similar to those produced by
through cell membranes to act at the cytoplassjection of glutamate or NMDA into the NTS
mic enzyme soluble guanylate cyclase (sGCj12,18,19). These findings have been repli-
which served as a “receptor” (4), was consideated in conscious rats (20,21). Our results
ered extraordinary (5,6) but gained wide acseemed consistent with the hypothesis, but we
ceptance (6). Now there are numerous studistudied the effects of microinjecting other NO
that support an important role for Ni@ syn-  donors at homologous sites in the NTS. Re-
aptic transmission both in the central and in thgardless of the doses used (10-1000 pmol), mi-
peripheral nervous system (3,7). While theroinjection of S-nitrosoglutathione (GSNO),
understanding of signal transduction mech&s-nitrosoacetylpenicillamine (SNAP), sodium
nisms underlying such transmission is incomnitroprusside (SNP) or glyceryltrinitrate (GTN)
plete, activation of SGC with formation ofiinto the NTS did not produce responses like
cyclic GMP (cGMP) is known to play a role those produced by S-nitrosocysteine (250
(8). pmol). In fact, glyceryltrinitrate actually elic-

Earlier studies suggested that N©® re- ited small pressor responses and never depres-
leased by central neuronal processes that aser responses. Microinjection of a concen-
stimulated by activation of the N-methyl-D- trated solution of N@tself did not significant-
aspartate (NMDA) receptor (9,10) and thaly alter either arterial pressure or heart rate (see
NMDA receptor activation is associated withTable 1). We confirmed that the injectate con-
activation of sGC and formation of cGMPtained N®by making similar injections from
(11). We have previously shown that NMDAthe same injection system into a closed tube
receptors within the nucleus tractus solitarifilled with nitrogen and then assessing the
(NTS) are integral to the baroreceptor refleyresence of NOn the tube by the chemilumi-
(12), and others have suggested that nitroxidemescence technique (22).
gic mechanisms may play a role in cardiovas- Because SNC might be acting through a
cular control through the NTS (13-17). Wereceptor independent of the release of, M@
have sought to test this hypothesis and deteseught to determine if responses following mi-
mine if NO released from donor compoundscroinjection of S-nitroso-L-cysteine (L-SNC)
elicits cardiovascular responses when admimliffered from those elicited by S-nitroso-D-
istered into the NTS, the primary site of termicysteine (D-SNC). L-SNC elicited dose-de-

pendent (10 to 250 pmol) transient depressor

Table 1 - Effects of NO- donors injected into the and bradycardic responses that were S|gn|f|-

NTS. cantly greater than those elicited by injection of
Depressor  Noeffect  Pressor the dextro-isomer D-SNC at the same site (23).

We found that identical amounts of NWere

;Z‘g o released from L- and D-SNC when exposed to

NO- . homogenates of whole brain tissue. Therefore,

GSNO + the different responses elicited by L- and D-

zmp + X SNC were not the result of release of different

amounts of N©by the two isomers. Note that
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S-nitrosothiols were always freshly preparedhhibit NOS (27). Therefore, we sought to
by standard techniques (24) prior to each exietermine itheblockade of NOS by injection
periment. Synthesis was confirmed by spectr@f L-nitroarginine methyl ester (L-NAME; 1
photometry. pmol) into the NTS altered responses to L-
To further test if NOreleased by L-SNC SNC (250 pmol) injected at the same site up to
into the extracellular space mediated responsé8 min later. The inhibitor had no effect on
to the S-nitrosothiol, we studied the effectsesponses to L-SNC (250 pmol).
produced by L-SNC before and after injection Infurther studies we confirmed that mecha-
of oxy- (Fé*) hemoglobin at the same site innisms for biosynthesis of N@re presentin the
NTS. Doses of 5 (N = 5) and 40 (N = 6) pmoNTS (28). The presence of NOS in NTS neu-
oxyhemoglobin had no effect on responses tmns and terminal fields was demonstrated by
L-SNC (250 pmol). The 40-pmol dose wouldl) staining for NADPH diaphorase with
have been sufficient to scavenge as much agiroblue tetrazolium that has been shown to
160 pmol of N®@and should have significantly correlate generally with other methods for vi-
reduced responses to L-SNC were they thaualizing the location of NOS (29-31); 2) im-
result of actions of NO munohistochemical methods with an antibody
Because cleavage of an S-nitrosothiol yieldbNOS antibodyTransduction Labg,exing-
not only nitrogen monoxide but also a disulton, KY, USA) torat neuronal NOS, and i)
fide, we sought to determine if cystine, thesituhybridizationfor NOS mRNA with acDNA
disulfide product of SNC breakdown, wasprobe kindly provided by Dr. David Bredt.
reponsible for the actions of L-SNC. Microin- Such evidence would provide indirect support
jection of cystine (50-500 pmol; N = 4) into thefor the synthesis of S-nitrosothiols that rapidly
NTS did not elicit any significant cardiovascu-form by nitrosation of thiol groups by N{®ne
lar responses. However, microinjection of thef the redox products of NGtself (32,33).
parent thiol, L-cysteine, (N = 6) producedDirect evidence for the synthesis of S-nitroso-
dose-dependent (threshold dose 50 pmol; maxhiols by the brain has also been provided by a
mally effective dose 500 pmol) cardiovascularecent report (34). The physiological relevance
responses like those produced by L-SNC. Uref nitroxidergic pathways in the NTS has been
like responses to L-SNC (250 pmol), whoseuggested by others who have shown that NOS
effects were not altered by prior injection ofis reduced inthe NTS after removal of a nodose
excitatory amino acid antagonists, responses gianglion (14,17). Thus, vagal afferents, some
L-cysteine (200 pmol) were abolished by in-of which contribute to cardiovascular reflex
jection of kynurenic acid intehe NTS. The transmission, may have the capacity to synthe-
dose of imol kynurenic acid selectively blocks size NG, and by implication, S-nitrosothiols.
responses to ionotropic excitatory amino acid We are seeking to determine if these S-
agonists (12,19). nitrosothiols bind at specific sites in the CNS.
If L-SNC were acting in some way throughBecause SNC is very labile and cysteine is not
the NMDA receptor complex, it might have ledcurrently available as 2H]-labeled precursor,
to activation of sGC in target cells throughwe have usediH]-GSNO as a more stable (35)
synthesis of N(10). We found that responsedabeled ligand. Using established radioreceptor
to L-SNC were significantly reduced by priorbinding assays, we identified specific, satu-
microinjection of methylene blue (250 pmol),rable binding of{H]-GSNO to crude synaptic
which inhibits sGC and formation of cGMP membrane fractions from whole brain
(25). Bilateral microinjection of methylene bluehomogenates (36). Unlabeled GSNO displaced
into the NTS also attenuated the Bezold Jarisdhinding of the radiolabeled ligand.
reflex elicited by intravenous infusion of sero-  L-SNC competed witt¥H]-GSNO for bind-
tonin (26). However, methylene blue may alséng but to a lesser extent than did GSNO (36).
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Thus, H]-GSNO may bind to the same site adNOS risky as well.
L-SNC but may have a different affinity forthe  Our studies suggest that cardiovascular and
binding site. However, because there was sigutonomic effects elicited by administration of
nificant breakdown of SNC during incubationNG precursors or inhibitors of NOS may re-
for displacement experiments, it is likely thatate to effects on production of S-nitrosothiols
our experiments underestimated binding affinsuch as SNC. SNC may exert its action through
ity of SNC at the GSNO binding site. binding to a site on target cell membranes. In
In contrast to displacement effected by L-contrast, it is acknowledged that classic recep-
SNC, agonists and antagonists acting dbrs for NQitself do not exist. Thus for N@
glutamate receptors, including L-glutamateis unclear how specificity of action might oc-
CNQX, 2-AP-5, AP-3, and MK801, did not cur. Mathematical models suggest that-NO
displacejH]-GSNO from its binding site. Thus, may diffuse from 100 to 1000 um from a point
[BH]-GSNO binding sites differ from glutamate source (5,39,40), which therefore could affect
receptors. This result agrees with the lack d@ million or more synapses (5). Specificity of
effect of kynurenic acid on cardiovascular reaction could occur if N&generating, NOS-
sponses elicited by L-SNC in the NTS. positive nerve elements are juxtaposed to nerve
Since GSNO did not elicit cardiovascularelements that contain sGC and form cGMP (4).
responses when injected into the NTS bundeed, presynaptic terminals containing one
competed with SNC for binding, we sought tmf the enzymes are often adjacent to postsynap-
determine if GSNO may be an endogenousc membranes that contain the other (4), but
antagonist for S-nitrosothiol binding sites. Ouexceptions have been described (31,41).
preliminary studies show that responses to Infact, if NO diffuses great distances from
SNC injected into the NTS are significantlyits site of release, close apposition of the source
reduced by microinjection of GSNO at thewith the site of action would be unnecessary.
same site. On the other hand, a terminal poised next to a
Most studies of nitroxidergic mechanismstarget cell membrane would be consistent with
in the NTS have used indirect means to assasdease of a transmitter, perhaps an S-nitroso-
the physiologic relevance of these mechanisnibiol, that acts at a more traditional receptor. If
in cardiovascular reflex control. For examplethis were true, NOcould play a role both as a
L-arginine injected into the NTS has beerfreely diffusable agent in solution and as a
shown to decrease arterial pressure and heaanstituent of a more classic transmitter.
rate (16). Because L-arginine is the substrate The lability of NO would be one factor
upon which NOS acts to synthesize-Ni@s limiting the extent of its effects. With a half life
study was interpreted as supporting a role fagenerally estimated to be only a matter of
NGO in cardiovascular control by the NTS.seconds (42), NJorms peroxynitrites, NO
However, as previously mentioned, an Sand NO (33,43). One of the potential mecha-
nitrosothiol formed in the NTS as a result ohisms of action of NOrelies upon a one-
NG synthesis could well have been resporelectron transfer and formation of the
sible for the responses seen. There are aburitrosonium NQ®ionwhich, unlike N@readily
dant thiols in biological tissues (37) to supporhitrosylates thiols to form S-nitrosothiols
such a biosynthetic mechanism. Others ha82,33). This nitrosylation of thiols may pro-
promoted a role for NOn the NTS because of vide another avenue for specific actions of
the actions of NOS inhibitors administered\C-. For example, nitrosylation of the cysteine
into the nucleus (13,38), but the difficulty inredox site in the ion channel linked to the
measuring authentic N@nd SNC in biologi- NMDA receptor (44) may be the mechanism
cal tissues (34) makes the direct application ddy which NQ affects that channel (45). On the
these findings to NQas the end product of other hand, thiols, particularly cysteine, glu-
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tathione, and protein thiols, are major compomay be stored and released in response to
nents of biological systems where they arstimuli (49). The compounds produce many of
found in concentrations of 1-10 mM (37).the same physiological responses as bl
Thus, rapid formation of S-nitrosothiols couldtheir physiological activity is not related to the
be expected upon synthesis of N&). The S- speed with which they release N@8). Some
nitrosothiols could concentrate in the cell ofS-nitrosothiols pass quickly through cell mem-
origin, the extracellular fluid, and in target cellsbranes (24) and, like N@ctivate sGC (24,49),
as well. At any one of these sites they couldut membrane transport is not essential for
serve as a reservoir of N@6). Recent studies their action (24).
have confirmed that the brain synthesizes S- In conclusion, although our studies do not
nitrosothiols when provided with native thiolsrule out a role for N&tself in transmission in
(34). S-nitrosothiol synthesis would naturallythe NTS, they do suggest a possible direct role
occur in regions where N@self is synthe- for S-nitrosothiols in addition to being an NO
sized through actions of NOS on L-argininedonor. We conjecture that S-nitrosothiols, act-
(47). ing at distinct binding sites, participate in trans-
These endogenous S-nitrosothiols may pamission of cardiovascular reflex signals in the
ticipate in cell to cell signaling independent ofNTS of rats. Itis unclear whether S-nitrosothiols
their release of N(@48). Like NG these com- contribute similarly to signal transduction at
pounds are also labile but, unlike N@hey other central sites.
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