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CURRENT CONCEPTS

The Serotonin Syndrome

Edward W. Boyer, M.D., Ph.D., and Michael Shannon, M.D., M.P.H.

HE SEROTONIN SYNDROME IS A POTENTIALLY LIFE-THREATENING AD-

verse drug reaction that results from therapeutic drug use, intentional self-poi-

soning, or inadvertent interactions between drugs. Three features of the sero-
tonin syndrome are critical to an understanding of the disorder. First, the serotonin
syndrome is not an idiopathic drug reaction; it is a predictable consequence of excess
serotonergic agonism of central nervous system (CNS) receptors and peripheral sero-
tonergic receptors.1,2 Second, excess serotonin produces a spectrum of clinical find-
ings.3 Third, clinical manifestations of the serotonin syndrome range from barely per-
ceptible to lethal. The death of an 18-year-old patient named Libby Zion in New York
City more than 20 years ago, which resulted from coadminstration of meperidine and
phenelzine, remains the most widely recognized and dramatic example of this prevent-
able condition.*

DEFINITION AND EPIDEMIOLOGY

The serotonin syndrome is often described as a clinical triad of mental-status changes,
autonomic hyperactivity, and neuromuscular abnormalities, but not all of these findings
are consistently present in all patients with the disorder (Fig. 1).5:¢ Signs of excess sero-
tonin range from tremor and diarrhea in mild cases to delirium, neuromuscular rigidity,
and hyperthermia in life-threatening cases. The difficulty for clinicians is that mild symp-
toms may be easily overlooked, and an inadvertent increase in the dose of the causative
agent or the addition of a drug with proserotonergic effects may provoke a dramatic
clinical deterioration.

The incidence of the serotonin syndrome is thought to mirror the increasing number
of proserotonergic agents being used in clinical practice.” In 2002, the Toxic Exposure
Surveillance System, which receives case descriptions from office-based practices, in-
patient settings, and emergency departments, reported 26,733 incidences of exposure
to selective serotonin-reuptake inhibitors (SSRIs) that caused significant toxic effects in
7349 persons and resulted in 93 deaths.®° The assessment of the serotonin syndrome
in therapeutic drug dosing has relied on post-marketing surveillance studies, one of
which identified an incidence of 0.4 case per 1000 patient-months for patients who
were taking nefazodone.® Performing a rigorous epidemiologic assessment of the se-
rotonin syndrome, however, is difficult, since more than 85 percent of physicians are
unaware of the serotonin syndrome as a clinical diagnosis.*® The syndrome occurs in
approximately 14 to 16 percent of persons who overdose on SSRIs.®

Although the serotonin syndrome has occurred in a broad range of clinical environ-
ments, several barriers limit the ability of clinicians to diagnose the condition. First, the
syndrome may be missed because of its protean manifestations. Clinicians and patients
may dismiss symptoms such as tremor with diarrhea or hypertension as inconsequen-
tial or unrelated to drug therapy; anxiety and akathisia may be misattributed to the pa-
tient’s mental state.>° Second, a strict application of the diagnostic criteria proposed
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by Sternbach potentially rules out what are now rec-
ognized as mild, early, or subacute cases of the dis-
order.»** Third, clinicians cannot diagnose a con-
dition of which they are unaware, even though the
serotonin syndrome is not rare and has been iden-
tified in patients of all ages, including the elderly,
children, and newborn infants.10,12-14

A striking number of drugs and drug combina-
tions have been associated with the serotonin syn-
drome (Table 1). These include monoamine oxidase
inhibitors (MAQISs), tricyclic antidepressants, SSRIs,
opiate analgesics, over-the-counter cough medi-
cines, antibiotics, weight-reduction agents, anti-
emetics, antimigraine agents, drugs of abuse, and
herbal products; the withdrawal of medications has
also been associated with the syndrome.1,412,15-23
A single therapeutic dose of an SSRI has caused the
serotonin syndrome.12 Moreover, the addition of
drugs that inhibit cytochrome isoforms CYP2D6
and CYP3A4 to therapeutic SSRI regimens has been
associated with the condition.®2*25 Administra-
tion of serotonergic agents within five weeks after
the discontinuation of fluoxetine therapy has pro-
duced a drug interaction culminating in the seroto-
nin syndrome, presumably the result of the demeth-
ylation of fluoxetine to norfluoxetine, a serotonergic
metabolite with a longer serum half-life than its par-
ent compound.13 Specific drugs, such as MAOIs
that are irreversible or nonselective or that inhibit
monoamine oxidase subtype A, are strongly asso-
ciated with severe cases of the syndrome, especially
when these agents are used in combination with
meperidine, dextromethorphan, SSRIs, or meth-

ylenedioxymethamphetamine (MDMA, or “ecsta-
sy”).48:15,26,27

MANIFESTATIONS

The serotonin syndrome encompasses a range of
clinical findings. Patients with mild cases may be
afebrile but have tachycardia, with a physical exam-
ination that is notable for autonomic findings such
as shivering, diaphoresis, or mydriasis (Fig. 2). The
neurologic examination may reveal intermittent
tremor or myoclonus, as well as hyperreflexia.

A representative example of a moderate case of
the serotonin syndrome involves such vital-sign ab-
normalities as tachycardia, hypertension, and hy-
perthermia. A core temperature as high as 40°C is
common in moderate intoxication. Common fea-
tures of the physical examination are mydriasis, hy-
peractive bowel sounds, diaphoresis, and normal

Figure 1. Spectrum of Clinical Findings.

can overwhelm tremor and hyperreflexia.

Manifestations of the serotonin syndrome range from mild to life-threaten-

ing. The vertical arrows suggest the approximate point at which clinical find-
ings initially appear in the spectrum of the disease, but all findings may not be
consistently present in a single patient with the serotonin syndrome. Severe
signs may mask other clinical findings. For example, muscular hypertonicity

skin color. Interestingly, the hyperreflexia and clo-
nus seen in moderate cases may be considerably
greater in the lower extremities than in the upper
extremities; patellar deep-tendon reflexes often
demonstrate clonus for several seconds after a sin-
gle tap of the tendon, whereas the brachioradialis
reflex is only slightly increased. Patients may exhibit
horizontal ocular clonus. Changes in mental status
include mild agitation or hypervigilance, as well as
slightly pressured speech. Patients may easily star-
tle or adopt a peculiar head-turning behavior char-
acterized by repetitive rotation of the head with the
neck held in moderate extension.

In contrast, a patientwith a severe case of the se-
rotonin syndrome may have severe hypertension
and tachycardia that may abruptly deteriorate into
frank shock. Such patients may have agitated delir-
ium as well as muscular rigidity and hypertonicity.
Again, the increase in muscle tone is considerably
greater in the lower extremities. The muscle hyper-
activity may produce a core temperature of more
than 41.1°C in life-threatening cases. Laboratory ab-
normalities that occur in severe cases include met-
abolic acidosis, rhabdomyolysis, elevated levels of
serum aminotransferase and creatinine, seizures,
renal failure, and disseminated intravascular coag-
ulopathy. Many of these abnormalities arise, howev-
er, as a consequence of poorly treated hyperthermia.
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Table 1. Drugs and Drug Interactions Associated with the Serotonin
Syndrome.

Drugs associated with the serotonin syndrome

Selective serotonin-reuptake inhibitors: sertraline, fluoxetine, fluvoxamine,
paroxetine, and citalopram

Antidepressant drugs: trazodone, nefazodone, buspirone, clomipramine,
and venlafaxine

Monoamine oxidase inhibitors: phenelzine, moclobemide, clorgiline,
and isocarboxazid

Anticonvulsants: valproate

Analgesics: meperidine, fentanyl, tramadol, and pentazocine

Antiemetic agents: ondansetron, granisetron, and metoclopramide

Antimigraine drugs: sumatriptan

Bariatric medications: sibutramine

Antibiotics: linezolide (a monoamine oxidase inhibitor) and ritonavir
(through inhibition of cytochrome P-450 enzyme isoform 3A4)

Over-the-counter cough and cold remedies: dextromethorphan

Drugs of abuse: methylenedioxymethamphetamine (MDMA, or “ecstasy”),
lysergic acid diethylamide (LSD), 5-methoxydiisopropyltryptamine (“foxy
methoxy”), Syrian rue (contains harmine and harmaline, both
monoamine oxidase inhibitors)

Dietary supplements and herbal products: tryptophan, Hypericum perforatum
(St. John's wort), Panax ginseng (ginseng)

Other: lithium

Drug interactions associated with severe serotonin syndrome

Zoloft, Prozac, Sarafem, Luvox, Paxil, Celexa, Desyrel, Serzone, Buspar, Anaf-
ranil, Effexor, Nardil, Manerix, Marplan, Depakote, Demerol, Duragesic,
Sublimaze, Ultram, Talwin, Zofran, Kytril, Reglan, Imitrex, Meridia, Redux,
Pondimin, Zyvox, Norvir, Parnate, Tofranil, Remeron

Phenelzine and meperidine

Tranylcypromine and imipramine

Phenelzine and selective serotonin-reuptake inhibitors
Paroxetine and buspirone

Linezolide and citalopram

Moclobemide and selective serotonin-reuptake inhibitors
Tramadol, venlafaxine, and mirtazapine

To better delineate the signs and symptoms that
define the serotonin syndrome, the clinical findings
in 2222 consecutive cases of self-poisoning with
serotonergic drugs were rigorously assessed on the
basis of information from a detailed toxicology reg-
istry.2 These findings were then compared with the
“gold standard,” the assignment of a diagnosis of
the serotonin syndrome by a medical toxicologist.>
The clinical findings that had a statistically signifi-
cantassociation with the diagnosis of the syndrome
were primarily neuromuscular, including hyper-
reflexia, inducible clonus, myoclonus, ocular clo-
nus, spontaneous clonus, peripheral hypertonici-
ty, and shivering.? Autonomic derangements were
tachycardia on admission, mydriasis, diaphoresis,
and the presence of bowel sounds and diarrhea.?
Abnormalities in mental status that were signifi-
cantly associated with the serotonin syndrome were
agitation and delirium.? Hyperthermia that was
caused by muscular hypertonicity, defined in this

1114 N ENGL J MED 352;11

WWW.NEJM.ORG

study as a temperature of more than 38°C, was not
as strongly associated with the diagnosis of the se-
rotonin syndrome but occurred in severely intoxi-
cated patients.?

The onset of symptoms is usually rapid, with
clinical findings often occurring within minutes af-
ter a change in medication or self-poisoning.*® Ap-
proximately 60 percent of patients with the sero-
tonin syndrome present within six hours after
initial use of medication, an overdose, ora change
in dosing.?® Patients with mild manifestations may
present with subacute or chronic symptoms, where-
as severe cases may progress rapidly to death. The
serotonin syndrome is not believed to resolve spon-
taneously as long as precipitating agents continue
to be administered.

PATHOPHYSIOLOGY
AND MOLECULAR MECHANISMS

Serotonin is produced by the decarboxylation and
hydroxylation of L-tryptophan. Its quantity and
actions are tightly regulated by a combination of
reuptake mechanisms, feedback loops, and me-
tabolizing enzymes (Fig. 3). Serotonin receptors
are divided into seven 5-hydroxytryptamine (5-HT)
families (5-HT; to 5-HT), several of which have
multiple members (e.g., 5-HT,,, 5-HT 15, 5-HT4,
5-HT;p, 5-HT;g, and 5-HT;y). Further structural
and operational diversity is achieved by allelic poly-
morphisms, splice variants, receptor isoforms, and
the formation of receptor heterodimers.?°

Serotonergic neurons in the CNS are found pri-
marily in the midline raphe nuclei, located in the
brain stem from the midbrain to the medulla.3°
The rostral end of this system assists in the regula-
tion of wakefulness, affective behavior, food intake,
thermoregulation, migraine, emesis, and sexual be-
havior.3° The neurons of the raphe in the lower pons
and medulla participate in the regulation of nocice-
ption and motor tone.3° In the periphery, the sero-
tonin system assists in the regulation of vascular
tone and gastrointestinal motility.3°

No single receptor appears to be responsible for
the development of the serotonin syndrome, al-
though several lines of evidence converge to sug-
gest that agonism of 5-HT,, receptors contributes
substantially to the condition.313> Additional sub-
types of serotonin receptors, such as 5-HT;,, may
contribute through a pharmacodynamic interaction
in which increased synaptic concentrations of sero-
tonin agonist saturate all receptor subtypes. Nora-
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diagnosis of the serotonin syndrome.

Figure 2. Findings in a Patient with Moderately Severe Serotonin Syndrome.
Hyperkinetic neuromuscular findings of tremor or clonus and hyperreflexia should lead the clinician to consider the

drenergic CNS hyperactivity may play a critical role,
since the degree to which CNS norepinephrine con-
centrations are increased in the serotonin syndrome
may correlate with the clinical outcome.333%3° Oth-
er neurotransmitters, including N-methyl-D-aspar-
tate (NMDA) receptor antagonists and y-aminobu-
tyric acid (GABA), may affect the development of
the syndrome, but the role of these agents is less
clear.33” Dopaminergic receptors have been impli-
cated, but this association may arise from pharma-
codynamic interactions, direct interactions between
serotonin and dopamine receptors, other mecha-
nisms, or a misdiagnosis of the serotonin syndrome
as the neuroleptic malignant syndrome.?%33,38:39

DIAGNOSIS

No laboratory tests confirm the diagnosis of the se-
rotonin syndrome. Instead, the presence of tremor,
clonus, or akathisia without additional extrapyra-
midal signs should lead clinicians to consider the
diagnosis, which must be inferred from the pa-
tient’s history and physical examination. When ob-

taining the patient’s history, clinicians should in-
quire about the use of prescription and over-the-
counter drugs, illicit substances, and dietary sup-
plements, since all of these agents have been impli-
cated in the development of the serotonin syn-
drome. The evolution of symptoms and their rate
of change should also be reviewed. Physical exam-
ination should include a focused assessment of
deep-tendon reflexes, clonus, and muscle rigidity,
in addition to an evaluation of the size and reactiv-
ity of the pupils, the dryness of the oral mucosa,
the intensity of bowel sounds, skin color, and the
presence or absence of diaphoresis.

Although several diagnostic criteria have been
developed, we prefer the decision rules described in
Figure 42111440 These rules, when compared with
the original diagnostic criteria, are simpler, more
sensitive (84 percentvs. 75 percent), and more spe-
cific (97 percent vs. 96 percent) for diagnosing the
serotonin syndrome.%2 Clonus (inducible, sponta-
neous, and ocular) is the mostimportant finding in
establishing the diagnosis of the serotonin syn-
drome.>?”** Clinicians should always be aware
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Figure 3. Serotonin Biosynthesis and Metabolism.

Serotonin is produced in presynaptic neurons by hydroxylation and decarbox-
ylation of L-tryptophan. Serotonin is then incorporated into vesicles, where it
resides until it is needed for neurotransmission. After axonal stimulation, se-
rotonin is released into the intrasynaptic space; presynaptic serotonin recep-
tors function as a feedback loop to inhibit exocytosis of vesicles (shown in red).
Serotonin then binds to postsynaptic receptors to effect neurotransmission.

A reuptake mechanism returns serotonin to the cytoplasm of the presynaptic
neuron, where it is reintroduced into vesicles. Serotonin is then metabolized
by monoamine oxidase subtype A to hydroxyindoleacetic acid.
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that hyperthermia and hypertonicity occur in life-
threatening cases, but muscle rigidity may mask the
highly distinguishing findings of clonus and hyper-
reflexia and therefore cloud the diagnosis.>*

The differential diagnosis includes anticholin-
ergic poisoning, malignant hyperthermia, and the
neuroleptic malignant syndrome, each of which can
be readily distinguished from the serotonin syn-
drome on clinical grounds and on the basis of the
medication history (Table 2). Patients with the anti-
cholinergic syndrome have normal reflexes and
show the “toxidrome” of mydriasis; agitated delir-
ium; dry oral mucosa; hot, dry, erythematous skin;
urinary retention; and an absence of bowel sounds.
Hyperactive bowel sounds —along with neuromus-
cular abnormalities, diaphoresis, and normal skin
color — distinguish the serotonin syndrome from
the anticholinergic toxidrome.?

Malignant hyperthermia is a pharmacogenetic
disorder characterized by increasing concentrations
of end-tidal carbon dioxide, hypertonicity, hyper-
thermia, and metabolic acidosis. The disorder oc-
curs within minutes after exposure to inhalational
anesthetic agents.*® On physical examination, the
skin is often mottled, with cyanotic areas contrast-
ing with patches of bright red flushing.*® The rigor
mortis-like rigidity of skeletal muscles and hypore-
flexia that are seen in malignant hyperthermia fur-
ther distinguish this condition from the serotonin
syndrome.*

The neuroleptic malignant syndrome is an idio-
pathic reaction to dopamine antagonists, a condi-
tion that is defined by a slow onset, bradykinesia or
akinesia, “lead pipe” muscular rigidity, hyperther-
mia, fluctuating consciousness, and autonomic in-
stability.** Signs and symptoms of the neuroleptic
malignant syndrome typically evolve during several
days, in contrast to the rapid onset and hyperkinesia
of the serotonin syndrome. Knowledge of the pre-
cipitating drug also helps in distinguishing between
syndromes: dopamine antagonists produce
bradykinesia, whereas serotonin agonists produce
hyperkinesia.*

MANAGEMENT

Management of the serotonin syndrome involves
the removal of the precipitating drugs, the provision
of supportive care, the control of agitation, the ad-
ministration of 5-HT,, antagonists, the control of
autonomic instability, and the control of hyperther-
mia.*> Many cases of the serotonin syndrome typi-
cally resolve within 24 hours after the initiation of
therapy and the discontinuation of serotonergic
drugs, but symptoms may persist in patients taking
drugs with long elimination half-lives, active metab-
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Has a serotonergic agent been
administered in the past five weeks?

Not serotonin syndrome

Are any of the following symptoms present?

w Tremor and hyperreflexia m

Spontaneous clonus m

| 8 temperature >38°C, and either ocular |
clonus or inducible clonus

Muscle rigidity,

Ocular clonus and either agitation

or diaphoresis

Inducible clonus and either agitation

or diaphoresis

Y

Not serotonin
syndrome

A4

Serotonin
syndrome

Figure 4. Algorithm for Diagnosis.

The neuromuscular features of clonus and hyperreflexia are highly diagnostic for the serotonin syndrome, and their
occurrence in the setting of serotonergic drug use establishes the diagnosis. Clinicians should be aware that muscle
rigidity can overwhelm other neuromuscular findings and mask the diagnosis. Criteria adapted from Dunkley.2

olites, or a protracted duration of action. Support-
ive care, comprising the administration of intrave-
nous fluids and correction of vital signs, remains a
mainstay of therapy. However, an abrupt deteriora-
tion in the condition of a patient who has been con-
servatively treated indicates the need for an imme-
diate, aggressive response. b4

The intensity of therapy depends on the severity
of illness. Mild cases (e.g., with hyperreflexia and
tremor but no fever) can usually be managed with
supportive care, removal of the precipitating drugs,
and treatment with benzodiazepines. Moderately
ill patients should have all cardiorespiratory and
thermal abnormalities aggressively corrected and
may benefit from the administration of 5-HT,,
antagonists. Hyperthermic patients (those whose

temperature is more than 41.1°C) are severely ill
and should receive the above therapies as well as
immediate sedation, neuromuscular paralysis, and
orotracheal intubation.

Control of agitation with benzodiazepines is es-
sential in the management of the serotonin syn-
drome, regardless of its severity. Benzodiazepines
such as diazepam improve survival in animal mod-
els and blunt the hyperadrenergic component of the
syndrome.37#> Physical restraints are ill-advised
and may contribute to mortality by enforcing iso-
metric muscle contractions that are associated with
severe lactic acidosis and hyperthermia.*® If physi-
cal restraints are used, they must be rapidly replaced
with chemical sedation.

Pharmacologically directed therapy involves the

N ENGL J MED 352;11 WWW.NEJM.ORG MARCH 17, 2005
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Table 2. Manifestations of Severe Serotonin Syndrome and Related Clinical Conditions.

Mental

Neuromuscular

Bowel
Sounds

Time Needed for
Condition to Develop

Medication

Status

Reflexes

Tone

Skin

Mucosa

Pupils

Vital Signs

History

Condition

Agitation,

Increased, pre- Hyperreflexia,

Hypertension, tachy- Mydriasis Sialorrhea Diaphoresis  Hyperactive

<12 hr

Proseroto-

Serotonin

coma

clonus (un-

dominantly
in lower ex-
tremities

cardia, tachypnea,

hyperthermia
(>41.1°C)

nergic
drug

syndrome

less masked
by increased

muscle tone)

Normal Agitated

Normal

Erythema, hot Decreased

Hypertension (mild), Mydriasis Dry

<12 hr

Anticholin-

Anticholinergic

delirium

or absent

and dry to
touch

tachycardia, tac-

ergic agent

“toxidrome”

hypnea, hyper-

thermia (typically

38.8°Cor less)
Hypertension, tachy- Normal

“Lead-pipe” rigid- Bradyreflexia Stupor, alert

Normal or

Sialorrhea Pallor, dia-

1-3 days

Dopamine

Neuroleptic

mutism,

coma

ity presentin
all muscle

groups

decreased

phoresis

cardia, tachypnea,

hyperthermia

(>41.1°C)
Hypertension, tachy- Normal

antagonist

malignant
syndrome

Agitation

Rigor mortis—like Hyporeflexia
rigidity

Decreased

pearance,
diaphoresis

Mottled ap-

Normal

cardia, tachypnea,
hyperthermia (can
be as high as
46.0°C)

thesia or succinyl-

inhalational anes-
choline

30 min to 24 hr after
administration of

anesthesia

Inhalational

hyperthermia

Malignant
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administration of 5-HT,, antagonists.”*> Cypro-
heptadine is the recommended therapy for the se-
rotonin syndrome, although its efficacy has not been
rigorously established.”*> Treatment of the seroto-
nin syndrome in adults may require 12 to 32 mg of
the drug during a 24-hour period, a dose that binds
85 to 95 percent of serotonin receptors.*” Clinicians
should consider an initial dose of 12 mg of cypro-
heptadine and then 2 mg every two hours if symp-
toms continue. Maintenance dosing involves the
administration of 8 mg of cyproheptadine every six
hours. Cyproheptadine is available only in oral
form, but tablets may be crushed and administered
by nasogastric tube. Atypical antipsychotic agents
with 5-HT,,—antagonist activity may be beneficial
in treating the serotonin syndrome. The sublingual
administration of 10 mg of olanzapine has been
used successfully, but its efficacy has not been rig-
orously determined.*® Clinicians desiring a
parenteral agent should consider the intramuscu-
lar administration of 50 to 100 mg of chlorprom-
azine.*> Even though chlorpromazine is an outdat-
ed therapy that has been replaced in psychiatric
practice by newer agents, its use may nonetheless
be considered in severe cases.*®

Control of autonomic instability involves stabi-
lization of fluctuating pulse and blood pressure. Hy-
potension arising from MAOI interactions should
be treated with low doses of direct-acting sympath-
omimetic amines (e.g., norepinephrine, phenyle-
phrine, and epinephrine). Direct agonists do not
require intracellular metabolism to generate a va-
soactive amine, but their concentration in the syn-
apse is regulated by catecholamine-O-methyl
transferase. Indirect agents such as dopamine are
metabolized to epinephrine and norepinephrine.
Under normal conditions, monoamine oxidase lim-
its the intracellular concentration of these metabo-
lites. When inhibited, however, monoamine oxidase
cannot control the amount of epinephrine and
norepinephrine produced, and an exaggerated he-
modynamic response may ensue. Patients in
whom hypertension and tachycardia develop, ei-
ther as a result of pressor therapy or from poison-
ing itself, should be treated with short-acting
agents such as nitroprusside and esmolol.

Control of hyperthermia involves eliminating ex-
cessive muscle activity. Although benzodiazepines
have a beneficial effect in moderate cases, in severe-
ly ill patients with hyperthermia (a temperature of
more than 41.1°C) immediate paralysis should be
induced with nondepolarizing agents such as ve-
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curonium, followed by orotracheal intubation and
ventilation. Clinicians should avoid succinylcholine
because of the risk of arrhythmia from hyperkale-
mia associated with rhabdomyolysis. Recent case
reports have shown that premature termination of
neuromuscular paralysis was associated with a re-
crudescence of hyperthermia.*® There is no role for
antipyretic agents in the management of the sero-
tonin syndrome; the increase in body temperature
is due to muscular activity, not an alteration in the
hypothalamic temperature set point.

Potential pitfalls for clinicians include misdiag-
nosis of the serotonin syndrome, a failure to com-
prehend its rapidity of progression, and adverse ef-
fects of pharmacologically directed therapy. The
diagnosis may be clouded by the presence of severe
muscle rigidity that obscures myoclonus and hyper-
reflexia. If the correct diagnosis is not obvious, a
prudent course is to withhold antagonist therapy
and provide aggressive supportive care, sedation
with benzodiazepines, and, if necessary, intubation
and paralysis.” Because of the speed with which
the condition of patients declines, physicians should
anticipate the need for aggressive therapy before
clinical indications are reached.

Therapies such as propranolol, bromocriptine,
and dantrolene are not recommended.”*> Propran-
olol, a5-HT, , antagonist with a long duration of ac-
tion, may cause hypotension and shock in patients
with autonomic instability. Furthermore, propra-
nolol can abolish tachycardia that can be used to
determine the duration and effectiveness of thera-
py.2 Bromocriptine, a dopamine agonist, and
dantrolene are not useful therapies; case reports
citing their use probably involved a misdiagnosis
of another condition as the serotonin syn-
drome.”>3>*> Bromocriptine has been implicated
in the development of the serotonin syndrome, and
its use in patients in whom the neuroleptic malig-
nant syndrome is misdiagnosed may worsen se-
rotonergic signs.?”->° According to one report, the
administration of bromocriptine and dantrolene to
a patient with the serotonin syndrome caused an
abrupt increase in temperature, culminating in
death.3° This finding is supported by the observa-
tion that dantrolene has no effect on survival in
animal models.3%3%
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Serotonin toxicity:
a practical approach to diagnosis and treatment

Geoffrey K Isbister, Nicholas A Buckley and lan M Whyte

ith the introduction of numerous serotonergic agents in

the past two decades, serotonin toxicity! has become

an important and common adverse drug effect, which
can be mild, moderate or even life-threatening. Serotonin toxicity
can occur from an overdose, drug interaction or adverse drug
effect involving serotonergic agents. Selective serotonin reuptake
inhibitors (SSRIs) are one of the commonest groups of drugs taken
in overdose,” and serotonin toxicity occurs in 15% of SSRI
overdoses.” A growing list of medications has been associated with
serotonergic toxicity; the drugs that have been clearly associated
are given in Box 1. The potential for the development of serotonin
toxicity is particularly important in patients being prescribed
psychotropic medications, with an increasing proportion of the
population taking the newer antidepressants.

Serotonin toxicity results from an excess of serotonin (5-hydroxy-
tryptamine [5-HT]) in the central nervous system (CNS), which can
be due to several different pharmacological mechanisms. These
include inhibition of the metabolism of serotonin (monoamine
oxidase inhibitors), prevention of the reuptake of serotonin in nerve
terminals (serotonin reuptake inhibitors), and increased serotonin
precursors (tryptophan) or serotonin release (serotonin-releasing
agents) (Box 2). The resulting excess CNS serotonin acts on
serotonin receptors and produces the clinical effects. The exact role
of the various serotonin receptors is not completely clear, but there
is good evidence that the severe life-threatening clinical effects,
such as rigidity and hyperthermia, are mediated by the 5-HT,,
receptors.

Serotonin toxicity is sometimes called the serotonin syndrome,
which is often used to refer to clinical effects “as defined by the
Sternbach criteria”.® However, these criteria were stated to be
provisional, are non-specific and have never been validated (see
Diagnosis of serotonin toxicity). The clinical features reported in
the original description of the serotonin syndrome by Sternbach
have often been taken as diagnostic criteria, which has led to some
reported associations with medications that clearly do not cause
serotonin excess. The atypical antipsychotic drugs, such as olanza-
pine, are a striking example. These have been reported as causing
the serotonin syndrome,” despite having antiserotonergic actions.
We contend that the diagnostic criteria developed more recently by
our group — the Hunter Serotonin Toxicity Criteria* — are much
more specific for serotonin toxicity.

Clinical features of serotonin toxicity

Serotonin toxicity is characterised by the presence of a triad of
clinical features: neuromuscular excitation, autonomic stimula-
tion, and changes in mental state (Box 3). There are a number of
specific neurological signs that are not seen in many other
conditions that should direct the clinician towards a diagnosis of
serotonin toxicity. The most important is generalised hyperreflexia.
Sustained clonus is usually found at the ankle; ocular clonus (or
non-directional nystagmus) is also very common. Generalised
spontaneous clonus may occur in moderate-to-severe cases, and is
seen rarely in any condition other than serotonin toxicity? The

ABSTRACT

e Excess serotonin in the central nervous system leads to a
condition commonly referred to as the serotonin syndrome,
but better described as a spectrum of toxicity — serotonin
toxicity.

e Serotonin toxicity is characterised by neuromuscular
excitation (clonus, hyperreflexia, myoclonus, rigidity),
autonomic stimulation (hyperthermia, tachycardia,
diaphoresis, tremor, flushing) and changed mental state
(anxiety, agitation, confusion).

e Serotonin toxicity can be: mild (serotonergic features that
may or may not concern the patient); moderate (toxicity which
causes significant distress and deserves treatment, but is not
life-threatening); or severe (a medical emergency
characterised by rapid onset of severe hyperthermia, muscle
rigidity and multiple organ failure).

* Diagnosis of serotonin toxicity is often made on the basis of
the presence of at least three of Sternbach'’s 10 clinical
features. However, these features have very low specificity.
The Hunter Serotonin Toxicity Criteria use a smaller, more
specific set of clinical features for diagnosis, including clonus,
which has been found to be more specific to serotonin
toxicity.

e There are several drug mechanisms that cause excess
serotonin, but severe serotonin toxicity only occurs with
combinations of drugs acting at different sites, most
commonly including a monoamine oxidase inhibitor and a
serotonin reuptake inhibitor. Less severe toxicity occurs with
other combinations, overdoses and even single-drug therapy
in susceptible individuals.

e Treatment should focus on cessation of the serotonergic
medication and supportive care. Some antiserotonergic
agents have been used in clinical practice, but the preferred
agent, dose and indications are not well defined.

MJA 2007; 187: 361-365

lower limbs usually have a much greater degree of hyperreflexia
and clonus than the upper limbs® (although a mechanism for this
consistent observation is not known).

Some mental state and autonomic features are also nearly always
present, but have lower diagnostic utility, as they are indistinguish-
able from those observed with other causes of an agitated delirium.
However, the presence of these features is often associated with
moderate-to-severe serotonin toxicity.

Assessment of serotonin toxicity: diagnosis and severity

The assessment of serotonin toxicity requires determining, first,
whether the clinical features are consistent with serotonin toxicity
and, second, the severity of the toxicity. In patients with suspected
serotonin toxicity, the clinical assessment should include observa-
tion for tremor, myoclonic jerks, diaphoresis, ocular clonus and
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1 Drugs that have been associated with serotonin
toxicity

Serotonin reuptake inhibitors

e Selective serotonin reuptake inhibitors: fluoxetine, fluvoxamine,
paroxetine, citalopram, sertraline, escitalopram

o Other antidepressants: venlafaxine, clomipramine, imipramine

® Opioid analgesics: pethidine, tramadol, fentanyl,
dextromethorphan

e St John's wort

Monoamine oxidase inhibitors

e Irreversible monoamine oxidase A inhibitors: phenelzine,
tranylcypromine

® Reversible monoamine oxidase A inhibitors: moclobemide

e Others: linezolid

Serotonin-releasing agents

e Fenfluramine

° Amphetamines

° Methylenedioxymethamphetamine (MDMA, ecstasy)

Miscellaneous

e Lithium

® Tryptophan .

agitation. Vital signs (heart rate, blood pressure and temperature)
will usually be sufficient to diagnose autonomic features. However,
most important is a focused neurological examination — mental
state (eg, orientation, concentration, short-term memory); upper-
and lower-limb tone, clonus and reflexes; and pupillary size,
reaction and extraocular movements (opsoclonus). In most cases
this is sufficient to make a confident diagnosis.

Diagnosis of serotonin toxicity

A number of diagnostic criteria have been suggested for serotonin
toxicity. The first and most commonly used are Sternbach’s
criteria.® Many of the 10 clinical features suggested as typical of
serotonin toxicity by Sternbach are non-specific. These would also
be commonly observed in many other conditions such as anti-
cholinergic delirium, and alcohol and drug withdrawal states.”
Sternbach’ clinical definition was based on case reports and small
published case series. Sternbach recognised that the features were
non-specific and specified that other possible causes of the features
must be excluded. Unfortunately, this caveat on the original
description is almost routinely ignored. Thus, while Sternbach’s
criteria remain useful for early recognition, they cannot by defini-
tion be used in differential diagnosis.*

As the clinical features of Sternbach’s criteria are not specific,
they are also not useful for identifying new drugs as a cause of
serotonin toxicity. Again, by definition they state that a known
serotonergic drug must have been recently added or increased in
dose. The folly of ignoring these two components of the syndrome
definition is well illustrated by the fact that eight of the 10
“diagnostic” clinical features of the Sternbach serotonin syndrome
are common features of the serotonin reuptake inhibitor discontin-
uation syndrome, and five are in the proposed diagnostic criteria
for that syndrome.? In addition, eight of Sternbach’s 10 “diagnos-
tic” features can occur with catecholamine excess, and many
features are found in other common toxidromes.

We recently developed diagnostic criteria for serotonin toxicity
— the Hunter Serotonin Toxicity Criteria (HSTC) — by studying
large numbers of patients ingesting serotonergic agents in over-

2 Pathways by which serotonin acts within the central
nervous system, including serotonin reuptake
transport, and metabolism of serotonin by
monoamine oxidase

Postsynaptic serotonergic
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action. MAOI = monoamine oxidase A inhibitor; LSD = lysergic acid
diethylamide; TC = tricyclic; SSRI = selective serotonin reuptake inhibitor;
5-HT = 5-hydroxytryptamine.

Adapted from: Frazer A, Hensler JG. Serotonin. In: Siegel GJ, Agranoff BW,
Albers RW, et al, editors. Basic neurochemistry. Molecular cellular and medical
aspects. 6th ed. Philadelphia: Lippincott Williams & Wilkins, 1999. Reproduced
with permission. *

dose. The HSTC can be used to determine whether a patient who
has taken an overdose has significant serotonin toxicity (Box 4).?
As the HSTC were validated in the setting of a toxicology service
where other drug-induced syndromes are frequent, the criteria are
much more specific than Sternbach’ criteria for features that solely
relate to serotonin toxicity. Because they are more specific, the
HSTC can be used for adverse drug reactions, but have not been
validated for this purpose.

Differential diagnosis

Although other adverse drug reactions can be initially mistaken for
serotonin toxicity, a careful examination for specific neurological
features, such as clonus, hyperreflexia and tone, makes it possible
to distinguish other conditions. A list of differential diagnoses is
given in Box 5. The most commonly confused neurotoxic syn-
drome is the neuroleptic malignant syndrome. However, neurolep-
tic malignant syndrome is associated with bradykinesia, lead pipe
rigidity, and other extrapyramidal features, in contrast to the
hyperkinesia, hyperreflexia and clonus seen with serotonin toxic-

3 Clinical features of serotonin toxicity

Neuromuscular effects Autonomic effects Mental state changes

® Hyperreflexia ® Hyperthermia:
mild, <38.5°C;

severe =38.5°C ® Anxiety

® Agitation
® Clonus ® Hypomania

® Myoclonus

® Shivering ® Tachycardia ® Confusion
e Tremor ® Diaphoresis
® Hypertonia/rigidity ~ ® Flushing
® Mydriasis -
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4 Flow diagram based on the Hunter Serotonin
Toxicity Criteria?
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ity. Neuroleptic malignant syndrome is also an idiosyncratic
adverse drug reaction that has a more gradual onset and is not
associated with overdoses of neuroleptics.

Non-convulsive seizures (toxic ictal delirium) may present as a
severe fluctuating acute confusional state, which may be associated
with autonomic features, hyperreflexia or occasional overt seizure
activity. Although the many non-drug causes of non-convulsive
status epilepticus (including most causes of encephalopathy)'®!!
must be excluded, drugs may induce this epileptic phenomenon,
either dose-related or in withdrawal. The most common drug
associations are with recently increased doses of phenothiazines
and with benzodiazepine withdrawal.'? Tt seems likely that some
serotonergic drugs may also occasionally cause this syndrome. An
electroencephalogram at the time is usually diagnostic, and rapid
improvement with administration of benzodiazepines is usual. The
latter may be the best way to clinically distinguish non-convulsive
seizures from serotonin toxicity‘12

Acute baclofen withdrawal (typically due to intrathecal pump
failure) is a potentially life-threatening condition that presents with
a raised temperature, autonomic instability and muscle spasms
and rigidity."*'* The clinical features are difficult to distinguish
from serotonin toxicity, but this rare diagnosis need only be
considered in a few patients, and it should respond rapidly to
reinstitution of baclofen. Interestingly, it has also been reported to
respond to serotonin antagonists,14 suggesting that it may even be
a specific form of serotonin toxicity.

Severity of serotonin toxicity

The spectrum of serotonin toxicity can be roughly divided into
three groups of severity based on the requirement for medical
intervention:

e Mild serotonergic features. These may or may not interfere
with the patient and may occur with therapeutic use of many
serotonergic agents.

e Moderate toxicity. Symptoms cause the patient significant
distress and deserve symptomatic treatment.

« Severe serotonin toxicity or serotonin crisis.' This is charac-
terised by a rapidly increasing temperature associated with muscle
rigidity, and will progress to multiorgan failure if not treated within
hours. This is a medical emergency and is almost exclusively
associated with combinations of drugs acting at different sites, most
commonly including a monoamine oxidase inhibitor and an SSRI.'?

A similar division was also suggested by Radomski and col-
leagues, labelled as mild serotonin toxicity, serotonin syndrome,
and toxic states.'® A number of other scoring systems have been
suggested; for example, a serotonin toxicity scale devised by
Hegerl and coworkers for depressed patients taking paroxetine. '’

Serotonin toxicity occurs in three main settings. Adverse reac-
tions to normal therapeutic doses usually only cause mild-to-
moderate toxicity. Overdose of a single serotonergic agent typically
leads to moderate toxicity only. Nearly all severe serotonin toxicity
relates to drug interactions (which may also occur in overdose).

There are a number of different mechanisms by which the drugs
associated with serotonin toxicity (Box 1) cause excess serotonin.
As mentioned above, severe serotonin toxicity mostly occurs with
combinations of drugs (most commonly an SSRI and a monoamine
oxidase inhibitor) acting at different sites.'> Patients who ingest
any combination of serotonergic drugs in overdose must be
observed carefully. However, not all combinations cause increased
toxicity. For example, although methylenedioxymethamphetamine
(MDMA; ecstasy) can cause serotonin toxicity, SSRIs do not appear
to increase serotonergic effects from such serotonergic ampheta-
mines and may reduce neurotoxicity.'®!?

That single agents are unlikely to cause severe serotonin toxicity
has been confirmed in studies of overdose patients ingesting SSRIs
alone.?? In one study of SSRI overdoses, serotonin toxicity
occurred in 15% of cases, but there were no severe cases.’

Treatment

Treatment for all forms of serotonin toxicity is supportive care and
cessation of any serotonergic medications. Severe serotonin toxic-
ity or serotonin crisis is a medical emergency and initial manage-

5 Differential diagnoses for serotonin toxicity

Differential diagnosis Distinguishing features

Absence of neuromuscular excitation;*
and presence of bradykinesia, lead-pipe
rigidity, and extrapyramidal features

Neuroleptic malignant
syndrome

Non-convulsive seizures  Electroencephalogram features, and
response to benzodiazepines

Acute baclofen
withdrawal

CNS infection —
encephalitis, meningitis

History of intrathecal baclofen pump,
and response to baclofen

Absence of neuromuscular excitation*

Anticholinergic delirium  Absence of neuromuscular excitation,*
bowel sounds absent, and dry skin

Sympathomimetic Absence of neuromuscular excitation*

toxicity

Malignant hyperthermia Anaesthetic exposure, and absence of
neuromuscular excitation*

* Hyperreflexia, clonus and myoclonus.
CNS = central nervous system. *
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ment must focus on airway, breathing and circulation. Supportive
care, including passive and active cooling of the patient, sedation,
intubation and muscle paralysis, must take precedence over any
specific pharmacological treatment. Hyperthermia and muscle
rigidity appear to be the most important effects, and this support-
ive care can prevent secondary complications, such as rhabdomy-
olysis, renal failure and disseminated intravascular coagulation.

Serotonin toxicity may progressively increase over a number of
hours after ingestion of implicated drugs. Patients who have
moderate serotonin toxicity should be observed for a period of 6
hours; however, if a slow-release formulation has been ingested,
such as venlafaxine, observation should be continued for 12 hours.
It is appropriate to provide symptomatic treatment for these
patients, including benzodiazepine sedatives, antiemetics and spe-
cific pharmacological therapy. Most patients will improve within
24 hours of ceasing the serotonergic medication.

There may be a role for specific serotonin antagonists in
serotonin toxicity, and animal studies provide data that non-
specific HT,-antagonists and more selective 5-HT,,-antagonists
reverse the lethal effects of serotonin toxicity.” There are numerous
case reports of patients improving after being given serotonin
antagonists?O'24 However, it is difficult to separate these
“responses” from the natural resolution of toxicity. There are no
controlled trials demonstrating their effectiveness and further
study is required. Cyproheptadine and chlorpromazine are the
HT,-antagonists that have been used most extensively,”®#**> and
have a long history of safe use for other medical conditions. Oral
cyproheptadine (4-12mg) is probably the most useful 5-HT,
antagonist for moderate toxicity. Its main side effect is sedation,
which is usually beneficial. However, as cyproheptadine can only
be administered orally, it is unlikely to be effective in patients
administered activated charcoal, and has limited use in severe
toxicity. In severe serotonin toxicity, chlorpromazine may be more
appropriate to use for sedation than other routine sedative agents.
It can cause hypotension, so patients must receive sufficient
volume loading. Other non-selective 5-HT, antagonists, such as
the atypical antipsychotics, may be effective,** but there is far
less experience with their use.

In patients who ingest overdoses of serotonergic agents, there
are a few additional considerations. The selective use of activated
charcoal may be warranted, but only if it can be given within an
hour. Early risk assessment should also consider the possibility of
interacting drugs, and non-serotonergic toxic effects (eg, QT
prolongation with citalopram).2®

Some individuals appear to be more susceptible to mild-to-
moderate serotonin toxicity, but it is unclear whether this usually
has a pharmacokinetic (eg, decreased drug metabolism) or phar-
macodynamic (eg, serotonin receptor polymorphism) explana-
tion.?” A great deal of research would be needed to enable
identification of such individuals before treatment. Until then,
prevention of serotonin toxicity is as simple (or as difficult) as
avoiding prescribing serotonergic drugs. However, we believe that
avoiding monoamine oxidase inhibitors may be sufficient to
prevent life-threatening toxicity. It also makes sense to us to
generally minimise the use of serotonergic drugs used for non-
psychiatric conditions.
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