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Abstract
Patients with acute cocaine poisoning present with life-threatening symptoms involving several organ
systems. While the effects of cocaine are myriad, they are the result of a limited number of cocaine-
protein interactions, including monoamine transporters, neurotransmitter receptors and voltage-gated
ion channels. These primary interactions trigger a cascade of events that ultimately produce the
clinical effects. The purpose of this article is to review the primary interactions of cocaine and the
effects that these interactions trigger. We also describe the progression of symptoms observed in
cocaine poisoning as they relate to serum cocaine concentrations.
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INTRODUCTION
Introduction/background

Cocaine use contributes to tens of thousands of emergency department (ED) visits and hundreds
of deaths each year. While cocaine use is coincident in most cases, (e.g. trauma, psychiatric or
infections), cocaine poisoning accounts for many of these visits. The major effects of cocaine
poisoning include CNS effects such as agitation, seizures and psychosis, and cardiovascular
effects such as dysrhythmias, myocardial infarction and cardiovascular collapse.

The pharmacology of cocaine is complex with effects occurring simultaneously in several
organ systems. However, the initial event for all of these systems is simple; cocaine binds to
membrane bound proteins including transporters, receptors and voltage gated ion channels.
Once the interaction occurs, a specific signal is triggered (or inhibited), and the combination
of these effects produces the clinical manifestations of cocaine poisoning. The cocaine-protein
interaction is dependent on two main factors: the concentration of cocaine (assuming that the
protein concentration is constant) and the affinity between cocaine and the protein. By
describing serum cocaine concentrations and the affinity of cocaine for relevant proteins, we
will describe the mechanisms of acute cocaine poisoning to assist clinicians to understand the
progression of cocaine poisoning and to suggest potential treatments for acute cocaine
poisoning.

Cocaine concentrations and clinical effects
Serum cocaine concentrations are determined by four main factors: 1) the dose; 2) the route of
administration; 3) the binding of cocaine to plasma proteins; and 4) the rate of metabolism.
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Cocaine concentrations have been determined following administration in controlled clinical
settings, in recreational users who are evaluated in the ED, and in post-mortem studies. The
most reproducible data have been obtained in controlled clinical studies where known doses
of cocaine are administered to research subjects. This allows systematic determination of the
effects of dose and route of administration on concentrations. Peak serum cocaine
concentrations measured after intravenous administration have been described in several
studies. One study reported serum concentrations of 2.5 and 10 microM after doses of 100 and
200 mg respectively [1]. Most studies have used lower doses and have demonstrated that
intravenous administration of recreational doses of cocaine (20–50 mg) will produce serum
concentrations between 0.4 and 1.5 microM [2–5]. There is a between-subject variation of two
to threefold in peak serum concentrations for a given dose. Peak serum concentrations after
smoking 40 to 50 mg of cocaine base or nasal insufflation of 100 mg of cocaine hydrochloride
are also around 1 microM [2;6].

While studies of volunteers who receive a known cocaine dose provide the most precise
measurement of the effect of dose and route on serum concentrations, they may not reflect
serum concentrations that occur in cocaine-abusing patients. Studies of cocaine concentrations
in clinical settings (primarily patients presenting to EDs for medical care) may offer a better
picture of “real world cocaine concentrations”, but they have several limitations and must be
interpreted carefully. First, the precise doses of cocaine are unknown. Second, samples are not
conducted at specific times after the dose so the exact relationship of the dose and concentration
cannot be defined. Finally, because cocaine is metabolized rapidly and because metabolism
can continue in vitro after sample collection, careful sample handing is required to obtain
measurements that actually reflect the patient’s serum cocaine concentration. There are two
major studies where serum cocaine concentrations were measured in a cohort of ED patients.
In the largest series (n=111), serum concentrations in emergency department patients averaged
approximately 0.9 microM but varied dramatically (standard deviation of = 1.6 microM !). The
highest concentration in a surviving patient (who displayed minimal symptoms of toxicity)
was 120 micromolar [7]. A second small series (n=29) reported detectable concentrations in
only 3 patients (0.05 to 0.4 microM) [8], while a third series (n=19) was unable to detect cocaine
in any patient [9].

Postmortem cocaine concentrations are susceptible to the same limitations as clinical studies,
and may be further altered by post-mortem metabolism and redistribution. It is likely that many
reported concentrations do not accurately reflect concentrations at the time of death [10]. Serum
cocaine concentrations exceeding 1000 microM [11] have been reported following acute fatal
overdose, although one series of 26 cases reported a mean concentration of 21 microM (range
0.3 to 70 microM) in deaths where cocaine was the only drug detected [12]. A second series
compared cocaine concentrations of patients who died from trauma (and incidentally used
cocaine) to cocaine concentrations of patients who died from cocaine poisoning. The mean
concentration in cocaine-poisoned patients was 3.6 (range 0.03 to 62 microM), compared to a
mean of 1.6 (range 0 to 16) microM for trauma patients [13]. These samples were obtained on
average 18 hours after death, so it is likely that they are not peak concentrations.

Overall, the similar values observed in controlled studies in the best described ED cohort
suggests that recreational cocaine abusers have peak serum concentrations between 0.5 and 5
microM. However, some patients survive overdoses with much higher peak serum
concentrations. Patients who die of acute cocaine poisoning overdose likely have peak serum
cocaine concentrations exceeding 10 microM, although this estimation is limited by the quality
of available data.
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Factors affecting cocaine concentrations
The absorption of cocaine is rapid with nasal insufflation and smoking, and immediate with
intravenous administration. In volunteer studies, the maximum concentration occurs 20 to 40
minutes after nasal insufflation and 5 minutes after smoking [2]. Following intravenous
administration, cocaine has a distribution half-life of 11 minutes and an elimination half-life
of approximately 80 minutes [2]. The time to peak subjective effects is slightly different than
the pharmacokintetic data. Onset is fastest for smoked cocaine (mean 1.4 min, SD 0.5 min),
slightly longer for intravenous cocaine (mean 3.1 min, SD 0.9 min) and much longer for
intranasal cocaine (mean 15 min SD 8 minutes) [14]. While the pharmacokinetic data are
generally consistent in healthy volunteer studies, there are several clinical scenarios where
cocaine pharmacokinetics may be altered.

One common clinical setting where cocaine kinetics could be altered is with repetitive dosing,
as commonly occurs during a cocaine binge. Animal studies suggest repetitive cocaine dosing
produces higher serum and brain concentrations, compared to single dose administration
[15]. However, one human study found that when serial doses of cocaine are administered, the
incremental increase serum cocaine concentrations was proportional to the dose administered
regardless of starting cocaine concentration [16]. This study also reported that patients rapidly
developed tolerance to the heartrate effects of cocaine [16], suggesting that cocaine tolerance
is a pharmacodynamic rather than pharmacokinetic effect.

Animal models suggest co-administration of ethanol alters the pharmacokinetic parameters of
cocaine [17] [18]. Controlled human studies have shown that ethanol co-administration
increases the maximum serum concentration of cocaine by 5 to 40% [19] [20] [21]. Co-
administration of cocaine and alcohol alters the metabolism of cocaine and promotes the
production of cocaethylene, an active cocaine metabolite with cardiovascular and neurological
effects [19] [22].

The effects of sex hormones on cocaine concentrations have been studied in both animals and
humans. Male mice metabolize oral cocaine more slowly than female mice [23]. Rat studies
have found lower doses are required to produce toxicity in males [24]and that males produce
more benzoylecgonine [25] and have peak cocaine concentrations approximately 50% higher
than females following iv administration [26]. Human studies have similar findings; cocaine
concentrations in males are 50% higher following a weight adjusted dose [27]. Males may even
be more sensitive to cocaine-alcohol interactions [28].

In summary, there are several clinical factors that may alter the pharmacokinetics of cocaine.
These factors likely contribute to the inter-subject variability in sensitivity to cocaine.
However, it is important to note that the increase in serum concentrations for each of these
factors is less than 60%, well within the inter-subject variation reported in dosing studies and
well below the 20-fold increase that would be required to achieve the mean cocaine
concentrations reported in postmortem samples from overdose patients.

Cocaine-protein binding
Cocaine binds to several proteins, including monamine transporters, neurotransmitter
receptors, plasma proteins, voltage gated ion channels, and metabolic enzymes. The affinity
of cocaine is different for each target protein and is quantified by an affinity constant denoted
either Ki (for transporters, receptors, channels and enzymes) or Kd (for binding proteins). These
values are the concentration at which half of the cocaine is bound to protein and half is unbound.
A low Ki or Kd means that the protein has a high affinity for cocaine. When concentrations
are near the Ki or Kd, the slope of the concentration-binding curve is usually very steep so that
small changes in concentration will cause large changes in the amount of cocaine interacting
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with the protein. An general example of a showing the relationship between drug binding and
activity is shown in Figure 1. At concentrations more than 10-fold below the Kd, very few sites
are occupied, while at concentrations more than 10-fold above the Kd, essentially all receptor
sites will be occupied and the maximum effect for that receptor will occur. Although the Ki
and the Kd are determined in vitro and cannot be translated directly to in vivo receptor
occupancy, they do allow a relative comparison of receptor occupancy at a given drug
concentration.

Cocaine-protein binding triggers a cell-specific response. The clinical effects of cocaine are
manifest in several organ systems, including the brain, cardiovascular, immune and
hematological systems. While the ultimate manifestations are diverse and widespread, cocaine
binds to a limited number of proteins. The common effects of cocaine occur when cocaine
binds to the three monoamine transporters on nerve terminals: the serotonin transporter
(SERT), the dopamine transporter (DAT) and the norepinephrine transporter (NET). In vivo
studies have shown that these transporters have similar Ki values for cocaine: 0.14 0.64 and
1.6 microM for the SERT, DAT and NET respectively [29]. Once bound to these transporters,
cocaine prevents the reuptake of the neurotransmitters from the extracellular space. The
increased concentration of the neurotransmitter in the synapse leads to increased activation of
post-synaptic receptors.

Cocaine binds directly to two classes of neurotransmitter receptors: muscarinic acetylcholine
and sigma receptors. In rats, cocaine has an Ki of 19 microM for heart M2 acetylcholine
receptors, a Ki of 24 microM for M2 muscarinic receptors in brain and a Ki of 40 microM for
M1 muscarinic receptors in brain [30]. Studies have shown cocaine binds human muscarinic
receptors [31]. Finally, cocaine binds to sigma receptors (in rat cerebellum) with a Ki of
6.7microM [32].

In addition to interacting with neurotransmitter transporters and receptors, cocaine binds to
several voltage-gated ion channels. This interaction is responsible for the local anesthetic effect
of cocaine. While there are voltage gated ion channels in nerve and cardiac tissue, local
anesthetic effects are not thought to contribute significantly to the effects of cocaine on the
brain [33] [34]. However, local anesthetic effects are responsible for cocaine cardiotoxicity.

In isolated cardiac myocytes (with serum proteins), cocaine binds primarily to the inactivated
state of sodium channels with a Ki of 8 microM [35]; a concentration of 50 microM decreases
the inward sodium current by 50% [36]. The cocaine-sodium channel interaction is highly
dependent on extracellular pH and sodium channel blockade increases as pH falls below the
physiologic range [37]. Cocaine also binds and inhibits cardiac potassium rectifier channels
with and affinity of 5.6 microM, and a concentration of approximately 5 microM decreased
outward potassium current by 50% [38] [39]. Finally, a single report found that cocaine
increases the probability of channel opening and prolongs the duration of opening of L-type
calcium channels in isolated cardiac myocytes at a concentration of 0.3 microM [40].

Two additional cocaine-protein interactions are relevant to cocaine toxicity. The first
interaction is with plasma proteins. Cocaine binds to alpha 1 acid glycoprotein (A1AG) and to
albumin [41] [42]. A1AG is a plasma protein present in a concentration of 25 microM that has
a high affinity (Ka=0.5 microM) for cocaine. Albumin has a much lower affinity for cocaine,
and only 10% of cocaine is bound to albumin. Overall, human serum can bind approximately
10 micromoles of cocaine per liter [41]. When the concentration exceeds the binding capacity,
free cocaine concentrations increase dramatically (Figure 2). In this experiment, doubling of
the cocaine concentration from 0.033 to 0.066 microM increased free cocaine concentrations
threefold [41]. Finally, cocaine binding to serum proteins is highly pH dependent, An in-vitro
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model suggests that the concentration of free cocaine may increase by 50% if the serum pH
falls from 7.5 to 7.0 (for example, after a seizure) [42].

Cocaine is metabolized by several enzymatic pathways and also by non-enzymatic hydrolysis.
Minor pathways include metabolism by the CYP-3A to norcocaine [43]. This metabolite may
be responsible for the hepatotoxicity of cocaine [44], but the low levels formed are unlikely to
contribute to systemic effects.

The majority of cocaine is metabolized by both enzymatic and non-enymatic hydrolysis to
benzoylecgonine [45;46]. The enzymatic hydrolysis of cocaine to benzoylecgonine is by the
hepatic enzyme human cholinesterase (hChE1) [47]. In plasma, cocaine is metabolized by
butylcholinesterase (pseudocholinesterase) to ecgonine methyl ester [47]. The affinity (Km)
of butylcholinesterase for cocaine is approximately 11 microM, whereas the affinity of hChE1
is 116 microM [45] and the affinity of hChE2 is 390 microM [48]. The 10-fold difference in
affinity suggests that at commonly encountered serum concentrations, more cocaine will be
metabolized by butylcholinesterase than by hChE, and one study found that more than 50% of
cocaine is metabolized by butylcholinesterase [49]. However, one review has suggested that
the majority of cocaine is metabolized by hChE1 [47].

Variations in plasma cholinesterase activity are clinically important. Several studies have
shown that administration of plasma cholinesterase is protective in animal models of acute
cocaine toxicity. In a multivariate model, plasma cholinesterase activity was correlated with
severe cocaine toxicity in ED patients [50]. There are several phenotypes of human
butylcholinesterase, and these may vary in their affinity for cocaine [51]. Interestingly,
administration of repeated doses of cocaine may increase plasma butylcholinesterase activity
[52].

In summary, cocaine interacts with neurotransmitter transporters, receptors, voltage-gated ion
channels, binding proteins and enzymes. The clinical effects of cocaine are triggered through
the interactions with transporters, receptors and voltage gated ion channels. While the
interaction of cocaine with binding proteins and enzymes does not directly produce cocaine
toxicity, changes in the fraction of bound cocaine or in cocaine metabolism will alter the
concentration of free cocaine. Any increase in free cocaine increases receptor binding and the
clinical effects of cocaine.

Neurotransmitter receptors and the clinical manifestations of cocaine poisoning
Post-receptor effects of cocaine Although cocaine binds directly to only a few receptors and
transporters, the binding triggers a cascade of activity in multiple neurotransmitter systems.
This is shown schematically in Figure 3. The summation of these pathways produces the toxic
effects of cocaine. In this section we will review the clinical effects produced by each of these
receptors.

The DAT is responsible for the major psychostimulant effects of recreational doses of cocaine.
Studies of cocaine analogues in monkeys demonstrate the potency of DAT (rather than NET
or SERT) inhibition is correlated with the effects on behavior [29]. Mice with no DAT (and
decreased SERT) do not develop place-preference (a model for cocaine reward) with cocaine
administration [53], and mice with a mutant DAT that does not bind cocaine (and normal
SERT) also do not develop place preference [54]. These studies suggest that DAT binding is
required for the addictive (and presumably pscychostimulant) properties of cocaine. Studies
of non-human primates have also found selective inhibition of the NET and SERT have little
effect on the behavioral effects of cocaine, while medications that decrease DAT binding
decrease the behavioral effects of cocaine [55]. Finally, the affinity of various cocaine
analogues for DAT accounted for approximately 50% of the variability in lethality [29]. These
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studies strongly support the hypothesis that that the major pharmacologic effects of cocaine in
the CNS are due to inhibition of the DAT.

There are several studies that further suggest a role for dopamine in cocaine toxicity. SCH
23390, a selective D1 dopamine antagonist, delays the onset of seizures in cocaine poisoned
mice [56]. Sulpiride, a D2 receptor antagonist, had no effect on seizures or mortality.
Interestingly, sulpride can prevent some of the behavioral effects of cocaine, suggesting that
the pharmacologic and toxic effects of cocaine may be due to different dopamine receptor
systems [57].

While some toxic effects of cocaine are mediated by the DAT, the SERT also contributes to
cocaine toxicity. In a mouse model, pretreatment with fluoxetine, a potent inhibitor of the
SERT, decreased the latency of cocaine-induced convulsions by 53% and increased the
occurrence of seizures in a dose-dependent manner [58]. Similar effects have been reported
for other SERT inhibitors [59]. Serotonin receptor antagonists (5HT2 and 5HT3) decrease the
incidence of seizures [60]. As cocaine has a very low affinity for serotonin (5HT) receptors
[29] ,the effects of 5HT2 and 5HT3 antagonists cannot be due to inhibition of cocaine binding.
Rather, cocaine inhibits the SERT causing increased synaptic 5HT concentrations which in
turn activates these 5HT receptors.

The clinical effects due to cocaine inhibition of the NET in the brain appear to be minimal.
Modulation of the NET has a minimal effect on cocaine discriminative stimulus studies, while
modulation of the DAT and SERT have potent effects in this model [61]. Inhibitors of the NET
also have minimal effect on cocaine self-administration [62].Finally, there is no relationship
between affinity of cocaine analogues for the NET and their lethality [63]. These data suggest
that the interaction between the NET and cocaine contributes little to the toxic effects of
cocaine.

Sigma receptors are non-opioid, non-phencyclidine receptors; there are two subtypes: sigma-1
and sigma-2 receptors. The sigma-1 receptor binds to endogenous neurosteroids, and its amino
acid sequence is not similar to other proteins [64]. Rimcazole and BD1008, selective sigma
antagonists, attenuate the lethal and epileptogenic effects of cocaine in animal models [65;
66]. Older reports have suggested that the sigma receptor agonist SKF-10047attenuates the
epileptogenic and lethal effects of cocaine [60;66;67;67;68]. While these data are conflicting
and it is unclear which sigma receptor subtype is involved, it appears that sigma receptors
contribute to the toxic effects of cocaine.

In the brain, M1 cholinergic receptors are found primarily in the high in striatal and cortical
areas while M2 cholinergic receptors are primarily found in the thalamic, nigral and cerebellar
areas [69;70]. Cocaine attenuates the methacholine induced reduction in heart rate suggesting
that it acts as an antagonist at muscarinic receptors [30], but pirenzepine, an M1 receptor
antagonist, decreases the lethality and epileptigenic effects of cocaine in a mouse model [60;
71]. These apparently contradictory effects could be explained if cocaine acts as a partial
agonist at muscarinic receptors, but the exact effect of cocaine on muscarinic receptors are
unclear.

In addition to the clinical effects caused by cocaine-receptor interactions, the interaction of
cocaine with voltage-gated cardiac ion channels is also important. As noted above, at clinically
concentrations, cocaine will likely bind to cardiac sodium, potassium and calcium channels.
The net clinical effect of cocaine on the heart is caused by interaction with all three ion channels,
so it is impossible to state definitively which interaction is the major determinant.

However, in studies of anesthetized animals and isolated heart preparations, cocaine
concentrations of 10 microM slow intra-cardiac conduction and prolongs repolarization [72]
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[73] [74]. This is very near the Ki of cocaine for sodium channels and the major cardiac
manifestations (pH dependent slowing of intracardiac conduction and myocardial suppression)
[75;76] are very consistent with sodium channel poisoning.

The direct interaction of cocaine with the monoamine transporters, sigma and muscarinic
receptors, and cardiac ion channels produce the toxic effects of cocaine. However, cocaine
toxicity can be altered by pharmacologic manipulation of several other neurotransmitter
systems. such as the GABA system and the NMDA-glutamate receptor systems. While these
systems are not direct targets of cocaine, they are intimately involved in cocaine toxicity.

GABA is the major inhibitory neurotransmitter in the central nervous system. Although cocaine
has no direct interaction with the GABA receptor, GABA is the most important
neurotransmitter for treatment of cocaine poisoning. Drugs that increase the activity at
GABAA receptors decrease cocaine induced seizures and lethality in animal models. Likewise
GABAA antagonists increase cocaine toxicity. There is no evidence that cocaine directly
interacts with GABA receptors; rather it affects other neurons that then alter GABA
transmission. One proposed mechanism is that activation of D2 dopamine receptors may
decrease GABA release leading to increased the CNS excitation observed in cocaine toxicity
[77].

Benzodiazepines are the most commonly used medications that alter the activity of GABAA
receptors. They bind to a unique allosteric site on the GABAA receptor and increase the
frequency of GABA-mediated chloride channel opening and GABAergic inhibitory
neurotransmission. There are at least six rodent studies that support their use for treatment of
cocaine poisoning [78–83]. One studied reported a non-significant trend toward increased
survival and a marked decrease in seizures [78], while others have reported decreased mortality
without a change in the proportion of animals that have cocaine-induced seizures [82;84].
Administration of flumazenil, a benzodiazepine antagonist, reverses the protective effects of
diazepam in mixed cocaine-diazepam intoxications [85], and administration of a
benzodiazepine inverse agonist increases the convulsive effects of cocaine [84]. Overall, there
is substantial evidence that drugs acting on the benzodiazepine receptor of the GABA-activated
chloride channel alter the convulsive effects of high-dose cocaine.

Other drugs that alter the activity of GABAA receptors also alter the effects of cocaine.
Phenobarbital and chlormethoxizole act as GABAA agonists and are protective against the
toxic effects of cocaine in animal models [78;86]. Finally, SKF-1000330A, an inhibitor of
GABA reuptake attenuates seizures and death from cocaine in animals [78]. These data further
support the hypothesis that increasing activity at the GABAA -linked chloride channel
attenuates the toxic effects of cocaine

Glutamate is the major excitatory neurotransmitter in the CNS. The two major glutamate
receptors are the NMDA and the AMPA receptors. There are few studies evaluating the role
of AMPA in cocaine toxicity. One mouse study suggests that NBQX (an AMPA antagonist)
had no effect on cocaine toxicity when given alone, but that it did improve the protection
produced by an NMDA antagonist [87]. While AMPA glutamate receptors contribute little to
cocaine toxicity, NMDA glutamate receptors have been clearly implicated by multiple studies.
MK-801 (a non-competitive NMDA antagonist) dramatically decreases the number of seizures,
but has little effect on mortality (unless combined with mechanical ventilation) in cocaine-
poisoned rats [79] and mice [56]. Brackett conducted an elegant study demonstrating that
competitive NMDA antagonists and antagonists at the glycine binding site of the NMDA
receptor complex decreased seizures and lethality, and confirmed that MK-801 attenuates
seizures but not lethality [88]. Witkin et al conducted several studies using competitive and
non-competitive modulators of the NMDA receptor system and reported that all decreased
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cocaine-induced convulsions. Furthermore, competitive NMDA inhibitors decreased seizures
in a dose-dependent manner [82;88–90].

In summary, cocaine binds to the DAT, SERT and NET leading to increased synaptic
concentrations of these monoamines. This produces more neurotransmitter binding to receptors
and ultimately to increased activation of monoamine post-synaptic neurons. The activation of
the monoamine receptors, along with interactions with muscarinic and sigma receptors, start
the cascade of effects that produce the clinical and toxic effects of cocaine. This cascade
includes neurotransmission mediated by the GABA and NMDA receptor systems.

Ratio of serum to brain cocaine concentration
Serum concentrations are a reasonable approximation of the cocaine concentration at cardiac
ion channels. This is illustrated by comparing the clinical effects observed at a given cocaine
concentration with the affinity of the receptors that mediate these effects. Dogs with serum
cocaine concentrations near the Ki of cocaine (10 microM) have slowed intra-cardiac
conduction and decreased myocardial contractility consistent with sodium channel antagonism.
However, this is not true for CNS receptors. Cocaine must cross the blood brain barrier to enter
the CNS. Thus plasma cocaine concentrations may not reflect the cocaine concentration at
brain receptors. In a rat model, the brain to plasma ratio was five at one minute and that it
increased to nine at fifteen minutes where it was stable for two hours [4]. In a large series of
human cocaine poisoning cases, the cocaine concentration in brain was approximately 4 times
the blood concentration in the majority of cases (range of 0.7 to 155 times) [91]. These findings
suggest that receptors in the brain will be exposed to higher concentrations that are higher than
concentrations in serum, but that these concentrations will generally be within an order of
magnitude of serum concentrations.

However, recent work now allows us to determine the receptor occupancy at several
concentrations of cocaine. Volkow et al have shown the relative occupancy of the DAT
following three clinically relevant doses of cocaine (0.1, 0.3 and 0.6 mg/kg iv). This study
showed that brain was rapidly transported into the brain, and the serum cocaine concentrations
of cocaine were similar to those obtained in previous studies: 0.3+/− 0.8, 1 +/−0.2 and 1.7 +/
− 0.33 microM. The subjects reported feeling cocaine intoxicated, further demonstrating that
these doses are similar to what would be encountered during recreational use. Using PET
scanning, this group demonstrated that these doses blocked 47%, 60% and 77% of the striatal
DAT respectively [92]. By comparing the serum concentrations to the observed occupancy,
we can make an analogy similar to the cardiac example. These data show that 50% of DAT
will be occupied and that the patient will report feeling the effects of cocaine when the serum
cocaine concentration is between 0.3 and 1 microM. While we cannot determine if the same
relationship occurs for all of the receptors reviewed in this article, we believe it suggests that
serum concentration is a reasonable proxy for the concentration of cocaine at brain receptors.

Cocaine toxicity: Tying together concentrations and receptor activation
While the pharmacology of cocaine is complex and involves several organ systems, cocaine-
protein binding is the trigger that activates all of these systems. As the serum concentration of
cocaine increases, proteins with a high affinity for cocaine will become saturated, and cocaine
will begin to bind to proteins with lower affinities. The Ki and Ka values of relevant proteins
are plotted with some clinically relevant cocaine concentrations in Figure 4. This graph
highlights some important implications of cocaine pharmacokinetics. At the concentrations
commonly encountered in the ED (1–3 microM), the high affinity monoamine transporters will
be maximally inhibited. A further increase in cocaine concentration will not increase synaptic
monoamine concentrations. However, at higher concentrations cocaine will begin to bind to
sodium and potassium channels and thus cardiac effects will occur. Animal models of cocaine
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poisoning have consistently shown slowed intracardiac conduction with cocaine poisoning
[72;74;82;93] and there are numerous human reports demonstrating cardiotoxicty due sodium
channel antagonism following cocaine overdose [75;76]. Cocaine concentrations reported in
most fatal cases will also saturate serum binding proteins and esterases, leading to a dramatic
increase in free cocaine concentrations and a relative slowing of cocaine metabolism.

By considering cocaine toxicity as a progression, where higher serum concentrations produce
activation of new receptor systems, our model allows some clinical predictions. For example,
the 10-fold difference in affinity of cocaine for DAT compared to cardiac ion channels means
that direct cardiotoxicity will not occur without CNS effects. This model also suggests that the
two to three fold variation in serum concentrations observed in low-dose, prospective, fixed
dose studies are unlikely to produce substantial differences in toxicity. The increase is not
sufficient to allow substantial interaction with receptors beside the monoamine transporters.
However, if several factors, such as high doses, male sex and a fall in pH (such as a seizure)
occurred simultaneously, the free cocaine concentrations near the Ki of sodium channels are
possible.

As cocaine interacts directly with only a few proteins that then trigger multiple pathways, it is
possible that treatments directed at separate pathways may provide additive protection. For
example, patients have been resuscitated from severe cocaine toxicity using a combination of
benzodiazepines to treat CNS toxicity and sodium bicarbonate to reverse antagonism of sodium
channels [75;76]. The combination of diazepam and ziprasidone dramatically decreases the
incidence of seizures compared to either treatment alone [83]. Benzodiazepines act on GABA
while ziprasidone block dopaminergic and serotonergic receptors. We believe that treating
multiple relevant pathways that produce cocaine toxicity may lead to better outcomes. Future
studies should evaluate the effect of combining benzodiazepines with serotonergic and NMDA
antagonists.

Review of the molecular mechanisms of cocaine toxicity suggests several potential ways to
alter an individual’s susceptibility to cocaine. For example, differences in the number or affinity
of receptors could dramatically alter an individual’s response to a dose of cocaine. While
genetic differences in receptor number and binding are likely to occur, there is also evidence
that environmental effects can play a significant role. Chronic cocaine users have altered
regional density of several neurotransmitter receptors and monoamine transporters compared
to non-cocaine users [94–96;96–98;98]. This group has suggested that these changes increase
the susceptibility of chronic users to severe cocaine toxicity.

Repeated cocaine exposure is not the only way to alter CNS neurotransmitter receptors density.
Animal studies have suggested that repeated exposure to many psychiatric medications alters
the density of neurotransmitter receptors, including several receptors implicated in the response
to cocaine. Long-term exposure to haloperidol alters the behavioral response of rats to cocaine
[99;100]. Furthermore, a recent study reported that long-term ziprasidone increased cocaine
toxicity [101]. We hypothesize that similar changes in humans in response to long-term
administration of psychiatric medications will alter their response to cocaine and their
susceptibility to cocaine poisoning.

In closing, we hope that the reader will find this review informative and useful. Acute cocaine
poisoning is a complex constellation of symptoms involving several organ systems. However,
these effects are attributable to activation of a limited number of receptor systems, which occur
in a progressive manner that is dependent on the serum cocaine concentration. By applying
these principles, we hope to improve the treatment of acute cocaine poisoning.
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Figure 1.
Idealized curve showing the relationship between concentration and activity for a drug. The
Kd is the drug concentration where the activity is 50% of maximum.
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Figure 2.
Free cocaine as a function of total cocaine. This graph demonstrates saturation at high
concentrations. Data are adapted from [41]
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Figure 3.
Cascade of toxicity triggered by cocaine-protein interactions. Primary effects are shown by a
solid line while secondary effects are shown by a dashed line.
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Figure 4.
Serum cocaine concentrations with corresponding clinical effects and protein affinities.
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