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I. INTRODUCTION

Since the previous report in 1992, important new findings have provided fresh insight
into CN mechanisms of action in both neural and cardiac tissue, the primary targets
of CN intoxication.' Most studies use CN to produce chemical hypoxia or to mimic
conditions caused by stroke and myocardial infarction. Generally, actions of CN
resemble those of ischemia and hypoxia, so information gained from CN studies is as
important for the analysis of the chemical itself as for study of common pathological
conditions.”
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Not only is CN acutely toxic in high (mg) doses, serious neurological problems
are associated with chronic exposure at lower levels.’ This review also includes recent
observations on this timely issue.

Finally, there is strong evidence that mammalian tissues actually produce CN,"*
and it has been proposed that CN may serve as a neuromodulator.® Much work needs
to be accomplished to determine mechanisms by which neural and other tissues pro-
duce CN, and also the physiological and pathological significance of endogenous CN.

Il. CYANIDE EXPOSURE

Recordings from antiquity show that Egyptians and Romans utilized CN-containing
poisonous plant extracts as a chemical instrument for suicide or murder. Preparations
of cherry laurel water containing cyanogenic glycosides distilled from the bark of the
tree were utilized by Nero to dispose of individuals who displeased him.’

Napoleon III proposed the use of CN tipped bayonets during the Franco-Prussian
war. Lord Playfair also sought to implement its use during the Crimean War. The bril-
liant German chemists such as Michaelis and Haber studied the kinetics of CN in the
laboratory and their lessons were applied to the field. World War I experiences taught
that CN could produce rapid death in the field, but the slow WWI munition delivery
and manufacture of impure product did not allow for dependable dispersal of HCN
as a munition."’ However, introduction of vincennite mixtures (shell No. 4) at the
Somme and the method of rapid firing made it almost impossible to put masks on in
time to protect against CN. Subsequent reports showed CN mixtures were far more
effective than realized.'® More efficient delivery systems and improved methods of
CN synthesis and storage may overcome the technical problems experienced in
WWI. Magnum and Skipper reported from observations made during convict execu-
tion that man is incapacitated (onset of convulsions) by approximately 10 mg/L
within 10 to 18 s."

At the beginning of WWII, CN was used by the Japanese forces on the Bataan
Peninsula in the form of a hand grenade and in Manchuria and China for poisoning
wells."" The Nazis used the poison at the beginning of WWII to kill entrenched
Yugoslav partisans in caves (Adjimushkaiskye) and during WWII to exterminate over
2 million concentration camp inmates. In a chaotic 3-day period with the Russian
forces approaching, Hoss, the commandant of Auschwitz, increased the Zyklon B
(hydrocyanic acid adsorbed onto a dispersible pharmaceutical base) concentration to
accelerate the normal killing rate for inmates and to exterminate over 10,000 Russian
soldiers. In the1980s, several Middle Eastern sites were reported to be CN targets.
The inhabitants of Hama, Syria were gassed as a part of a political solution, as were
inhagitﬁnts of Halabja, Iraq, and possibly in Shahabad, Iran, during the Iran-Iraq

ar.

Certain parameters of CN-induced lethality in man and other mammals have
been examined for many years; however, because of its highly toxic and rapid-acting
nature, much less is known about sublethal CN toxicity.” It has been suggested
that the central nervous system (CNS), in particular, is highly sensitive to the toxic
effects of CN, and may be the primary target system.'*'” CNS changes due to
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non-CN-induced (e.g., hypoxic) hypoxia resemble those induced by CN, although
the latter also produce enzyme and neurotransmitter changes."

It is interesting to note that CN is formed, exchanged with every breath we take,
and exhaled at concentrations much less than what is considered toxic. The observa-
tions that man is constantly exchanging endogenous CN,’ and studies suggesting its
function as a central modulator in rats in its gaseous state, similar to what has been
seen for carbon monoxide,'® suggest that CN may be providing a biological role as a
neuromodulator in addition to that of an exogenous synthetic poison.

Today, poisonings have taken place as a result of contact with or breathing of
cleaning products for silver, which contain CN. Cyanide is also used in many indus-
trial applications, such as electroplating, case hardening steel at ~900°C, mining, and
agricultural fumigation. It is also used in products related to hydrogen cyanide [HCN]
(hydrogen nitrile) by incorporation of other nitriles such as industrial solvents
(acetonitrile [methylcyanide], for example) or nitrile polymers such as nylon. Thus,
CN polymers have become useful items in everyday life. However, these same prod-
ucts can, like nylon, depolymerize in fire and release short-chain monomers or CN
resulting in serious CNS toxicity or death. Cyanide is found in many forms and pre-
cursors that can be taken into the body. It was noted since antiquity that certain plants
could produce a CNS respiratory gasp followed by anoxia, convulsions, occasionally
culminating in death. (This breathing reflex appears to be one of the most sensitive
responses to CN exposure.)

A wide variety of plant life incorporates nitrile-containing substances that are
metabolically or chemically converted to CN, toxic to both animal and man." For
example, a large number of plants in the Rosecea genus (e.g., cherry, peach, and bit-
ter almond) are known to contain cyanogenic glycosides. Many of the behavioral and
CNS effects of CN were originally observed after the ingestion of CN-containing
plant products. Plants can contain cyanogenic lipids (for example, in Sapandous
drummondii) or cyanogenic glycosides (for example, in cassava, sorgum, flax, white
clover). Cassava (Manihot esculenta) is a common crop utilized as a foodstuff (man-
ioc) in parts of Asia, South America, and Africa. If not properly processed, it can pose
a serious cyanogenic hazard. The plant stores a cyanogenic glycoside, linamarin that
is degraded by the enzyme linamarase to cyanohydrins and subsequently to hydro-
cyanic acid.

IHl. SYMPTOMS PRODUCED BY CYANIDE

High doses of CN are rapidly fatal, probably due to respiratory arrest. Severe CN poi-
soning disrupts neural mechanisms controlling consciousness and breathing, though
the heart continues to beat (at a much slower rate which is probably incompatible
with normal or life-sustaining function).” Animals given high but sublethal doses of
CN (e.g., mice with 5-mg/kg KCN s.c.; see Figure 10.1) become quiescent a few min-
utes after injection but may remain conscious and can respond to physical stimula-
tion. After another few minutes, the animals appear to resume normal locomotor
activity. These important symptoms reflect transient actions of CN on different neural
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FIGURE 10.1 Production of catalepsy in mice by repeated CN treatment: Mice were treated
with 6 mg/kg (s.c.) KCN twice a day for 7 days. Sixteen hours after the last dose, catalepsy was
quantitated. In I-DOPA experiments, 100 mg/kg (i.p.) /-DOPA was administered 1 h prior to
quantitation of the degree of catalepsy. Values are the means = SEM from four determinations
and each determination consisted of three animals in each group. Asterisk indicates a signifi-
cant difference from control at p < 0.05. (Reproduced with permission)

systems. Many recent studies discussed below reveal the complex nature of CN’s
effects on different neural pathways.

Cyanide stimulates chemoreceptor reflexes.”’ Denervation of the carotid sinus
removes the respiratory stimulation and bradycardia. Using isolated cat carotid
bodies or sinuses, dopamine produces a transient depression of the frequency of
chemoreceptor discharges. The effect of dopamine can partially or totally antagonize
the excitation of chemoreceptor discharges evoked by acetylcholine or CN.*' The
effect of dopamine is long acting. Also, changes in the intracellular sodium and
calcium concentration influence the excessive depolarization and sensory dis-
charge of the cat carotid body and nerve produced by CN.”” Concentrations as low as
10-50 nM CN reduce cytochromes in the carotid body reflecting the extreme sensi-
tivity of this tissue to CN. It is this site that appears to be responsible for the respira-
tory gasp. Fluorometry revealed reduction of NADH as well.”** Thus, the interaction
with CN in the peripheral nervous system appears to be the most sensitive at the
chemoreceptor site.

Studies are currently ongoing to identify the primary oxygen-sensing (and
perhaps the CN-sensing) protein controlling transmitter release and electrical activity
of the carotid sinus nerve. It is also suggested that this primary oxygen- and
CN-sensing receptor is a hemeprotein that does not participate in mitochondrial
energy production. A cytochrome b (558) was described for the NAD(P)H oxidase.”
These results suggest that there may be a specific molecular site for the sensing of CN.
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Non-lethal chronic exposure to CN can lead to neurological problems; some
neurodegenerative diseases are associated with chronic CN treatment.’ Mice that are
given potassium cyanide (6-mg/kg s.c. twice daily for 7 days) exhibit Parkinsonian
symptoms of decreased motor activity and akinesia® (Figure 10.1). The reviews by
Isom et al. and Baskin and Rockwood cover the relationship between CN ingestion
and both the conditions of tropical ataxic neuropathy and the upper motor neuron dis-
ease “Konzo.*” Furthermore, evidence of abnormal CN metabolism has been
reported for tobacco amblyopia, Leber’s optic atrophy, and amyotrophic lateral scle-
rosis.” Symptoms seen in the epidemic of optic neuropathy in Cuba between 1991
and 1993, discussed by Isom et al. resemble those of tobacco amblyopia, and many
cases have peripheral neuropathies as well, such as painful dysthesias and decreased
ankle reflexes.”’ Vitamin B 1, 18 used to treat tobacco amblyopia according to the con-
cept that B, deficiencies increase susceptibility to CN in tobacco smoke. The optic
neuropathy in Cuba affected 50,000 people and was also effectively treated with
B12-27 Sudan suggests that vitamin deficiencies, exposure to methanol, and CN con-
tributed to the Cuban epidemic, and that defective mitochondrial function impairs
ATP production even to the extent of interfering with axonal transport of mitochon-
dria to nerve endings.”

Epidemiological studies reveal a high incidence of Parkinsonism occurring in
rural areas.””’ More recently, Hobson et al. have noted a direct relationship between
use of calcium CN dust and Parkinsonism in beekeepers.”’ Cyanide as an environ-
mental factor appears to be important in some neurological disorders.”

IV. CHEMICAL REACTIVITY OF CYANIDE

Cyanide (hydrocyanic acid, HCN) is a small molecule with good lipid and water sol-
ubility. Physically, it can exist as a gas or liquid; it is miscible with water and slightly
soluble in ether. Like nitric oxide and carbon monoxide, it easily penetrates biologi-
cal membranes and acts intracellularly.” At physiological pH, over 98% of the mole-
cule is in the form of HCN and only a small fraction occurs as CN. The major
biological effects are most likely due to the undissociated molecule. Cyanide strongly
interacts with iron in protein molecules, inhibiting enzymes including carbonic anhy-
drase and succinic dehydrogenase.” Formation of cyanhemoglobin by interaction of
CN with ferric iron abolishes the ability of hemoglobin to carry oxygen. Interaction
of CN with the ferric iron in mitochondrial cytochrome oxidase blocks cellular res-
piration; this has long been considered an important toxic action of CN.” Sun et al.
also suggest that interaction of CN with disulfide groups on the NMDA receptor reg-
ulatory sites enhances receptor function.” Arden et al. reported that CN acts on the
NMDA receptor as a reducing agent to potentiate NMDA-induced electrical activity
in rat cortical neurons, though an oxidizing agent reverses this action.”” Cyanide is
thought to potentiate glutamate neurotoxicity by this mechanism; however, how glu-
tamate-CN interactions relate to CN’s in vivo toxicity is not completely established.
Thus, the primary chemical interactions of CN are thought to involve ferric iron and
disulfide bonds.
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V. METABOLISM OF CYANIDE

In contrast to other chemical warfare agents, CN appears biologically in blood, urine,
and expired breath.” It is actually generated in small amounts in neuronal tissue, and
researchers have proposed that CN functions as a neuromodulator similar to nitric
oxide.”” Cyanide contrasts with nitric oxide in that it is chemically more stable and is
not immediately broken down. Enzymes exist that regulate CN concentrations and
two sulfurtransferases, rhodanese and 3-mercaptopyruvate sulfurtransferase, as well
as thiosulfate reductase, convert CN to thiocyanate, which is about seven times less
toxic.” These enzymes account for 60—70% of the metabolism of non-toxic concen-
trations of CN and may act in concert since they have different tissue distributions.
Rhodanese occurs in highest concentration in the liver with high levels also in kid-
neys, adrenals, and thyroid, whereas mercaptopyruvate sulfurtransferase has a broad
tissue distribution with high levels in the liver, kidneys, and heart. Being lipid solu-
ble and relatively stable, CN probably accumulates in lipoid depots throughout the
body, and is also bound to an albumin-binding site.”” Mobilization from lipid and
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FIGURE 10.2 Blockade of carbachol-induced CN production in undifferentiated rat
pheochromocytoma cells by atropine: Atropine 500 wM was added at the beginning of the
experiment and carbachol (100 wM) was added after 20 min to both atropine and control sam-
ples. Air 95%, CO, 5% was passed over the cells and bubbled through 0.1 M NaOH to trap the
CN. Aliquots of the NaOH were taken to measure CN colorimetrically (Lambert, J.,
Ramasamy, J., and Pakstelis, J., Anal. Chem. 47, 916, 1975. With permission). Note atropine
completely blocked the response to carbachol but basal CN production was not affected by
atropine. Apparently the cells generate CN from an atropine insensitive source which includes
release from lipoid depots and from proteins.
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release from protein binding is suggested to account for some of the generation of CN
detected in neural tissue (Figure 10.2).

A minor (approximately 20% under non-toxic conditions) but toxicological
metabolic pathway (that may increase during CN poisoning) for CN involves the
disulfide cystine. 2-ICA, or its tautomer 2-aminothiazolidine-4-carboxylic acid
(2-ACA), is a detoxification product of CN that is formed by what is thought to be a
non-enzymatic reaction of CN with cystine.” Cyanide reacts with cystine producing
B-thiocyanoalanine, which spontaneously undergoes ring closure to form 2-ICA and
its tautomer 2-ACA (Figure 10.3). These tautomers are in rapid chemical equilibrium
and exist in equal concentration in solution. The formation of 2-ICA may increase
with increased exposure to CN. One mechanism for this increase may be the
decreased pH in the cells that favor the formation of 2-ICA compared with the max-
imal activity of the sulfurtransferases at a much higher pH.

Only limited research has been conducted to study in vivo formation of 2-ICA
following systemic administration of CN.”* Depending on species, sensitivity of the
assay and CN exposure conditions, the reported percentage of CN converted to 2-ICA
ranges from 5—15% of delivered CN dose.***' 2-ICA does not appear to be metabo-
lized, but is excreted slowly in the urine and saliva.”**' We have studied its biological
activity (i.e., memory loss, convulsions, loss of consciousness) and concluded 2-ICA
contributes to the CNS actions of CN.* ™ The toxicokinetics of 2-ICA formation and
its elimination (half-life) have not been determined. However, in a preliminary study
of 2-ICA as a CN biomarker, Lundquist et al. showed 2-ICA was detectable in the
urine by HPLC assay up to 4 weeks after administration of acetonitrile, a cyanogenic
compound that is metabolized to CN.” In smokers or human subjects ingesting
cyanogenic compounds, 2-ICA was detected in urine. In isolated rat hepatocytes,
Huang et al. prevented cell death by 400 uM CN using 1 mM cystine.” They found
thiocyanate levels were also increased under these conditions, so the cystine may pro-
vide sulfur for thiocyanate formation as well as for 2-ICA production.

NH,
¢~ CHy=CH-COOH NHy NH
| R CH,—CH—COOH | 2
N - $ *  §—CH,—CH—COOH
CH2-CH—COOH C=N
NH,
COOH COOH

he

FIGURE 10.3 Conversion of cyanide to 2-aminothiazolidine-4-carboxylic acid or 2-
iminothiazolidine-4-carboxylic acid.
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VI. EFFECTS OF CYANIDE ON NEURAL TISSUE

A. ELEVATED CEeLL CALCIUM

Since the previous review, several significant papers further implicating elevated cel-
lular calcium in CN-induced neurotoxicity have appeared.' Ferger and Krieglstein
exposed chick telencephalic neurons to 1 mM NaCN for up to 2 h.* Increases in [Ca];
were measured with Fura-2, and viability was estimated by trypan blue exclusion.
Elevation of [Ca]; paralleled neuronal damage.** On the other hand, insertion into
PC12 cells of a herpes simplex vector expressing cDNA for calbindin did not prevent
the rise in calcium or cell survival after exposure to 1 -5 mM sodium CN (18 h) even
though these calbindin-containing cells were protected against the effects of gluta-
mate.”” Compared to the neurotoxicity of cyanide, glutamate-induced neurotoxicity
may be more intimately related to increases in cell calcium.

Two other reports suggest that calcium must be taken up into mitochondria to
mediate toxicity. Thus, glutamate is not toxic to cultured rat forebrain neurons when
uptake of calcium into mitochondria is inhibited.” An associated increase in cytoso-
lic calcium occurs however despite the lowered toxicity. The authors suggest calcium
is toxic only when it enters mitochondria and that high levels of cytosolic calcium
do not appear to be toxic.” In support, Sengpiel et al. report that 1 mM sodium CN
(admittedly a high concentration) prevented mitochondrial calcium uptake and
reduced both neurotoxicity of NMDA in cultured rat hippocampal neurons and the
associated NMDA-induced superoxide production.”

B. EFFECTS OF CYANIDE ON METABOLISM OF NEURONS

CA1 hippocampal neurons are preferentially susceptible to hypoxia and ischemia. In
CAl, CA3, and dentate gyrus neurons dissected from fresh rat hippocampal slices,
CN specifically enhanced release of acid metabolic products from CA1 cells but had
little effect on the other cells.” By contrast, kainate, which has CA3-specific effects,
increased acid metabolite release only in CA3 neurons.” Actions of CN appear to be
metabolic in nature and not all neuronal cell types are equally affected.

Zu and Krnjevic studied CN in hippocampal slices.”’ They found 300 uM CN
did not block electrical responses to field stimulation as long as glucose levels were
elevated to 10 mM, but in 4 mM glucose (physiological level), CN caused a charac-
teristic hypoxic injury potential followed by a blockade of the response to electric
fields. Intracellular recordings reveal a continued hyperpolarization in response to
CN in 10 mM glucose, but in 4 mM glucose only a brief hyperpolarization occurred,
followed by a major and usually irreversible depolarization. The authors suggested a
reduced supply of ATP impairs restoration of membrane potential and causes the irre-
versible depolarization.

C. OXIDATIVE STRESS IN NEURONAL CELLS AND CYANIDE

Isom et al. reviewed mechanisms of apoptotic or necrotic neural damage caused by
CN.” Cyanide-induced calcium entry by way of voltage-sensitive calcium channels

© 2001 by CRC Press



or NMDA receptors has three main actions. First, activation of lipases in the cell
membrane increases arachidonic acid release, which leads to increases in reactive
oxygen species. Calcium then activates nitric oxide synthase to increase nitric oxide
levels. Finally, calcium activates proteases, lipases, and endonucleases that can dam-
age structural and functional elements in neuronal cells. Reactive oxygen species and
nitric oxide also can form peroxynitrite by reacting with superoxide. Peroxynitrite is
a powerful oxidant which has many and varied effects in neurons and other cell types,
including depletion of cell thiol groups, lipid peroxidation, mobilization of cell cal-
cium, impaired mitochondrial function correlated with muscular contractile failure in
rat diaphragms, and modification of synaptic proteins.”> ™ Uric acid is a peroxynitrite
scavenger and protects cells against this powerful oxidant. In granule cells of the
cerebellum, uric acid protects against CN-induced apoptotic death indicating that
peroxynitrite is an important mediator of cell damage by CN.”*”

D. HYPERPOLARIZATION BY CYANIDE

Cyanide causes either a hyperpolarization or a depolarization when tested on neuronal
tissue depending on conditions and type of neurons involved. Hippocampal CA1 neu-
rons usually hyperpolarize on exposure to hypoxia, but hypoglossal neurons depolarize
under the same conditions.””* The hyperpolarization may be a protective mecha-
nism to prevent activation of the cell in a time of stress.” Usually the potassium
channels involved are ATP regulated (K,p), but this also varies with the cell type. In
undifferentiated rat pheochromocytoma cells, hyperpolarization occurs due to opening
of K, channels subsequent to an increase in [Ca’"1.* In dissociated rat locus coerulus
neurons, the hyperpolarization caused by sodium CN involves both IK,;, and IKCa.65
Studying neurons in rat locus coerulus slices, Yang et al. found 61% of the neurons
hyperpolarized when treated with 2 mM CN (albeit, a large amount of CN) but 39%
of the neurons depolarized.” Thus, in neurons responsible for sending noradrenergic
impulses throughout the CNS from the same tissue, the response to histotoxic anoxia
is variable. Yang et al. suggest that distribution of K, channels among neurons of
the locus coerulus is variable since the K, channel-opener diazoxide could mimic
the hyperpolarizing effect of CN in 61% of the neurons, but not in the 39% depolarized
by CN.%

In a test of the concept that hyperpolarization protects neurons from toxic dam-
age, a potassium channel opener, bimakalim, was employed and was found to protect
embryonic chick telencephalic neurons from 1 mM CN-induced injury. The protective
effect of bimakalim was canceled by the K, blocker tolbutamide.”’ Apparently the
extent of the hyperpolarization caused by CN is not sufficient to give optimal protec-
tion and a further increase in neuronal polarity provides even more damage control.

Also in hippocampal slices using high glucose (11 mM), Zhu and Krenjevic
report that the inhibitory effect of 100 uM KCN was blocked by adenosine antago-
nists, potentiated by the adenosine uptake blocker dipyridamole but was not affected
by glyburide, a K, channel blocker.”” They suggest that adenosine release may be a
major cause of the early depression of CNS function caused by CN. Adenosine is
known to be released from nerve cells by CN, and to cause hyperpolarization by a
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G protein effect on potassium channels.” " Adenosine release by CN must be con-
sidered a factor in CN-induced neural injury.

E. NEURONAL ACTIVATION BY CYANIDE

Exposure of freshly excised rat CA1 hippocampal neurons to 5 mM CN increased the
Iy, p sodium current but had no significant effect on the amplitude of the more tran-
sient current II\,&T.72 Bubbling 100% N, into the medium similarly increased I, ; indi-
cating that CN and hypoxia have similar mechanisms. Persistent increase in sodium
current probably explains the increased [Na']. seen in cortical neurons during
hypoxia.”” The I.» caused by CN was blocked by tetrodotoxin or lidocaine.
Persistent flow of sodium through sodium channels may activate voltage-sensitive
calcium channels or activate the Na/Ca*™ exchanger, to increase [Ca“]i. Thus an
increase in Iy, , may be the initial event caused by hypoxia leading to cell death. In
fact sodium channel blockers can block the [Caﬂ]i increase and prevent cell damage
during hypoxia.”* In support, procaine protects mice against the lethal effects of CN.”
Combination of procaine with sodium nitrite and sodium thiosulfate enhanced the
effectiveness of the nitrite/thiosulfate treatment. Furthermore, the CN-induced
increase in whole mouse-brain calcium from 28 to 48 mg/g dry weight was also
blocked by procaine pretreatment.”” Abnormal sodium channel function may be a pri-
mary event in CN-induced neuronal damage.

VII. EFFECTS OF CYANIDE ON THE HEART

The previous review mentioned CN-induced changes in myocardial, calcium, and H"
as factors in myocardial depression caused by this agent. Marked CN-induced
increases in circulating catecholamine stimulate the heart,75 but, at the same time,
energy metabolism is impaired and heart failure results.”

How CN decreases cardiac contractility is important and has been studied by
several groups. Hydrogen ion accumulation contributes to the lack of effectiveness of
[Ca" "], in activating the contractile process.”” Blockade of oxidative metabolism by
CN increases glycolysis and therefore increases lactic acid production. Because ATP
is continuously broken down, inorganic phosphate (P,) accumulates since less is
being used to make ATP. Increases from 4 to 10.5 mM P, have been measured in
CN-treated perfused ferret hearts.”® Essentially, this provides heart cells with added
phosphate buffer to minimize pH changes. Changes of only 0.2 unit were noted in fer-
ret hearts perfused with 1 mM CN, or 0.08 units in rat hearts perfused with 1 mM
KCN.”* Even though hydrogen ion accumulation is not large, it explains some of
the decreased myocardial contractility caused by CN. Hydrogen ion is a strong com-
petitor with calcium for binding sites in tissues.” Effects of pH may be more notice-
able in intact hearts compared to isolated myocytes because of differences in the rate
at which lactic acid can leave the tissue.”

Cytosolic calcium overload is generally associated with cell injury and
energy deprivation increases intracellular calcium.*”® Kondo et al. measured 2 mM
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CN-induced increases in systolic (104% above control) and diastolic (37%) calcium
in paced rat myocytes.”” Despite the increase in calcium, contractile function
decreased to 58% of control. Doubling extracellular calcium, restored contractility to
123% of control and increased systolic (225% above control) and diastolic (73%)
[Ca""].. However no increase in cell damage was noted over a period of 40 min (25%
of the cells went into contracture when exposed to normal [Ca++]0 and 2 mM CN and
incidence of damage was the same in high calcium). These observations have impor-
tant implications. First, the decrease in contractility was related to the relative inef-
fectiveness of [Ca], to activate the contractile machinery, partly due to elevated
hydrogen ion. When calcium was further increased, contraction was fully restored.
Second, reduced energy availability does not appear to be a problem at least when an
abundance of glucose (19.5 mM) was provided. The hearts functioned well when
[Ca" "], was increased despite the continued presence of CN, and remarkably no
greater increase in contracture or increase in cell destruction occurred.

Kupriyanov et al. perfused rat hearts with 1 mM KCN and showed decreased
heart rate and perfusion pressure associated with an increase in osmolarity.”
Increases in P, occur when ATP is broken down, 3 P, are formed, and the nucleoside
leaves the cell; phosphocreatine is also broken down to further increase P; levels.
Breakdown of glycogen to lactate also contributes to the overall increase in osmolar-
ity estimated to be about 26 mM. Some increase in intracellular water (~10%) would
be expected in CN-treated heart and this cellular edema may affect function.

Kupriyanov et al. also noted an increase in [Na™] and a decrease in [KJ']i in
rat hearts perfused with 1 mM KCN.” Decreased Na“K " ATPase activity due to
decreased ATP levels could explain this change. However, it is reported that even a
20-fold decrease in cytoplasmic ATP/ADP does not decrease Na K " ATPase activity
in perfused rat heart,* so the 5-fold decrease observed by Kupriyamov et al. cannot
explain the increased [Na+]i.79 These authors suggest that Na' K" ATPase is inhibited
by the increased P,, which can form a ternary abortive complex with the enzyme
and ADP.

Cyanide activates K, channels in the brain and also in the heart.”” The K,
channel inhibitor glibenclamide blocked the effect of KCN in the Langendorf per-
fused rat heart.” However part of the effect of glidenclamide and that of KCN on cell
potassium is due to inhibition of Na"K " ATPase. An increase in K 'loss through the
K" /lactate co-transporter by KCN was also demonstrated by use of a blocker of this
transport system, a-cyano-4-hydroxycinnamic acid. Thus the effect of KCN on K
efflux in the heart involves three factors: activation of the K, channel, blockage of
Na"K " ATPase, and activation of the K lactate cotransporter.

The diaphragm is similar to the heart in that it also responds rhythmically to
stimulation. After a brief potentiation of muscle twitch, CN (0.1-1 mM) causes a
slow progressive depression of contractility of the rat diaphragm.” Potentiation is
due to an increase in pH from replenishment of ATP by phosphocreatine (creatine
kinase mediated transphosphorylation of ADP to ATP). Inhibition of muscle twitch is
due to lactate accumulation as well as increased P, and increased [Mg” "], from break-
down of magnesium phosphocreatine.” No decreases in ATP or action potential gen-
eration were caused by CN treatment in rat diaphragms.*’ Because skeletal muscle,
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including the diaphragm, is less active than heart muscle, it is also less sensitive to
metabolic inhibition by CN.

VIII. ADP-RIBOSYLATION BY CYANIDE

Proteins may be modified posttranslationally by transfer of the ADP-ribose moiety of
nicotinamide adenine dinucleotide to an amino acid. Five mammalian ADP-ribosyl
transferases (ART-I-ART-5) have been cloned and expression is limited to certain tis-
sues including heart and brain.* These transferases are regulated by ADP-ribosyla-
tion factors (ARF) which are small monomeric G proteins activated by combination
with GTP." The system is stimulated by reactive oxygen species and may protect
cells from oxidative damage or may influence the type of death a cell undergoes.* ™

It was reported in 1988 that CN increases ADP ribosylation of mitochondrial
proteins.”’ Surprisingly, this interesting effect has not been studied further. Some of
the observed actions of CN such as enhanced neurotransmitter release and alignment
of chromaffin granules along the plasma membrane may be explained by ADP-ribo-
sylation of certain proteins, since protein ribosylation can affect exocytosis from
chromaffin cells and membrane recycling in the Golgi apparatus.””

A similar process involves poly (ADP-ribose) polymerase (PARP), which catal-
yses attachment of multiple ribose units from NAD to nuclear proteins. Genetic dis-
ruption of PARP protects against ischemic insults in vitro and limits infarct volume
after reversible middle cerebral artery occlusion in mice.”* Apparently excessive
PARP activation in ischemia depletes NAD and ATP (which regenerates NAD) and
causes cell death by energy depletion.” It would seem that PARP is certainly involved
in the action of CN on neural tissue but no such work has been reported.

IX. PRODUCTION OF CYANIDE IN NEURAL TISSUE

Isom et al. mentioned endogenous generation of CN and the possibility that CN may
function as a neuromodulator in a manner similar to nitric oxide.”” Brain CN levels
are increased by hydromorphone and the effect is blocked by naloxone.”
Undifferentiated rat pheochromocytoma cells also show increased CN production in
response to hydromorphone or morphine.”” Since PC12 cells have mainly kappa opi-
ate receptors and no mu receptors, hydromorphone probably acts through kappa
receptors to increase CN release.”

If CN is indeed a neuromodulator, it contrasts with nitric oxide. Except for con-
version to thiocyanate by sulfurtransferase enzymes, CN is relatively stable in bio-
logical systems and exists to the extent of about 3 WM in human blood.”*®’ Those who
smoke have elevated blood CN levels. Nitric oxide, on the other hand, spontaneously
breaks down in biological fluids, having a half-life of a few seconds.”® Thus CN can
accumulate in biological materials, collecting in lipoid depots since it is lipid soluble.
Cyanide also forms complexes with albumin through addition to disulfide bonds, and
one study proposed this interaction to be a mechanism to remove CN from blood.”
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Cyanide may interact with proteins in other ways by forming hydrogen bonds or salt
bridges with appropriate sites on protein molecules. Cyanide in lipoid membranes or
bound to protein may be in equilibrium with free CN in biological fluids.

Whether disturbances in CN generation or metabolism can cause disease is con-
troversial, although CN imbalance is implicated in Leber’s optic atrophy and amy-
otrophic lateral sclerosis.”’ Important work remains to be done to determine the role
of endogenous CN in physiological systems and in disease states.

X. CYANIDE ANTIDOTES

Cyanide is a powerful intracellular poison that acts rapidly due to its good lipid and
water solubility, and can quickly cause profound hypoxia in vital organs resulting in
death. Prompt diagnosis and timely, effective use of antidotes is critical for the
severely poisoned patient.

In the United States, the only Food and Drug Administration-approved antidote
is the Cyanide Kit currently manufactured by Taylor Pharmaceutical Co. It actually
contains three antidotes: amyl nitrite, sodium nitrite, and sodium thiosulfate. The
nitrites form methemoglobin, which is an avid scavenger of CN. They also may give
rise to nitric oxide, which is an effective CN antidote independent of methemoglobin
formation."” Amyl nitrite is a volatile liquid; the glass vial containing the drug is
crushed in gauze to allow inhalation by the comatose patient. Sodium nitrite is then
given slowly (i.v.) for more extensive methemoglobin generation. Thiosulfate is a sul-
fur donor aiding the sulfur transferase enzymes, rhodanese and 3-mercaptopyruvate
sulfurtransferase, which convert CN to thiosulfate, a much less toxic substance.

Cobalt diedetate (Kelocyanor) is well known in Europe and popular as a CN anti-
dote. It is not available in the United States. Adverse effects of the antidote are
seizures, angioedema, cardiovascular instability, and gastrointestinal problems.
However, cobalt is a rapid-acting antidote and effective even in the severely poisoned
patient.

Thiosulfate enhances the antidotal effect of many substances other than the
nitrites. As mentioned in the 1992 review, a-ketoglutarate is a potential antidote with
few side reactions and good effectiveness against the toxic effects of CN.' Its activ-
ity is markedly enhanced when given in combination with thiosulfate.'”'

XI. SUMMARY

In conclusion, low-level acute exposure to CN has been characterized by a respira-
tory gasp, which is believed to be caused by stimulation of chemoreceptors in
the aortic arch. The chronic consequences of this type of acute exposure to CN are
largely unknown. Since there are normal cellular mechanisms that maintain the bal-
ance between CN and sulfur, the equilibrium of the systems is thought to be well con-
trolled.

Low-level chronic exposure to CN has not been fully characterized. It is believed
that enzymes modulate and regulate CN and sulfur turnover at the cellular level to try
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to maintain homeostasis. Studies of overload of the regulatory balance systems need
to be systematically undertaken to determine which enzymes compensate as feed-
back compensation.

CN does not uniformly affect all brain cells. CA1 neurons in the hippocampus
are more susceptible than CA3 cells to metabolic inhibition by CN. Certain neuronal
type cells, e.g., those in the carotid body, are highly sensitive to the actions of CN.
Thus, CN’s actions on the neural systems are complex and depend on the type of neu-
ron involved. Most likely, some nerve pathways are activated while others are inhib-
ited or unaffected when an individual is exposed to CN.
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