Preface

Drug interactions and adverse drug effects have received much attention since studies
published in daily newspapers have shown that they result in upwards of 100,000
Americans each year being hospitalized or remaining hospitalized longer than necessary,
as well as leading to the death of a number of patients. Use of multiple drugs (8—12 on
average in hospitalized patients) is common in a number of therapeutic regimens. In
addition to multiple drug therapy, a patient may have access to several prescribers, and
may have predisposing illnesses or age as risk factors for interactions. Drug interactions
may occur between prescription drugs, but also between food and drug, and chemical
and drug. Whereas some may be adverse, interactions may also be sought to decrease
side effects or to improve therapeutic efficacy.

Combining drugs may cause pharmacokinetic and/or pharmacodynamic interactions.
Pharmacokinetic mechanisms of interaction include alterations of absorption, distribution,
biotransformation, or elimination. Absorption can be altered when drugs that alter pH or
motility are co-administered, as seen with certain antiulcer or antidiarrheal medications,
or when drugs are chelators or adsorbents (tetracyclines and divalent cations,
cholestyramine, and anionic drugs). Distribution variations can result from competition
for protein binding (sulfa drugs and bilirubin binding to albumin) or displacement from
tissue-binding sites (digitalis and calcium channel blockers or quinidine). Induction of
gene expression (slow), activation or inhibition (much quicker) of liver and extrahepatic
enzymes such as P450, and conjugating enzymes have long found a place of choice in
the literature describing the potential for adverse drug interactions resulting from altered
metabolism. For example, induction is well described with the major anticonvulsant
medications phenytoin, carbamazepine, and barbiturates, whereas inhibition can occur
with antimicrobials from the quinolone, the macrolide, and the azole families. Finally,
excretion can also be modified by drugs that change urinary pH, as carbonic anhydrase
inhibitors do, or change secretion and reabsorption pathways, as probenecid does.
Pharmacokinetic interactions in general result in an altered concentration of active drug
or metabolite in the body, modifying the expected therapeutic response.

A second form of interaction has received little attention because of its modeling
complexity and perhaps the poor understanding of basic physiological, biochemical, and
anatomical substrates for drug action. Pharmacodynamic interactions involve additive
(1 +1=2), potentiating (0 + 1 =2), synergistic (1 + 1 = 3), or antagonistic (1 + 1 =0)
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effects at the level of receptors. Receptors are mainly proteins, such as enzymes
(acetylcholinesterase, angiotensin-converting enzyme, for example), transport proteins
(digitalis and Na*/K* ATPase), structural proteins (colchicine and tubulin), or ion channels
(Class I antiarrhythmics and voltage-dependent sodium channels). Large families of
receptors to drugs involve signal transduction pathways and changes in intracellular second
messenger concentrations (autonomic nervous system drugs and o, 3, muscarinic receptors,
for example). Finally, even less understood are interactions at the level of nucleic acids
such as DNA and RNA, which can change the levels of expression of key proteins in target
tissues (tolerance, tachyphylaxis of numerous central nervous system drugs).

Handbook of Drug Interactions. A Clinical and Forensic Guide addresses both
types of drug interactions, emphasizing explanations when possible, and careful review
of the general pharmacology. The result, we hope, will prove useful to health and forensic
professionals as well as medical, pharmacy, nursing and graduate students alike.

Ashraf Mozayani
Lionel P. Raymon



Chapter 2

Antiepileptic Drugs
Nathan L. Kanous II, PharmD and Barry E. Gidal, PharmD

1. INTRODUCTION
1.1. Epidemiology of Epilepsy

Epilepsy is a chronic neurologic disorder characterized by recurrent seizures.
Estimates indicate that approximately 120 in 100,000 people in the United States seek
medical attention each year as the result of experiencing a seizure. Though not every
patient that has a seizure has epilepsy, approximately 125,000 new cases of epilepsy
are diagnosed every year (1-3).

The incidence of epilepsy in the general population is highest in newborn and
young children with a second peak occurring in patients older than 65 years. It has been
suggested that there may be some genetic predisposition to the development of seizures
and epilepsy. Although the incidence of epilepsy is higher among patients with mental
retardation and cerebral palsy, neither condition is synonymous with epilepsy (7).

1.2. Etiology

Epilepsy is recognized as a syndrome of disturbed electrical activity in the brain
that can be caused by a variety of stimuli. This disturbed electrical activity leads to
the development of seizures. Seizures occur because of the abnormal discharge of neu-
rons within the central nervous system (CNS). Even slight abnormal discharges can
destabilize the electrical homeostasis of neurons, thus increasing the propensity for
other abnormal activity and the propagation of seizure activity (3).

Precipitation of seizures in predisposed patients can occur as the result of a vari-
ety of inciting factors. Hyperventilation, sleep, sleep deprivation, and sensory and emo-
tional stimuli have all been implicated. Hormonal changes associated with menses and
several prescription drugs and drug classes may also influence the onset or frequency of
seizure activity in patients with epilepsy. In addition, many antiepileptic drugs (AEDs)
are known to cause seizures at excessive concentrations (3).

From: Handbook of Drug Interactions: A Clinical and Forensic Guide
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2. MEDIcATIONS UTILIZED IN THE TREATMENT OF EPILEPSY

AEDs act within the central nervous system in one of two ways: by reducing path-
ologic electrical discharges or by inhibiting the propagation of aberrant electrical activ-
ity. This may occur through effects on specific ion channels, inhibitory neurotransmitters,
or excitatory neurotransmitters. Though multiple neurophysiological effects of AEDs
have been theorized and hypothesized, it is important to recognize that the true mecha-
nisms of action of these agents are poorly understood and may be multifactorial (4).

Testing to determine the serum concentration of AEDs is commonly employed.
The widespread availability of this technology makes the determination of serum con-
centrations an attractive method for use in forensic science. For most AEDs there is
poor correlation between maintenance doses and their resulting serum concentrations
(5). In addition there is important interindividual variability in both therapeutic and
toxic response to medications (5—7). Therefore, knowledge of the pharmacokinetics
of AEDs is essential for understanding and interpreting serum concentrations of AEDs.
This includes issues related to all aspects of drug disposition: absorption, distribution,
metabolism, and excretion.

This situation is further complicated by the fact that AEDs are subject to pharma-
cokinetic interactions with one another and many other drugs and foods (5). Interac-
tions with other drugs may lead to loss of efficacy or toxic effects from either the AED
or the other interacting drug. This can be particularly important with the initiation or
discontinuation of either drug and careful attention should be paid to the time course
of initiation or discontinuation of any drug in the interpretation of the effects of drugs
and serum drug concentrations (8).

AEDs are well known for causing side effects. Side effects are generally classified
as acute or chronic. Further, these effects may be described as being concentration depen-
dent or idiosyncratic. Concentration-dependent effects are usually relatively common
and well characterized. Allergic reactions are typically mild but may be severe in some
cases. Other idiopathic reactions are rare but can be serious and life threatening (9).
Knowledge of the mechanism(s) of the toxic effects of AEDs and their relationship to
serum concentration data are also important for the practicing forensic scientist.

Last, it is important to recognize that many AEDs are frequently employed for oft-
label use. The majority of off-label use involves the treatment of psychiatric disorders,
particularly bipolar affective disorder or manic depressive disorder (70). Other off-
label uses include such things as migraine prophylaxis, attention-deficit disorder, and
neuropathic pain.

2.1. Phenytoin and Fosphenytoin
2.1.1. Chemistry

Phenytoin is a hydantoin anticonvulsant medication that is structurally related to
the barbiturates. Although similar, the monoacylurea structure of phenytoin makes it
a much weaker organic acid than the barbiturates (/7). This results in very poor aqueous
solubility of phenytoin.

Parenteral phenytoin must be formulated as a highly alkaline aqueous solution to
maintain adequate solubility. This is accomplished through the use of an aqueous vehi-
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cle consisting of 40% propylene glycol and 10% ethanol in water buffered with sodium
hydroxide to a pH of 12. Parenteral phenytoin is incompatible with dextrose-based intra-
venous solutions. Preparation of intravenous phenytoin in dextrose-based solutions
results in immediate precipitation of the free acid (12).

Oral phenytoin is available in a variety of formulations as the free acid or sodium
salt in both immediate- and extended-release formulations.

Fosphenytoin is a phenytoin prodrug. This drug was developed and formulated
specifically to improve the solubility of phenytoin for parenteral use. Fosphenytoin is
a disodium phosphate ester of phenytoin. As such, fosphenytoin is freely soluble in
aqueous solution and is rapidly and completely converted to phenytoin in vivo through
the action of serum phosphatase enzymes (13).

2.1.2. Pharmacology

Phenytoin and fosphenytoin are effective at reducing seizure frequency and sever-
ity without causing generalized central nervous system depression. This action is medi-
ated through effects on voltage-activated Na* channels in neuronal cell membranes (71).

Depolarization of the neuronal cell membrane triggers the voltage-activated Na*
channel to open, thus facilitating transmission of the action potential down the axon
and, ultimately, from cell to cell. After opening, these voltage-activated Na* channels
will spontaneously close. This is termed inactivation of the Na* channel. This inacti-
vation is thought to cause the refractory period, a period of time after an action poten-
tial during which another action potential cannot be evoked (71).

These drugs effectively limit repetitive firing of action potentials by prolonging
inactivation, thus slowing the rate of repolarization of neuronal cells. At therapeutic
concentrations, only neuronal cells that have been depolarized are protected from repeti-
tive firing with no effect on spontaneous firing or responses to y-aminobutyric acid
(GABA) or glutamate (74). This effectively limits the propagation of the aberrant elec-
trical discharges that characterize epilepsy.

2.1.3. Pharmacokinetics

The pharmacokinetics of phenytoin (and also fosphenytoin) are strongly influ-
enced by its limited aqueous solubility and saturable enzymatic elimination. The inacti-
vation of these drugs by cytochrome P450 isozymes predisposes them to the influence
of drug interactions.

2.1.3.1. ABSORPTION

Because of its broad effectiveness in the management of epilepsy and the nature
of epilepsy as a clinical disorder, phenytoin is available in a variety of formulations.
Differences in physicochemical properties of the various formulations results in sig-
nificant variability in both the rate and extent of absorption from each preparation.

Several factors including pK, and lipid solubility, pH of the dissolution medium,
solubility in the medium, and phenytoin concentration influence the rate and extent of
absorption in the gastrointestinal tract. These factors are commonly altered by the pres-
ence of food or drugs in the gastrointestinal tract and the individual formulation (72,13,15).

Phenytoin is poorly absorbed in the stomach due to the low pH of gastric juice
(approximately 2.0), which renders it insoluble even though it may be present in a
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nonionized form. The duodenum serves as the primary site of absorption with its higher
pH increasing the solubility of the drug. Absorption slows within the jejunum and ileum
and is again poor in the colon (12,13,15).

Also because of poor solubility, intramuscular administration of phenytoin results
in drug precipitation and the formation of an insoluble mass. This effect, coupled with
the pain associated with intramuscular injection of a high-pH solution, mandate that
phenytoin be administered intravenously when a parenteral route is necessary (76).

Because of its improved solubility profile, fosphenytoin can be administered either
intramuscularly or intravenously. Comparison of area under the curve measures for
total or free phenytoin concentrations between fosphenytoin and phenytoin sodium are
nearly identical, indicating complete bioavailability of fosphenytoin by either route (13).

In an effort to facilitate simple and rapid utilization of parenteral fosphenytoin for
the more problematic phenytoin, fosphenytoin is packaged and dosed as milligram phe-
nytoin equivalents (mPEs) (73). Although this facilitates accurate conversion between
parenteral dosage forms, this conversion is less accurate when converting oral pheny-
toin to parenteral mPEs. This is because oral phenytoin is formulated as a sodium salt.
Thus, a 100-mg capsule of phenytoin sodium delivers only 92 mg of actual phenytoin
(13). This represents an approximately 9% difference in total dose when oral pheny-
toin is converted to parenteral fosphenytoin or phenytoin. This may result in increased
serum concentrations of phenytoin after conversion, particularly in light of the unpre-
dictable nonlinear kinetics of phenytoin metabolism.

2.1.3.2. DISTRIBUTION

Phenytoin is approximately 90% protein bound in the plasma, primarily to albu-
min. The remaining 10% is unbound or “free” phenytoin and is pharmacologically
active because that which is bound to plasma proteins is unable to cross the blood—
brain barrier. Because of the passive diffusion of phenytoin into the cerebrospinal fluid
(CSF), the concentration of phenytoin in the CSF is considered equivalent to the un-
bound plasma concentration (15).

The generally recognized therapeutic range for phenytoin is 10-20 pg/mL, which
includes both bound and unbound drug. The 10% of phenytoin which remains unbound
corresponds to an equivalent unbound therapeutic range of 1-2 pg/mL (17).

Protein binding of phenytoin is dependent upon albumin concentration and can
also be influenced by a variety of clinical conditions and situations. Low-serum albu-
min, renal failure, or concomitant use of other protein-bound drugs may change the pro-
tein binding and serum concentration of phenytoin (77,18).

2.1.3.3. METABOLISM

Phenytoin is extensively metabolized via the cytochrome P450 system. This occurs
primarily through the 2C19 and 2C9 isozymes and accounts for the involvement of
phenytoin in a variety of drug interactions (72). Of note is the fact that the metabolism
of phenytoin involves the intermediate formation of an arene oxide. This arene oxide
intermediate has been implicated as the source of various toxicities and teratogenicity
associated with the use of phenytoin (19).

Phenytoin is also known for its nonlinear pharmacokinetics. At low doses, phe-
nytoin exhibits a first-order dose-dependent kinetic profile. As the dose of phenytoin
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increases, OH-phenytoin begins to inhibit CYP450D6, which is responsible for its own
formation. This suicide inhibition leads to disproportionate and dramatic increases in
serum concentration with relatively small changes in dosing rate (/2). In most patients,
the usual therapeutic range exceeds the concentration at which metabolism is half-max-
imal, which causes phenytoin to exhibit a nonlinear profile in the majority of patients.
A variety of situations such as concurrent illness, medications, pregnancy, age, or gene-
tics may influence the maximal rate of metabolism and thus may alter the pharmacoki-
netic profile of phenytoin in a given patient (20).

2.1.3.4. EXCRETION

Approximately 95% of an administered dose is excreted in the urine or feces as
metabolites (12,20).

2.1.4. Adverse Reactions

With initial therapy, the CNS depressant effects of phenytoin are most promi-
nent and may cause lethargy, fatigue, incoordination, blurred vision, and drowsiness
(Table 1). Slow-dose titration can minimize these effects (9).

At high serum concentrations (greater than 20 pg/mL) many patients exhibit
lateral gaze nystagmus. Other adverse effects known to occur at excessive plasma con-
centrations include ataxia, mental-status changes, and coma. Further, phenytoin has the
ability to precipitate seizures or status epilepticus at extreme concentrations.

Chronic adverse effects include gingival hyperplasia, which can occur in up to
50% of patients receiving long-term therapy. Other long-term effects include hirsutism,
acne, coarsening of facial features, vitamin D deficiency, osteomalacia, folic acid defi-
ciency (with resultant macrocytosis), hypothyroidism, and peripheral neuropathy.

2.1.5. Contraindications and Precautions

Patients with hypersensitivity reactions to any hydantoin AED may react to other
hydantoin AEDs such as phenytoin. In addition, some patients exhibit cross-sensitiv-
ity to other compounds with similar chemical structures such as barbiturates, succin-
imides, and oxazolidinediones.

Prenatal exposure to hydantoin AEDs may result in the development of cleft palate,
cleft lip, cardiac malformations, and a constellation of physical abnormalities referred
to as the fetal anticonvulsant syndrome: prenatal growth deficiency, microcephaly, hypo-
phasia of the fingernails, and craniofacial abnormalities (217).

The use of parenteral phenytoin can alter automaticity of cardiac tissue and may
result in the development of ventricular arrhythmias and should only be used with ex-
treme caution in patients with second- or third-degree arterio venous (AV) blockade,
bradycardia, or significant cardiac disease (22).

Because of the risk of myelosuppression, the use of phenytoin in immunosup-
pressed patients or patients with blood dyscrasias may increase the risk of infection or
exacerbation of the hematologic abnormality.

The metabolism of phenytoin may be impaired in patients with active liver dis-
ease or active alcoholism with subsequent toxic effects associated with elevated serum
concentrations (6,12,23).
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Table 1
Antiepileptic Drug Side Effects
Acute Side Effects
AED Concentration Dependent  Idiosyncratic Chronic Side Effects
Phenytoin Ataxia Blood dyscrasias Behavior changes
Nystagmus Rash Cerebellar syndrome
Behavioral changes Immunologic reactions  Connective tissue changes
Dizziness Skin thickening
Headache Folate deficiency
Incoordination Gingival hyperplasia
Sedation Hirsutism
Lethargy Coarsening of facial features
Cognitive Impairment Acne
Fatigue Cognitive impairment
Visual Blurring Metabolic bone disease
Sedation
Carbamazepine Diplopia Blood dyscrasias Hyponatremia
Dizziness Rash
Drowsiness
Nausea
Unsteadiness
Lethargy
Lamotrigine Diplopia Rash Not established
Dizziness
Unsteadiness
Headache
Valproic Acid  GI upset Acute hepatic failure Polycystic ovary-like
Sedation Acute pancreatitis syndrome
Unsteadiness Alopecia
Tremor Weight gain
Thrombocytopenia Hyperammonemia
Ethosuximide  Ataxia Blood dyscrasias Behavior changes
Drowsiness Rash Headache
GI distress
Unsteadiness
Hiccoughs

2.1.6. Drug Interactions

(continued)

Phenytoin is involved in many drug interactions (Tables 2 and 3). These interac-
tions are well characterized and phenytoin may be the target or cause of interactions.
Pharmacokinetic drug interactions affecting absorption, metabolism, or excretion have
the potential to either increase or decrease the plasma concentration of phenytoin.
Though food may slightly alter the rate of absorption of phenytoin, it is well recog-
nized that enteral feedings can dramatically decrease the bioavailability of phenytoin
suspension when administered via a feeding tube (24).

Although phenytoin is highly protein bound, protein-binding interactions are gen-
erally of minimal significance. As phenytoin is displaced from plasma proteins, the free
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Table 1 (continued)

Acute Side Effects

AED Concentration Dependent  Idiosyncratic Chronic Side Effects
Gabapentin Dizziness Weight gain

Fatigue

Somnolence

Ataxia
Topiramate Difficulties concentrating Not established Kidney stones

Psychomotor slowing
Speech or language problems
Somnolence, fatigue

Dizziness
Headache
Felbamate Anorexia Aplastic anemia Not established
Nausea Acute hepatic failure
Vomiting
Insomnia
Headache
Vigabatrin Sedation Visual field defects Not established
Fatigue Agitation
Irritability
Depression
Psychosis
Levetiracetam  Sedation Not established Not established
Behavioral Disturbance
Zonisamide Sedation Rash Kidney stones
Dizziness Oligohydrosis
Cognitive impairment
Nausea

From (99) with permission.

fraction of phenytoin increases. This is followed by an increase in the clearance of phe-
nytoin, a decrease in total phenytoin concentration, and subsequent reestablishment
of baseline free phenytoin concentration (/7). It is important that clinicians understand
the mechanism of this interaction and do not react to decreases in total concentration
without considering the possibility that free concentrations remain therapeutic.

Long-term use of phenytoin decreases folic acid absorption (9). Replacement of
folic acid effectively increases the clearance of phenytoin and thereby decreases pheny-
toin concentrations. Supplementation of folic acid, alone or as a vitamin, has the poten-
tial to decrease plasma phenytoin concentrations and subsequently decrease seizure
control (25).

2.2. Carbamazepine and Oxcarbazepine
2.2.1. Chemistry

The chemical structure of carbamazepine (CBZ) is tricyclic in nature, with two
benzene rings flanking one azepine ring that contains a double bond. This structure is
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Table 2
Interactions Between Antiepileptic Drugs*
AED Added Drug Effectb
Phenytoin (PHT) Carbamazepine Decr. PHT
Felbamate Incr. PHT
Methosuximide Incr. PHT
Phenobarbital Incr. or decr. PHT
Valproic acid Decr. Total PHT
Vigabatrin Decr. PHT
Carbamazepine (CBZ) Felbamate Incr. 10, 11 epoxide
Felbamate Decr. CBZ
Phenobarbital Decr. CBZ
Phenytoin Decr. CBZ
Oxcarbazepine Carbamazepine Decr. MHD
Phenytoin Decr. MHD
Phenobarbital Decr. MHD
Lamotrigine (LTG) Carbamazepine Decr. LTG
Phenobarbital Decr. LTG
Phenytoin Decr. LTG
Primidone Decr. LTG
Valproic Acid Incr. LTG
Valproic Acid (VPA) Carbamazepine Decr. VPA
Lamotrigine Decr. VPA
Phenobarbital Decr. VPA
Primidone Decr. VPA
Phenytoin Decr. VPA
Ethosuximide (ETX) Carbamazepine Decr. ETX

Valproic acid

May incr. ETX

Gabapentin No known interactions

Topiramate (TPM) Carbamazepine Decr. TPM
Phenytoin Decr. TPM
Valproic acid Decr. TPM

Tiagabine (TGB) Carbamazepine Decr. TGB
Phenytoin Decr. TGB

Felbamate (FBM) Carbamazepine Decr. FBM
Phenytoin Decr. FBM
Valproic acid Incr. FBM

Vigabatrin Phenytoin Incr. PHT

Levetiracetam No known interactions

Zonisamide Carbamazepine Decr. zonisamide
Phenytoin Decr. zonisamide
Phenobarbital Decr. zonisamide

*From (99) with permission.
“Incr., increased; Decr., decreased.
bMHD, 10-hydroxy-oxcarbazepine.
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most closely related to antipsychotic and antidepressant drugs such as chlorpromaz-
ine, imipramine, and maprotiline. CBZ differs from other heterocyclic AEDs by being
tricyclic, lacking an amide group in the heterocyclic ring, and not possessing a saturated
carbon atom in the cyclic structure (26).

CBZ is insoluble in water although easily soluble in many organic solvents includ-
ing benzene, chloroform, and dichloromethane. This lipophilicity strongly influences drug
transport across biological membranes.

Oxcarbazepine, a biological prodrug, is a keto analog of CBZ. This change in struc-
ture alters the solubility of the compound and renders it only slightly soluble in chloro-
form, dichloromethane, acetone, and methanol whereas it is practically insoluble in water
ethanol and ether (27).

2.2.2. Pharmacology

CBZ enhances the inactivation voltage-activated Na* channels by slowing their
recovery. This results in a net decrease in high-frequency repetitive firing of action
potentials. These effects are evident and selective at serum concentrations within the
therapeutic range (28). No effect of carbamazepine on exogenously administered GABA
or glutamate have been identified. The 10,11 epoxycarbamazepine metabolite also con-
tributes a similar therapeutic effect (29).

The pharmacologic effect of oxcarbazepine is due to a principal metabolite, 10-
hydroxy-oxcarbazepine (27). The mechanism of action is similar to that of carbamaze-
pine but may also include increased potassium conduction and modulation of high-
voltage calcium channels (30,31).

2.2.3. Pharmacokinetics

It is well known that absorption of CBZ varies significantly from one dosage form
to another (32). Further, the effects of CBZ on the cytochrome P450 isozyme system
warrants close assessment of the pharmacokinetics of this drug in clinical use.

2.2.3.1. ABSORPTION

CBZ tablets are incompletely and erratically absorbed. The time to maximal serum
concentration (t,,,,) is 8 or more h for tablets but 3—5 h for the suspension (33). That
means that the full effects of a given oral dose of carbamazepine tablets may not be
recognized until 8 or more h after the dose has been ingested, whereas a similar dose
of the suspension reaches maximal concentration in just 3—5 h and may influence the
interpretation of serum concentration data. In addition to delayed absorption of car-
bamazepine from tablets, it has also been recognized that tablet formulations can be
adversely affected by humidity and moisture content, thus further delaying or decreas-
ing absorption (34).

CBZ exhibits both zero-order and first-order absorption characteristics. Approx-
imately 35% of an oral dose is absorbed in zero-order fashion (no effect of dose on
absorption) whereas the remainder of the dose is absorbed according to a first-order kine-
tics. At doses greater than 20 mg/kg, an inverse relationship between dose and absorp-
tion begins to occur (35).

Absolute bioavailability of CBZ is approximately 75% of the dose administered.
This is similar between all dosage forms.
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2.2.3.2. DISTRIBUTION

CBZ is highly protein bound with 75 to 80% bound to albumin and other plasma
proteins with an apparent volume of distribution of 0.8 to 2 L/kg. Unbound concentra-
tions of CBZ vary inversely with the concentration of a;-acid glycoprotein (36).

CBZ is readily distributed into cerebrospinal fluid and these concentrations vary
linearly with plasma levels. Although there may be wide variability in CBZ concen-
tration between patients, the ratio of plasma:CSF concentration is relatively constant
between patients (37).

CBZ is also readily distributed into amniotic fluid and breast milk (38). Although
the use of CBZ is not contraindicated among pregnant women, it must be recognized
that the newborn may be susceptible to adverse effects associated with exposure to CBZ.

Consistent with its lower lipid solubility, 10,11 epoxycarbamazepine has a lower
apparent volume of distribution and increased fraction unbound of 48 to 53% (39). The
commonly accepted therapeutic range for CBZ in adults is 4 to 12 pg/mL (40). To date,
no accepted therapeutic range for the use of oxcarbazepine in treating epilepsy has been
established (41). Clinical trials in patients treated for neurologic pain have reported
serum 10-hydroxy-carbazepine concentrations between 50 and 100 png/mL (42).

2.2.3.3. METABOLISM

CBZ is essentially completely metabolized in humans through both oxidative and
conjugative pathways. The primary metabolite, carbamazepine epoxide, is pharmaco-
logically active and may accumulate in patients using CBZ over long periods of time
(36). This may potentially lead to the development of toxicity in a patient who manifests
no change in plasma CBZ level after an increase in daily CBZ dose.

A comparison of patients reveals a lower ratio of CBZ epoxide to CBZ among
patients receiving monotherapy when compared to those receiving multiple AEDs (43).

2.2.3.3.1. Autoinduction. After initial dosing, CBZ induces its own metabolism
significantly leading to increased clearance, decreased serum half-life, and a subse-
quent decline in plasma concentration over time. Studies have shown that whereas the
elimination half-life of CBZ in single-dose studies varied from 20 to 65 h, the half-
life was decreased by approximately 50% after multiple dosing for 10 to 20 d (44,45).

There is a time dependence of CBZ kinetics secondary to this phenomenon of auto-
induction. As the autoinduction progresses, changes in daily dose are required to main-
tain adequate plasma concentrations. Autoinduction is expected to be complete within
20 to 30 d and is dependent upon CBZ dose (44,45).

2.2.3.4. EXCRETION

Approximately 72% of a given dose of CBZ is eliminated as metabolites in the
urine. The remaining 28% is eliminated in the feces.

2.2.4. Adverse Reactions

The most common side effects of CBZ include dizziness, drowsiness, ataxia,
dyskinesia, diplopia, and headache (Table 1). These effects are typically dose related
and may resolve with continued administration only to recur with significant increases
in plasma concentration (9).
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Idiopathic reactions to CBZ include blood dyscrasias and hypersensitivity reac-
tions. Aplastic anemia, agranulocytosis, and pancytopenia have been reported to occur
rarely with the use of CBZ and more often when CBZ is used in combination with
other medications. Leukopenia is reported to occur in nearly 10% of patients. Though
somewhat common, there appears to be no association between the presence of leuko-
penia and an increased incidence of infection. This has been hypothesized to occur as
a result of white blood cell (WBC) redistribution (9).

Hypersensitivity manifests most commonly as the development of an eczema-
tous rash, which can progress in some patients to Stevens-Johnson syndrome (46).

Dilutional hyponatremia and the syndrome of inappropriate antidiuretic hormone
have been reported. The incidence of this phenomenon may increase with the age of
the patient and appears somewhat dose related although low-dose therapy does not
preclude the development of hyponatremia (47).

2.2.5. Contraindications and Precautions

Some patients with a history of hypersensitivity to tricyclic antidepressants may
be sensitive to CBZ and should only be treated with CBZ when the potential benefit out-
weighs the risk of hypersensitivity.

The use of CBZ in patients with absence seizures has been associated with worsen-
ing of seizures while using CBZ and should be avoided. Similarly, CBZ is considered
ineffective for the treatment of Lennox-Gastaut syndrome (71).

Congenital abnormalities have been reported to occur in infants of mothers who
take CBZ. Current evidence indicates a higher risk of malformations with combina-
tion therapy, which may result in higher plasma CBZ concentrations (48).

2.2.6. Drug Interactions

CBZs metabolic fate and its influence on the cytochrome p450 system make CBZ
the subject of many significant drug interactions (Tables 2 and 3; 5). Interestingly,
valproic acid can effectively increase the plasma concentration of the 10,11-epoxide
metabolite without changing the concentration of CBZ. Erythromycin inhibits the
metabolism of CBZ resulting in clinically significant increases in plasma CBZ concen-
tration. CBZ can induce the metabolism of many other drugs potentially leading to loss
of therapeutic effect. Several examples include valproic acid, theophylline, warfarin,
and ethosuximide.

2.3. Lamotrigine
2.3.1. Chemistry

Lamotrigine is a phenyltriazine AED unrelated to other currently available AEDs.
As a tertiary amine, lamotrigine is only very slightly soluble in water, and slightly solu-
ble in 0.1 M HCI (49).

2.3.2. Pharmacology

Lamotrigine effectively inhibits the reactivation of voltage-activated Na* chan-
nels, similar to phenytoin and CBZ. Further, this action appears greater during repeti-
tive activation, such as may occur during an epileptic seizure (double check that). How-
ever, unlike CBZ and phenytoin, lamotrigine also competitively blocks high-voltage
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Ca* flux, by blocking presynaptic-type Ca* channels. Lamotrigine is also effective at
inhibiting the release of glutamate and GABA from neurons, although this effect is
much more pronounced for glutamate than for GABA (49).

2.3.3. Pharmacokinetics

The pharmacokinetics of lamotrigine are unique when compared to other AEDs
in that although it is not a subject of drug interactions related to oxidative metabolism
through the cytochrome P-450 system, it is subject to interaction with drugs that may
alter its glucuronide conjugation.

2.3.3.1. ABSORPTION

Lamotrigine is readily and completely absorbed from the gastrointestinal system.
The bioavailability is 98%. Plasma concentrations peak 1-3 h after oral administra-
tion and absorption appears to be linearly related to dose up to approximately 700 mg.
Food does not alter the absorption of lamotrigine and systemic absorption can occur
with rectal administration although to a more limited extent than with oral dosing (50).

2.3.3.2. DISTRIBUTION

Lamotrigine is approximately 56% bound to plasma proteins, which remains con-
stant throughout the range of concentrations from 1 to 10 pg/mL. The apparent vol-
ume of distribution is 0.9—1.2 L/kg and is independent of dose administered. Although
lamotrigine serum concentrations can be determined, no therapeutic range has been
established for this drug and it is advised that treatment decisions be guided by thera-
peutic response without concern for serum concentration (57).

2.3.3.3. METABOLISM

Lamotrigine undergoes hepatic metabolism by uridine diphosphate (UDP)-glu-
curonosyl-transferase (UGT 1A4). Metabolism can occur at either heterocyclic nitro-
gen atom to form one of two glucuronide conjugates. These glucuronide conjugates
are pharmacologically inactive (51).

The half-life of lamotrigine is approximately 24—29 h in healthy volunteers. Though
some evidence suggests that lamotrigine may undergo autoinduction, the relatively slow
onset of autoinduction and the slow, tapered dosing schedule make this autoinduction
clinically insignificant.

2.3.3.4. EXCRETION

Single-dose studies indicate that approximately 70% of a given dose is eliminated
in the urine, almost entirely as glucuronide conjugates. Less than 10% of an administered
dose is renally eliminated as unchanged drug (57).

2.3.4. Adverse Reactions

Lamotrigine can cause a number of CNS side effects including drowsiness, ataxia,
diplopia, and headache (Table 1). These effects occur significantly less frequently when
compared to other AEDs (52).

A hallmark side effect of lamotrigine is the development of a rash. Though sev-
eral types of rash have been reported, the most common is a generalized erythematous
morbilliform rash that is typically mild to moderate in severity. Case reports of the
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development of Stevens-Johnson syndrome have been reported. Rash appears to occur
more frequently in patients receiving concomitant valproic acid (VPA) and with rapid
dose escalation (53).

2.3.5. Contraindications and Precautions

Dermatologic reactions to lamotrigine appear to be more frequent in children
when compared to adults. Safety and efficacy in patients up to the age of 16 years has
not been proven. As noted previously the development of rash is more common among
patients receiving valproic acid.

Significant interindividual differences in pharmacokinetics of lamotrigine have
been observed in patients with renal dysfunction and careful consideration should be
given that the benefits outweigh the risks of treatment in this patient population (51).

2.3.6. Drug Interactions

Since lamotrigine is not metabolized by the cytochrome P450 system, it is not
involved in precipitating cytochrome P450-based drug interactions. However, lamo-
trigine clearance is increased by phenytoin and CBZ. VPA decreases lamotrigine clear-
ance and increases its half-life (Table 2). Conversely, the addition of lamotrigine to
VPA can decrease VPA concentrations by as much as 25% (51).

2.4. Valproate
2.4.1. Chemistry

Valproate is a short-chain branched fatty acid with low water solubility. Clini-
cally, this compound is available as a sodium salt (valproate sodium Depakene®) with
high water solubility and also as a complex of valproic acid and sodium valproate (dival-
proate Depakote®). This complex rapidly dissociates in the gastrointestinal tract to
two molecules of valproate.

2.4.2. Pharmacology

Similar to phenytoin and carbamazepine, VPA prolongs the recovery of voltage-
activated Na* channels. This effectively reduces propagation of rapid-firing action
potentials. Some evidence exists to suggest that VPA blocks calcium currents in T-type
calcium channels similar to that seen with ethosuximide (54).

VPA has no direct modulatory effect on GABAergic neurotransmission. How-
ever, VPA may alter CNS GABA concentrations via two mechanisms. First, VPA may
stimulate glutamic acid decarboxylase, thus increasing GABA synthesis. Second, val-
proic acid may inhibit the action of GABA transaminase and succinic semialdehyde
dehydrogenase, therefore decreasing the degradation of GABA in the CNS. In either
case, the net result is an increase in the concentration of GABA in the CNS (54).

2.4.3. Pharmacokinetics

VPA is a widely used AED and is available in multiple formulations for oral and
parenteral administration. Oral formulations include capsules, tablets, and syrup with
immediate-release characteristics, enteric-coated tablets of sodium valproate or dival-
proex sodium, and enteric-coated sprinkles of divalproex sodium. Knowledge of the
differences in pharmacokinetics between formulations is important.
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2.4.3.1. ABSORPTION

Oral VPA is essentially 100% bioavailable. However, because of difficulties asso-
ciated with gastric irritation, enteric-coated and delayed-release formulations have been
developed to improve tolerability (54). Multiple oral formulations of VPA are avail-
able: immediate-release capsules, tablets, and syrup; enteric-coated tablets; and sprinkles
of divalproex sodium. The rate of absorption of VPA differs among the various formu-
lations (54).

Immediate-release formulations are rapidly absorbed with peak concentrations
reached within 2 h. Enteric-coated tablets delay absorption but remain rapid once the
tablet reaches the small intestine. The time of onset for absorption of delayed-release
formulations is dependent upon the state of gastric emptying with peak plasma con-
centrations occurring between 3 and 8§ h after oral administration. In patients taking
delayed-release VPA, true trough concentrations may not occur until after administra-
tion of a morning dose. No difference in bioavailabilty has been noted between imme-
diate- or delayed-release formulations (54).

2.4.3.2. DISTRIBUTION

VPA is highly bound to plasma proteins with an apparent volume of distribution
0t 0.13-0.19 L/kg for adults and 0.2—0.3 L/kg in children. Protein binding is saturable
at therapeutic concentrations and the free fraction of VPA increases with increasing
total concentration. This effect can be quite dramatic with a threefold increase in total
concentration leading to a near 10-fold increase in the concentration of free VPA (35).

Serum concentrations of VPA are expected to be above 50 pg/mL to achieve thera-
peutic response. However, some controversy exists as to what the maximum concentra-
tion of the therapeutic range is. The most commonly cited maximal concentration of
VPA is 100 pg/mL (5). Though some reports have linked the emergence of adverse
effects to concentrations greater than 80 pg/mL, higher concentrations may be required
and tolerated in the management of difficult to control patients.

2.4.3.3. METABOLISM

VPA is metabolized extensively by the liver with a glucuronide conjugate and a
3-0x0-VPA metabolite accounting for over 70% of an administered dose. One metab-
olite, a 4-ene-VPA causes marked hepatotoxicity in rats and may be responsible for
reports of hepatotoxicity in humans although this has not been entirely substantiated.
It should also be noted that higher concentrations of the 4-ene-VPA may be present in
patients taking enzyme-inducing drugs such as phenobarbital (54).

2.4.3.4. EXCRETION

The majority of VPA (70-80%) is excreted in the urine as metabolites. In addition,
portions of VPA are excreted in bile (7%) and through the lung (2—18%) (5).

2.4.4. Adverse Reactions

The most common side effects encountered with the use of VPA are mild and gas-
trointestinal in nature: nausea, vomiting, gastrointestinal distress, and anorexia (Table 1).
CNS-related side effects such as drowsiness, ataxia, and tremor appear to be dose related.
Any of these dose-related side effects may recur with changes in plasma concentration.
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Hair loss is occasionally seen early in therapy but generally resolves with continued
use (5,9).

The most serious idiosyncratic effect of VPA is hepatotoxicity. Risk factors for
death due to hepatotoxicity include age less than 2 years, mental retardation, and use
of multiple AEDs. These events also occurred early in therapy (55). Hyperammonemia
is a very common finding among patients using VPA but is not considered to be a con-
sequence of hepatic damage (9,55). Pancreatitis is very rare.

Thrombocytopenia and other blood dyscrasias have been commonly reported to
occur in patients receiving VPA but rarely lead to drug discontinuation. Bleeding can
occur in some patients as a result (56).

Excessive weight gain is a common side effect associated with chronic use of
VPA (9).

2.4.5. Contraindications and Precautions

Valproate crosses the placenta and observational studies have revealed that first-
trimester use of valproate is associated with an increased risk of neural tube defects.
Careful consideration of the use of this medication during pregnancy is warranted (57).

Pediatric use of VPA is associated with an increased risk of hepatotoxicity. Risk
factors include age less than 2 years, multiple-AED use, and mental retardation. In addi-
tion, VPA should not be used in patients with current hepatic disease (9,55).

VPA does alter platelet aggregation (9). Caution should be exercised when using
VPA with other drugs that may affect platelet aggregation and by patients with a his-
tory of thrombocytopenia and other risk factors for bleeding.

The use of VPA in combination with lamotrigine significantly increases the risk
of dermatologic reactions to lamotrigine and caution is warranted (52).

2.4.6. Drug Interactions

Because VPA is extensively metabolized, alterations in liver enzyme function can
change the clearance of VPA. Common enzyme-inducing drugs such as phenytoin, CBZ,
primidone, and phenobarbital increase VPA metabolism (Table 2). Highly protein-bound
drugs such as aspirin and phenytoin have a propensity to displace VPA from binding
sites and may change plasma VPA concentrations (Table 3; 5).

VPA inhibits the metabolism of phenobarbital resulting in a significant decrease
in phenobarbital clearance and subsequent toxic effects. As mentioned previously,
VPA has the potential to increase the concentration of the 10,11 epoxide metabolite of
CBZ without altering the concentration of CBZ (3).

2.5. Ethosuximide

Ethosuximide is indicated for the treatment of absence seizures. In this capacity, it is
considered the drug of first choice. Combination therapy with VPA is indicated in patients
with difficult to control absence seizures despite monotherapy with ethosuximide.

2.5.1. Chemistry

Ethosuximide is a monocyclic AED that contains a five-member ring structure
with two carbonyl oxygen atoms flanking a ring nitrogen. This compound is considered
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soluble in ethanol or ether, freely soluble in water or chloroform, and only very slightly
soluble in hexane (58). Though containing a chiral center, ethosuximide is utilized clin-
ically as a racemic mixture of the two compounds.

2.5.2. Pharmacology

Ethosuximide exhibits antiseizure activity by reducing low-threshold Ca™ cur-
rents in the thalamic region. There is no effect on recovery of voltage-activated Na*
channels and thus no change in sustained repetitive firing. Ethosuximide has no influ-
ence on the action or concentration of GABA in the CNS. As a result of this unique
mechanism of action, the use of ethosuximide is limited to the treatment of absence
seizures (59).

2.5.3. Pharmacokinetics

2.5.3.1. ABSORPTION

Absorption of ethosuximide is rapid and nearly complete (90 to 95%) and does not
appear to be effected by long-term administration. Peak concentrations are reached within
1 to 4 h after oral administration (5,59). Although the rate of absorption of oral syrup
may be faster than that of oral tablets, the formulations are considered bioequivalent.

2.5.3.2. DISTRIBUTION

Ethosuximide distributes widely and homogeneously throughout the body. Based
on this phenomenon, several studies have concluded that saliva concentrations of ethosuxi-
mide can be evaluated in lieu of plasma concentrations for therapeutic monitoring (59,60).

The apparent volume of distribution is 0.62—0.65 L/kg in adults and 0.69 L/kg in chil-
dren. Protein binding of ethosuximide is very low, ranging from 0 to 10% in humans (60).

Serum concentrations of ethosuximide can be useful in monitoring therapy. The
generally accepted therapeutic range is 40 to 100 pg/mL (5,59).

2.5.3.3. MET4BOLISM

Ethosuximide is extensively metabolized via hepatic oxidation with 80-90% of
an administered dose transformed to inactive metabolites. Biotransformation is cata-
lyzed through the action of CYP3A in a first-order fashion. Ethosuximide does not
induce hepatic microsomal enzymes or the uridine diphosphate glucuronosyl transfer-
ase (UDPGT) system (5,59).

2.5.3.4. EXCRETION

Approximately 10-20% of an administered dose of ethosuximide is renally elimi-
nated with nonrenal routes accounting for the majority of elimination. The apparent half-
life of the parent compound is 30-60 h in adults and 3040 h in children (58).

2.5.4. Adverse Reactions

Adverse reactions from use of ethosuximide are relatively benign when compared
to other AEDs (Table 1). Most of these effects are dose related, predictable, and resolve
with a decrease in dose. Nausea and vomiting occur in up to 40% of patients taking etho-
suximide. CNS side effects such as drowsiness, dizziness, fatigue, lethargy, and hiccups
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are also relatively common. Various behavioral changes have been reported but are not
well correlated with ethosuximide use (9,59).

Episodes of psychosis have been reported to occur in young adults with a history
of mental disorders who are treated with ethosuximide. These psychotic reactions typi-
cally occur after the onset of seizure control and resolve after discontinuation of the drug
and recurrence of seizures. This phenomenon is called forced normalization (67).

Dermatologic adverse effects are the most common idiosyncratic reactions and
range from mild dermatitis and rash to erythema multiforme and Stevens-Johnson syn-
drome (62). Other rare effects include systemic lupus erythematosus, a lupus-like syn-
drome, and various blood dyscrasias (63).

2.5.5. Contraindications and Precautions

Although teratogenic effects in humans have not been documented with the use
of ethosuximide, caution is warranted as birth defects have been associated with the
use of other AEDs.

Patients with active hepatic or renal disease may be at increased risk of side effects
because of altered pharmacokinetics of ethosuximide.

2.5.6. Drug Interactions

Few drug interactions have been reported with ethosuximide. CBZ may induce
the metabolism of ethosuximide resulting in loss of seizure control (Table 2). When
ethosuximide metabolism reaches saturation, VPA may interfere by inhibiting the metab-
olism of ethosuximide and prolonging its half-life (35).

2.6. Gabapentin

2.6.1. Chemistry

The chemical structure of gabapentin is that of GABA covalently bound to a cyclo-
hexane ring. The inclusion of a lipophilic cyclohexane ring was employed to facilitate
transfer of the GABA moiety into the central nervous system. Gabapentin is freely solu-
ble in water (64).

2.6.2. Pharmacology

Despite the fact that gabapentin was synthesized to serve as a GABA agonist in
the CNS, this compound does not mimic the effects of GABA in experimental models
(65). Gabapentin appears to stimulate nonvesicular release of GABA through an unknown
mechanism. Although it binds to a protein similar to the L-type voltage-sensitive Ca™
channels, gabapentin has no effect on calcium currents in root ganglion cells. Further,
gabapentin does not effectively reduce sustained repetitive firing of action potentials as
is seen with some other AEDs.

2.6.3. Pharmacokinetics

2.6.3.1. ABSORPTION

Gabapentin is primarily absorbed in the small intestine. The L-amino acid carrier
protein is responsible for absorption from the gut and distribution into the CNS. As a
result of a saturable carrier-mediated absorption mechanism, bioavailability of gabapen-
tin is dose-dependent (66).
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Oral bioavailability is reported as being 60%. In one multidose study of 1600 mg
three times daily, bioavailability was reduced to approximately 35%. Maximal plasma
concentrations are reached within 2 to 3 h of oral administration (66).

2.6.3.2. DISTRIBUTION

Gabapentin is not appreciably bound to plasma proteins and exhibits an apparent
volume of distribution of 0.65-1.04 L/kg. CSF concentrations of gabapentin range
from 10 to 20% of plasma concentrations and distribution is limited by active trans-
port through the L-amino acid carrier protein (66). Optimal concentrations for thera-
peutic response to gabapentin have not been established.

2.6.3.3. METABOLISM

Gabapentin is not metabolized nor has it been found to interfere with the metab-
olism of other AEDs.

2.6.3.4. EXCRETION

Gabapentin is excreted exclusively in the urine. The reported half-life of gaba-
pentin is 5—7 h but this may be significantly prolonged in patients with renal dysfunc-
tion (67). Renal elimination of gabapentin is closely related to creatinine clearance and
glomerular filtration rate. For this reason, dosage adjustments may be necessary for
patients with renal disease.

2.6.4. Adverse Reactions

CNS side effects of gabapentin are the most common, tend to occur with initia-
tion of therapy, and subside with continued use (Table 1). The most common of these
effects are somnolence, dizziness, and fatigue. Ataxia has also been reported. Other rare
CNS effects include nystagmus, tremor, and diplopia (68).

Neuropsychiatric reactions including emotional lability, hostility, and thought
disorders have been reported and may be more common among children and mentally
retarded patients (66). Weight gain is becoming more widely recognized as a long-term
side effect of gabapentin use.

2.6.5. Contraindications and Precautions

Elderly patients or patients with impaired renal function should be monitored closely
for the development of side effects secondary to reduced clearance and accumulation
of gabapentin.

2.6.6. Drug Interactions

As previously mentioned, gabapentin is not appreciably metabolized by the cyto-
chrome P450 system, nor does it alter the function of those enzymes. Cimetidine can
decrease the renal clearance of gabapentin by 10% and aluminum-based antacids can
decrease the bioavailability of gabapentin by as much as 20% (Table 3; 66).

2.7. Topiramate
2.7.1. Chemistry

Topiramate is chemically unique from the more traditional AEDs in that it is a
sulfamate-substituted monosaccharide. Topiramate is freely soluble in acetone, chloro-
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form, dimethylsulfoxide, and ethanol. It is most soluble in aqueous environments with
an alkaline pH (69).

2.7.2. Pharmacology

Topiramate appears to have several mechanisms by which it exerts its antiseizure
effects. First, topiramate reduces currents through voltage-gated Na* channels and
may act on the inactivated state of these channels similarly to phenytoin, thus reduc-
ing the frequency of repetitive firing action potentials. In addition, topiramate increases
postsynaptic GABA currents while also enhancing C1~ channel activity. Further, topi-
ramate decreases the activity of AMPA-kainate subtypes of glutamate receptors. Lastly,
topiramate has been shown to function as a weak carbonic anhydrase inhibitor (70,71).

2.7.3. Pharmacokinetics

2.7.3.1. ABSORPTION

Topiramate is readily absorbed with an estimated bioavailability of 80%. Food may
delay absorption but does not alter bioavailability. Time to peak concentration ranges
from 1.5 to 4 h after an oral dose (72).

2.7.3.2. DISTRIBUTION

Topiramate is minimally bound to plasma proteins but does bind to erythrocytes.
This unique phenomenon may lead to nonlinear changes in serum concentration until
red cell binding sites have become saturated. The apparent volume of distribution is
0.6-0.8 L/kg (72).

Topiramate dosage adjustments should be based upon therapeutic response as no
defined therapeutic range has been established.

2.7.3.3. METABOLISM

Topiramate metabolism accounts for the disposition of less than 50% of an admin-
istered dose. Hepatic metabolism involves several pathways including hydroxylation,
hydrolysis, and glucuronidation. Administration of enzyme-inducing drugs such as CBZ
can increase the apparent hepatic clearance of topiramate by 50-100% with a corre-
sponding decrease in the fraction excreted in the urine (73).

2.7.3.4. EXCRETION

Greater than 50% of an administered dose of topiramate is eliminated unchanged
in the urine. The elimination half-life ranges from 15 to 24 h. Clearance of topiramate
may be reduced in patients with renal failure (70).

2.7.4. Adverse Reactions

Primary side effects of topiramate are usually related to either the CNS or car-
bonic anhydrase inhibition (Table 1). CNS side effects are common and patients may
become tolerant to them with continued use. These include fatigue, somnolence, dizzi-
ness, ataxia, confusion, psychomotor retardation, and difficulty concentrating. Visual
disturbances such as diplopia and blurred vision and acute closed-angle glaucoma have
also been reported (74).
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Side effects related to carbonic anhydrase inhibition include paresthesias and neph-
rolithiasis. Paresthesias are generally mild and transient. Renal stones were reported
to occur in 1.5% of patients in premarketing studies but have been less frequent in post-
marketing analyses (70).

Two unique side effects have been attributed to topiramate. In contrast to other
AEDs, long-term use of topiramate is associated with a decrease in body weight from
1 to 6 kg. This weight loss typically begins within the first 3 mo of therapy and peaks
between 12 and 18 mo of use. Higher degrees of weight loss tend to occur in patients
with higher pretreatment weight (70).

Lastly, some users of topiramate report difficulty with word finding while talk-
ing. This has been attributed to the effects on psychomotor function and is not a speci-
fic effect on language or speech (74).

No significant metabolic, hematologic, or hepatic effects have been attributed to
the use of topiramate.

2.7.5. Contraindications and Precautions

Topiramate has demonstrated various teratogenic effects in animal models. Post-
marketing surveillance has identified select cases of hypospadias in infants born to
women taking topiramate alone or in combination with other AEDs during pregnancy.
Topiramate is classified in the FDA Pregnancy Category C (69).

Patients with impaired renal function may be at risk of toxicity due to accumula-
tion of topiramate and should be monitored appropriately.

2.7.6. Drug Interactions

Topiramate does not appear to alter the metabolism or elimination of other AEDs.
CBZ induces the metabolism of topiramate thus necessitating adjustment of the dos-
age of topiramate when used concomitantly (Table 2). Other potent enzyme inducing
drugs such as phenytoin or phenobarbital may exhibit similar effects. It should also be
noted that dose adjustments would be necessary upon discontinuation of an enzyme-
inducing drug while continuing the topiramate (75).

2.8. Tiagabine
2.8.1. Chemistry

Tiagabine is a nipecotic acid derivative synthesized by linking nipecotic acid to
a lipophilic anchor compound. The addition of this anchor compound facilitates transfer
of the nipecotic acid moiety across the blood-brain barrier. Tiagabine is sparingly solu-
ble in water and practically insoluble in most organic solvents. However, it does remain
soluble in ethanol (76).

2.8.2. Pharmacology

Tiagabine reduces GABA uptake into presynaptic neurons by inhibiting the GABA
transport protein, GAT-1. Inhibiting the reuptake of GABA results in increased extra-
cellular concentrations of GABA and a prolongation of the inhibitory effect of GABA
on neurons (77).
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2.8.3. Pharmacokinetics

2.8.3.1. ABSORPTION

Tiagabine is readily absorbed with oral bioavailability approaching 90%. Absorp-
tion is linear with maximum plasma concentrations occurring between 45 and 90 min
after administration in the fasting state and after a mean of 2.6 h when taken with food.
Though food may delay the absorption of tiagabine, the extent of absorption is unaf-
fected. It is recommended by the manufacturer that tiagabine be administered with food
to avoid side effects associated with high plasma concentrations (78,79).

2.8.3.2. DISTRIBUTION

Tiagabine is highly bound to plasma proteins (96%) and is widely distributed
throughout the body. The apparent volume of distribution is 1 L/kg (78,79).

Though no therapeutic range for tiagabine has been established, because of the
risk of drug interactions the manufacturer suggests that monitoring concentrations of
tiagabine before and after the addition or discontinuation of interacting drugs may be
useful (76).

2.8.3.3. METABOLISM

Tiagabine is extensively metabolized in the liver via the CYP3A isozyme system
with less than 2% of an administered dose excreted unchanged. The half-life of tiagabine
ranges from 5 to 8 hours in patients receiving monotherapy but may be reduced to 2-3 h
in patients taking enzyme-inducing medications (80).

2.8.3.4. EXCRETION

Approximately 25% of an administered dose of tiagabine is eliminated in the urine
with 40-65% of a dose eliminated in the feces within 3—5 d. This extended elimination
may be due to enterohepatic recycling of tiagabine metabolites (80).

2.8.4. Adverse Reactions

Side effects that occur more commonly with tiagabine than placebo include dizzi-
ness, asthenia, nervousness, tremor, diarrhea, and depression (Table 1). These side effects
are usually mild and transient (8§7).

More severe side effects such as ataxia, confusion, and itching or rash have been
reported although rarely and should resolve upon discontinuation of tiagabine (8/).

2.8.5. Contraindications and Precautions

Animal teratogenicity studies demonstrate increased risks of embryo-fetal develop-
ment abnormalities but no evidence of teratogenicity in humans has been seen. Tiaga-
bine is classified as FDA Pregnancy Category C.

2.8.6. Drug Interactions

Many drugs are known to inhibit or induce the 3A isozyme family of the cyto-
chrome system. The use of drugs that alter metabolism through these isozymes should
be expected to alter the metabolism of tiagabine. Plasma concentrations of tiagabine
will decrease with the addition of enzyme-inducing drugs such as CBZ and phenytoin
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whereas concentrations will increase with the addition of enzyme-inhibiting drugs such
as cimetidine (Tables 2 and 3; 77).

Although tiagabine is highly protein bound, plasma concentrations are low enough
that significant displacement interactions do not occur.

2.9. Felbamate
2.9.1. Chemistry

Felbamate is a dicarbamate AED with a chemical structure similar to that of mepro-
bamate. Whereas meprobamate incorporates an aliphatic chain at the 2-carbon position,
felbamate includes a phenyl group at that position. Felbamate is a lipophilic compound
that is only very slightly soluble in water and increasingly soluble in ethanol, methanol,
and dimethyl sulfoxide (§2).

2.9.2. Pharmacology

Felbamate has a dual mechanism of action, inhibiting excitatory neurotransmis-
sion and potentiating inhibitory effects. Felbamate inhibits NMDA-evoked responses
in rat hippocampal neurons. In addition, felbamate potentiates the effects of GABA in
the same cell line (83). By decreasing the spread of seizures to other neurons and increas-
ing the seizure threshold, felbamate exhibits broad effects on various seizure types.

2.9.3. Pharmacokinetics

2.9.3.1. ABSORPTION

Felbamate is readily absorbed from the gastrointestinal tract. Neither the rate nor
the extent of absorption is altered by the presence of food. Greater than 90% of an orally
administered dose of felbamate or its metabolites can be recovered in the urine or
feces (82).

2.9.3.2. DISTRIBUTION

Felbamate is approximately 20-25% bound to plasma proteins and this is inde-
pendent of total concentration. It readily crosses the blood—brain barrier with CSF con-
centrations nearly equal to plasma concentrations in animal models. No significant dis-
placement of other compounds from protein-binding sites occurs with the use of felbamate
(84). The apparent volume of distribution of felbamate is 0.7-1 L/kg.

Though no therapeutic range has been defined for felbamate, it is suggested that
concentrations of phenytoin, CBZ, be monitored when used concurrently with felba-
mate (85).

2.9.3.3. METABOLISM

Approximately 50% of an administered dose of felbamate is metabolized in the
liver by hydroxylation and conjugation. One metabolite, atropaldehyde, has been impli-
cated in the development of aplastic anemia associated with the use of felbamate.
Atropaldehyde has been shown to alkylate proteins, which produces antigens that can
generate a dangerous immune response in some individuals. Variations in the metabo-
lism of felbamate as well as detoxification of atropaldehyde make it very difficult to
predict which patients may be subject to this dangerous effect (§2).
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2.9.3.4. EXCRETION

Urinary excretion of unchanged felbamate accounts for the disposition of 30-50%
of an administered dose. This fraction can decrease to 9-22% in patients with renal dys-
function. The apparent half-life of felbamate has been reported to be between 16 and
22 h. This half-life may increase in patients with decreasing renal function (85).

2.9.4. Adverse Reactions

Gastrointestinal upset, headache, anorexia, and weight loss have been reported
to occur commonly among patients using felbamate (Table 1). Though most adverse
effects will subside over time, anorexia and insomnia are more likely to persist with
continued use.

Less common side effects such as diplopia, dizziness, and ataxia have been reported.
However, these side effects occur more commonly with polytherapy than monotherapy
and may be related to the other medications used, particularly CBZ (86).

Postmarketing surveillance identified an increased risk of the development of aplas-
tic anemia and hepatic failure among users of felbamate. Emerging risk factors for the
development of these reactions are history of cytopenia, AED allergy or significant tox-
icity, viral infection, and/or immunologic problems (§2).

2.9.5. Contraindications and Precautions

Cross-sensitivity between felbamate and other carbamate drugs has been demon-
strated. Caution is advised when treating a patient with carbamate hypersensitivity with
felbamate.

Two known animal carcinogens, ethyl carbamate (urethane) and methyl carbam-
ate, are found in felbamate tablets as a consequence of the manufacturing process. Quan-
tities of these substances have been shown to be inadequate to stimulate tumor devel-
opment in rats and mice. The implications of this in humans remains unknown (§2,87).

Teratogenicity studies in rats and mice revealed decreased rat pup weight and
increased mortality during lactation but no effects on fetal development were identified.
Felbamate is classified as FDA Pregnancy Category C.

Patients suffering from blood dyscrasias characterized by abnormalities in blood
counts, platelet count, or serum iron concentrations should not receive felbamate with-
out close evaluation of the risks and benefits of its use. Similarly, patients with a his-
tory of or current bone marrow suppression should not receive felbamate. This would
also apply to patients receiving chemotherapy with agents known to cause bone mar-
row suppression (82,88).

Because of the synthesis of atropaldehyde during felbamate metabolism and sub-
sequent potential for immunologic response, patients with hepatic disease may be at
increased risk for exacerbation of their condition (§2).

Caution should be exercised when patients with a history of myelosuppression
or hematologic toxicity to any medication are prescribed felbamate as these patients
may be at increased risk of felbamate-induced hematologic toxicity.

2.9.6. Drug Interactions

Felbamate has been reported to inhibit the metabolism of both phenytoin and val-
proic acid (Table 2). As felbamate increases the metabolism of CBZ serum concentra-
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tions decrease whereas epoxide metabolite concentrations increase. Doses of pheny-
toin, CBZ, and VPA should be decreased by approximately 30% when felbamate is coad-
ministered (86,89).

Enzyme inducers like phenytoin and CBZ can increase the metabolism of fel-
bamate. Felbamate has also been shown to decrease the metabolism of phenobarbital
and warfarin (Table 3; 86,89).

2.10. Vigabatrin

2.10.1. Chemistry

Vigabatrin, y-vinyl GABA, is a structural analog of GABA. Vigabatrin is a racemic
mixture of R(—) and S(+) isomers in equal proportions with no evident optical rotational
activity. Although this compound is highly soluble in water, it is only slightly soluble
in ethanol or methanol and remains insoluble in hexane or toluene (90).

2.10.2. Pharmacology

Vigabatrin has been shown to effectively increase CNS concentrations of GABA
in both animal models and humans with epilepsy in a dose-dependent fashion. Increased
concentrations of other markers of GABA concentration (homocarnosine) have also
been reported to occur in patients taking vigabatrin. The proposed mechanism by which
vigabatrin facilitates these increases is through the inhibition of GABA transaminase,
the primary enzyme involved in GABA metabolism. This inhibition occurs in an irrever-
sible manner (90). Therefore, despite a relatively short half-life, vigabatrin can be admin-
istered on a once-daily basis.

2.10.3. Pharmacokinetics

2.10.3.1. ABSORPTION

Vigabatrin is readily absorbed from the gastrointestinal tract. Peak concentra-
tions occur within 2 h of oral administration. Oral bioavailability is reported to be
approximately 60%. Food has no effect on either the rate or extent of absorption of
vigabatrin (91).

2.10.3.2. DISTRIBUTION

Vigabatrin has an apparent volume of distribution of 0.8 L/kg. There is virtually
no binding to plasma proteins. CSF concentrations of vigabatrin are approximately 10%
of concentrations in plasma samples. Uniquely, vigabatrin distributes into red blood
cells with subsequent red blood cell concentrations approximating 30 to 80% of plasma
concentrations (90,91).

2.10.3.3. MET4BOLISM

No human metabolites of vigabatrin have been identified and no therapeutic range
has been established (90,91).
2.10.3.4. EXCRETION

The manufacturer reports that up to 82% of an orally administered dose is recov-
ered unchanged in the urine. The terminal half-life of vigabatrin is approximately 7 h,
which can be significantly prolonged in patients with renal dysfunction. Although it
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has been suggested that doses of vigabatrin be reduced in patients with renal dysfunc-
tion, no guidelines in this regard have been published (90,91).

2.10.4. Adverse Reactions

Vigabatrin is well tolerated with sedation and fatigue being the primary adverse
effects associated with its use (Table 1). It has been shown to have no effect on cogni-
tive abilities (90,92).

Psychiatric and behavioral effects of vigabatrin have been reported. Agitation,
irritability, depression, or psychosis have been reported in up to 5% of patients taking
the drug with no prior history of psychosis (90).

The development of visual-field defects has occurred in patients taking vigabatrin.
These visual field defects are commonly asymptomatic and appear to be irreversible.
The time course of the onset, relationship with dose, influence of other AEDs, and
progression of visual-field deficits are unknown. It is suggested that patients treated
with vigabatrin undergo visual-field testing regularly during therapy (90).

2.10.5. Contraindications and Precautions

No evidence of carcinogenicity has been demonstrated in animal studies. Serious
fetal neurotoxicity has been shown to occur in animal studies and vigabatrin is not
recommended to be used during pregnancy (90). Vigabatrin is classified as FDA Preg-
nancy Category D.

Vigabatrin should be used with caution in patients with aggressive tendencies or
evidence of psychosis as these patients may be at higher risk for these types of episodes
while using vigabatrin (90,92).

Because the risk of accumulation, patients with impaired renal function or a creatin-
ine clearance less than 60 mL/min should be monitored closely for the development
of adverse effects (92).

2.10.6. Drug Interactions

Few clinically significant drug interactions have been identified with vigabatrin.
Vigabatrin use can increase serum concentrations of phenytoin by as much as 30%
although the mechanism of this interaction is unknown (Table 2; 92).

2.11. Levetiracetam
2.11.1. Chemistry

Levetiracetam is a unique AED that is chemically unrelated to any of the other
currently available AEDs. This single S-enantiomer pyrrolidine compound is very solu-
ble in water and decreasingly less soluble in chloroform or methanol, ethanol, and ace-
tonitrile, and practically insoluble in n-hexane (93).

2.11.2. Pharmacology

The mechanism of action of levetiracetam is distinct and unrelated to the effects of
other AEDs. No evidence supports any effect on voltage-gated Na* channels or on GABA
or benzodiazepine receptors. Levetiracetam has been shown to bind in a stereo-spe-
cific, saturable, and reversible manner to unknown binding sites in the CNS. These
binding sites do appear to be confined to synaptic membranes in the CNS and not the
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peripheral nervous system. Phenylenetetrazole and piracetam can effectively displace
levetiracetam from these binding sites whereas there is no effect on binding caused by
other antiepileptic drugs, picrotoxin, or bicuculline. Midazolam, a benzodiazepine
receptor agonist, has no discernible effect on binding of levetiracetam to synaptic mem-
branes (94).

2.11.3. Pharmacokinetics

2.11.3.1. ABSORPTION

Levetiracetam is readily and completely absorbed after oral administration. Peak
concentrations occur within 20—120 min of administration. Clinical studies have shown
that although food does not decrease the extent of absorption, it can cause a delay in
time to peak concentration by up to 1.5 h and decrease the peak concentration by as
much as 20% (94).

2.11.3.2. DISTRIBUTION

The apparent volume of distribution of levetiracetam is 0.7 L/kg. This drug and
its metabolites are less than 10% bound to plasma proteins and protein displacement
drug interactions are unlikely to occur. There has been no therapeutic range established
for levetiracetam (93,94).

2.11.3.3. METABOLISM

Levetiracetam is minimally metabolized in humans via a hydrolysis reaction. This
metabolism does not involve hepatic microsomal enzymes and therefore is unlikely to
be involved in metabolic drug interactions (95).

2.11.3.4. EXCRETION

Renal excretion of parent drug accounts for 66% of the disposition of an orally
administered dose of levetiracetam with an additional 25% of administered dose elimi-
nated renally as metabolites. The elimination half-life is 6-8 h and may be prolonged
as much as 2.5 h in elderly subjects due to changes in renal function. In addition, half-
life is prolonged in patients with documented renal disease (95).

2.11.4. Adverse Reactions

Common adverse effects of levetiracetam include somnolence, dizziness, asthe-
nia, and fatigue (Table 1). Somnolence has been reported in up to 45% of patients receiv-
ing the drug. Coordination difficulties including ataxia, abnormal gait, and incoordi-
nation are also more common with levetiracetam than placebo. Behavioral symptoms
have also been reported and include reactions such as psychosis, agitation, anxiety,
hostility, emotional lability, depression, and others. These adverse effects typically
appear early in therapy and may resolve with dose reduction (93).

Little information is available regarding idiosynchratic reactions on hematologic
and hepatic systems.

2.11.5. Contraindications and Precautions

Animal studies show that levetiracetam can cause developmental abnormalities
at doses near that used in humans (93). Levetiracetam is classified as FDA Pregnancy
Category C.
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Levetiracetam dose should be reduced in patients with evidence of renal function
impairment.

2.11.6. Drug Interactions

Pharmacokinetic studies of levetiracetam indicate that no clinically significant
interactions of this sort occur. Levetiracetam neither induces nor inhibits cytochrome
P450 isozymes nor does it alter UDP-glucuronidation (95).

2.12. Zonisamide
2.12.1. Chemistry

Zonisamide is a unique AED with a sulfonamide structure. This compound is only
moderately soluble in water and 0.1 N HCI (96).

2.12.2. Pharmacology

Zonisamide exhibits antiseizure effects similar to other AEDs. It has been shown
to inhibit T-type calcium currents as well as prolonging the inactivation of voltage-
gated Na* channels, thus inhibiting sustained repetitive firing of neurons. These mecha-
nisms are similar to those of phenytoin and CBZ. In addition, zonisamide may have
some minimal carbonic anhydrase inhibitory activity (94,96).

2.12.3. Pharmacokinetics

2.12.3.1. ABSORPTION

Peak serum concentrations occur within 2—6 h of administration of an oral dose
of zonisamide. Food may prolong the time to peak concentration (4—6 h) but has no
effect on the extent of absorption (94,96).

2.12.3.2. DISTRIBUTION

Studies indicate that zonisamide is 40 to 50% protein bound. In addition, zonis-
amide is extensively bound to erythrocytes with erythrocyte concentrations eight times
higher than serum concentrations. This binding to erythrocytes is saturable and may
result in disproportionate increases in serum concentration with a given change in dose
at higher doses. The volume of distribution is reported to be 1.4 L/kg. No therapeutic
range has been established (94,97).

2.12.3.3. METABOLISM

The primary route of metabolism of zonisamide is reduction to 2-sulfamoylace-
tyl phenol (SMAP) by the CYP3A4 isozyme system. A minor metabolic route involves
hydroxylation and acetylation to 5-N-acetylzonisamide. Zonisamide does not induce
its own metabolism (94,97).

2.12.3.4. EXCRETION

Renal elimination is the primary route for clearance of zonisamide. Thirty-five
percent of an administered dose is recovered unchanged whereas the remaining 65%
1s eliminated in the urine as metabolites. The terminal half-life of zonisamide is 63 h,
which may be prolonged in patients with renal or hepatic dysfunction (94,97).
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2.12.4. Adverse Reactions

Adverse effects most common with the use of zonisamide include somnolence,
dizziness, ataxia, anorexia, headache, nausea, and anger/irritability (Table 1). Other CNS
effects include psychomotor slowing, difficulty concentrating, and word-finding diffi-
culties (94,98).

Severe reactions including Stevens-Johnson syndrome, toxic epidermal necrosis,
hepatic failure, aplastic anemia, agranulocytosis, and other blood dyscrasias have been
reported in patients taking sulfonamides and should be considered potential side effects
of zonisamide (94,98).

Oligohydrosis and hyperthermia have been reported to occur in 13 pediatric patients
during the first 11 yr of marketing of zonisamide in Japan. Although zonisamide is not
approved for pediatric use in the United States, it is important to recognize that oligo-
hydrosis and hyperthermia are potential adverse effects associated with the use of
zonisamide (98).

2.12.5. Contraindications and Precautions

Studies in rats and mice have shown teratogenic effects when zonisamide is admin-
istered during organogenesis in pregnancy. Embryo lethality has been demonstrated
during the treatment of cynomolgus monkeys. Strong caution is advised against the
use of zonisamide during pregnancy. Zonisamide is categorized as FDA Pregnancy Cate-
gory C (96).

Oligohydrosis and hyperthermia were reported to occur in Japanese children treated
with zonisamide but has not occurred in Caucasians.

Decreases in clearance will occur in patients with impaired renal function and
zonisamide should only be used under close supervision in patients with a glomerular
filtration rate of <50 mL/min. In addition, metabolism of zonisamide may be decreased
in patients with hepatic dysfunction.

2.12.6. Drug Interactions

Although zonisamide is metabolized via the CYP3A4 isozyme system, it has not
been shown to alter the pharmacokinetics of other drugs metabolized through that iso-
zyme. In contrast, CBZ, phenytoin, fosphenytoin, and phenobarbital have been shown
to increase the clearance of zonisamide (Table 2). The clinical impact of these interac-
tions are unknown as no therapeutic level for zonisamide has been determined (94,97).

2.13. Conclusion

Epilepsy is a common neurologic condition that affects patients of all ages, although
the incidence is higher among the youngest and oldest segments of the population.
Historically, antiepileptic drug use has been fraught with complications, some of which
are attributable to the many pharmacokinetic drug interactions encountered with this
group of medications. In addition to the pharmacokinetic interactions that occur with
antiepileptic drugs, clinicians must remain well informed and aware of the possibility
of pharmacodynamic interactions that can occur with other medications known to have
similar pharmacologic and toxicologic actions.
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The close of the 20th century brought several new drugs to market for the treat-

ment of epilepsy. Though each of these new drugs brings promise to the generations
of patients that suffer from epilepsy, none is without risk.

10.

11.

12.

13.

14.

15.

16.

17.

18.

REFERENCES

. Hauser WA. Seizure disorders: the changes with age. Epilepsia 33(Suppl 4):S6-S14 (1992).
. Hauser WA. The prevalence and incidence of convulsive disorders in children. Epilepsia

35(Suppl 2):S1-S6 (1994).

. Leppik IE. Contemporary diagnosis and management of the patient with epilepsy, Ist ed.

Newtown, PA: Handbooks in Health Care, 1993.

. Dichter MA. Emerging insights into mechanisms of epilepsy: implications for new anti-

epileptic drug development. Epilepsia 35(Suppl 4):S51-S57 (1994).

. Garnett WR. Antiepileptics. In: Schumacher GE, ed. Therapeutic drug monitoring. Norwalk,

CT: Appleton & Lange, 1995:345-395.

. Schmidt D and Haenel F. Therapeutic plasma levels of phenytoin, phenobarbital, and carbam-

azepine: individual variation in relation to seizure frequency and type. Neurology 34:1252—
1255 (1984).

. Schmidt D, Einicke I, and Haenel F. The influence of seizure type on the efficacy of plasma

concentrations of phenytoin, phenobarbital, and carbamazepine. Arch Neurol 43:263-265
(1986).

. Juul-Jensen P. Frequency of recurrence after discontinuance of anticonvulsant therapy in

patients with epileptic seizures: a new follow-up study after 5 years. Epilepsia 9:11-16 (1968).

. Camfield P and Camfield C. Acute and chronic toxicity of antiepileptic medications: a selec-

tive review. Can J Neurol Sci 21:S7-S11 (1994).

Bowden CL. Role of newer medications for bipolar disorder. J Clin Psychopharmacol 16:
48S-55S (1996).

McNamara JO. Drugs effective in the therapy of the epilepsies. In: Goodman LS, Gilman
A, Hardman JG, Limbird LE, and Gilman AG, eds. Goodman & Gilman’s the pharmaco-
logical basis of therapeutics, 10th ed. New York: McGraw-Hill, 2001:xxvii, 2148.
Browne T and LeDuc B. Phenytoin: chemistry and biotransformation. In: Levy RH, Matt-
son RH, and Meldrum BS, eds. Antiepileptic drugs, 4th ed. New York: Raven Press, 1995:
283-300.

Browne TR, Kugler AR, and Eldon MA. Pharmacology and pharmacokinetics of fosphe-
nytoin. Neurology 46:S3—-S7 (1996).

McLean MJ and Macdonald RL. Multiple actions of phenytoin on mouse spinal cord neu-
rons in cell culture. J Pharmacol Exp Ther 227:779-789 (1983).

Treiman D and Woodbury D. Phenytoin: absorption, distribution, and excretion. In: Levy
RH, Mattson RH, and Meldrum BS, eds. Antiepileptic drugs, 4th ed. New York: Raven
Press, 1995:301-314.

Kostenbauder HB, Rapp RP, McGovren JP, Foster TS, Perrier DG, Blacker HM, et al. Bio-
availability and single-dose pharmacokinetics of intramuscular phenytoin. Clin Pharmacol
Ther 18:449-456 (1975).

Vajda F, Williams FM, Davidson S, Falconer MA, and Breckenridge A. Human brain, cere-
brospinal fluid, and plasma concentrations of diphenylhydantoin and phenobarbital. Clin
Pharmacol Ther 15:597-603 (1974).

Wallace S and Brodie MJ. Decreased drug binding in serum from patients with chronic
hepatic disease. Eur J Clin Pharmacol 9:429-432 (1976).



2.

19.

20.

21.

22.
23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Antiepileptic Drugs 119

Spielberg SP, Gordon GB, Blake DA, Mellits ED, and Bross DS. Anticonvulsant toxicity
in vitro: possible role of arene oxides. J Pharmacol Exp Ther 217:386-389 (1981).

Tozer TN and Winter ME. Phenytoin. In: Evans WE, Schentag JJ, and Jusko WJ, eds.
Applied pharmacokinetics: principles of therapeutic drug monitoring, 3rd ed. Vancouver,
WA: Applied Therapeutics, 1992:25.1-25.44.

Kaneko S, Battino D, Andermann E, Wada K, Kan R, Takeda A, et al. Congenital malfor-
mations due to antiepileptic drugs. Epilepsy Res 33:145-158 (1999).

Mattson RH. Parenteral antiepileptic/anticonvulsant drugs. Neurology 46:S8-S13 (1996).
Liponi DF, Winter ME, and Tozer TN. Renal function and therapeutic concentrations of
phenytoin. Neurology 34:395-397 (1984).

Olsen KM, Hiller FC, Ackerman BH, and McCabe BJ. Effect of enteral feedings on oral
phenytoin absorption. Nutr Clin Pract 4:176—178 (1989).

Berg MJ, Fincham RW, Ebert BE, and Schottelius DD. Decrease of serum folates in healthy
male volunteers taking phenytoin. Epilepsia 29:67-73 (1988).

Kutt H. Carbamazepine: chemistry and methods of determination. Adv Neurol 11:249-261
(1975).

Grant SM and Faulds D. Oxcarbazepine. A review of its pharmacology and therapeutic poten-
tial in epilepsy, trigeminal neuralgia and affective disorders. Drugs 43:873-888 (1992).
MacDonald R. Carbamazepine. Mechanisms of action. In: Levy RH, Mattson RH, and
Meldrum BS, eds. Antiepileptic drugs, 3rd ed. New York: Raven Press, 1989:447-455.
Waldmeier PC, Baumann PA, Wicki P, Feldtrauer JJ, Stierlin C, and Schmutz M. Similar
potency of carbamazepine, oxcarbazepine, and lamotrigine in inhibiting the release of glu-
tamate and other neurotransmitters. Neurology 45:1907-1913 (1995).

McLean MJ, Schmutz M, Wamil AW, Olpe HR, Portet C, and Feldmann KF. Oxcarb-
azepine: mechanisms of action. Epilepsia 35(Suppl 3):S5-S9 (1994).

Schmutz M, Brugger F, Gentsch C, McLean MJ, and Olpe HR. Oxcarbazepine: preclinical
anticonvulsant profile and putative mechanisms of action. [see comments.]. Epilepsia 35
(Suppl 5):S47-S50 (1994).

Morselli P. Carbamazepine: absorption, distribution, and excretion. In: Levy RH, ed. Anti-
epileptic drugs, 3rd ed. New York: Raven Press, 1989:473-490.

Meinardi H. CBZ. In: Woodbury DM, Penry JK, and Schmidt RP, eds. Antiepileptic drugs.
New York: Raven Press, 1972:487-496.

Bell WL, Crawford IL, and Shiu GK. Reduced bioavailability of moisture-exposed carbam-
azepine resulting in status epilepticus. Epilepsia 34:1102—1104 (1993).

Riad LE, Chan KK, Wagner WE Jr, and Sawchuk RJ. Simultaneous first- and zero-order
absorption of carbamazepine tablets in humans. J Pharm Sci 75:897-900 (1986).
Morselli PL and Frigerio A. Metabolism and pharmacokinetics of carbamazepine. Drug
Metab Rev 4:97—-113 (1975).

Morselli PL, Baruzzi A, Gerna M, Bossi L, and Porta M. Carbamazepine and carbamaz-
epine-10, 11-epoxide concentrations in human brain. Br J Clin Pharmacol 4:535-540 (1977).
Wisner KL and Perel JM. Serum levels of valproate and carbamazepine in breastfeeding
mother—infant pairs. J Clin Psychopharmacol 18:167—169 (1998).

Kerr B and Levy R. Carbamazepine: carbamazepine and carbamazepine-epoxide. In: Levy
RH, ed. Antiepileptic drugs, 3rd ed. New York: Raven Press, 1989:505-520.

Hundt HK, Aucamp AK, Muller FO, and Potgicter MA. Carbamazepine and its major
metabolites in plasma: a summary of eight years of therapeutic drug monitoring. Ther Drug
Monit 5:427-435 (1983).

Lloyd P, Flesch G, and Dieterle W. Clinical pharmacology and pharmacokinetics of oxcar-
bazepine. Epilepsia 35(Suppl 3):S10-S13 (1994).



120 Kanous and Gidal

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Zakrzewska JM and Patsalos PN. Oxcarbazepine: a new drug in the management of intrac-
table trigeminal neuralgia. J Neurol Neurosurg Psychiatry 52:472—476 (1989).

Bertilsson L and Tomson T. Clinical pharmacokinetics and pharmacological effects of
carbamazepine and carbamazepine-10,11-epoxide. An update. Clin Pharmacokinet 11:177—
198 (1986).

Bertilsson L, Hojer B, Tybring G, Osterloh J, and Rane A. Autoinduction of carbamazepine
metabolism in children examined by a stable isotope technique. Clin Pharmacol Ther 27:83—
88 (1980).

Bertilsson L, Tomson T, and Tybring G. Pharmacokinetics: time-dependent changes—
autoinduction of carbamazepine epoxidation. J Clin Pharmacol 26:459-462 (1986).
Konishi T, Naganuma Y, Hongo K, Murakami M, Yamatani M, and Okada T. Carbam-
azepine-induced skin rash in children with epilepsy. Eur J Pediatr 152:605-608 (1993).
Van Amelsvoort T, Bakshi R, Devaux CB, and Schwabe S. Hyponatremia associated with
carbamazepine and oxcarbazepine therapy: a review. Epilepsia 35:181-188 (1994).
Lander CM and Eadie MJ. Antiepileptic drug intake during pregnancy and malformed off-
spring. Epilepsy Res 7:77-82 (1990).

Messenheimer JA. Lamotrigine. Epilepsia 36(Suppl 2):S87-S94 (1995).

Goa KL, Ross SR, and Chrisp P. Lamotrigine. A review of its pharmacological properties
and clinical efficacy in epilepsy. Drugs 46:152—176 (1993).

Rambeck B and Wolf P. Lamotrigine clinical pharmacokinetics. Clin Pharmacokinet 25:
433-443 (1993).

Richens A. Safety of lamotrigine. Epilepsia 35(Suppl 5):S37-S40 (1994).

Messenheimer J, Mullens EL, Giorgi L, and Young F. Safety review of adult clinical trial
experience with lamotrigine. Drug Saf 18:281-296 (1998).

Davis R, Peters DH, and McTavish D. Valproic acid. A reappraisal of its pharmacological
properties and clinical efficacy in epilepsy. Drugs 47:332-372 (1994).

Dreifuss FE, Santilli N, Langer DH, Sweeney KP, Moline KA, and Menander KB. Valproic
acid hepatic fatalities: a retrospective review. Neurology 37:379-385 (1987).

May RB and Sunder TR. Hematologic manifestations of long-term valproate therapy. Epilep-
sia 34:1098-1101 (1993).

Bjerkedal T, Czeizel A, Goujard J, Kallen B, Mastroiacova P, Nevin N, et al. Valproic acid
and spina bifida. Lancet 2:1096 (1982).

Pisani F, Narbone M, and Trunfio C. Ethosuximide: chemistry and biotransformation. In:
Levy RH, Mattson RH, and Meldrum BS, eds. Antiepileptic drugs, 4th ed. New York: Raven
Press, 1995:655-658.

Glauser T. Ethosuximide. In: Wyllie E, ed. The treatment of epilepsy: principles and prac-
tice, 3rd ed. Baltimore: Williams & Wilkins, 2001:881-891.

Horning MG, Brown L, Nowlin J, Lertratanangkoon K, Kellaway P, and Zion TE. Use of
saliva in therapeutic drug monitoring. Clin Chem 23:157-164 (1977).

Yamamoto T, Pipo JR, Akaboshi S, and Narai S. Forced normalization induced by etho-
suximide therapy in a patient with intractable myoclonic epilepsy. Brain Dev 23:62—64
(2001).

Gibaldi M. Adverse drug effect-reactive metabolites and idiosyncratic drug reactions: part
I. Ann Pharmacother 26:416—421 (1992).

Dreifuss F. Ethosuximide: toxicity. In: Levy RH, Mattson RH, and Meldrum BS, eds. Anti-
epileptic drugs, 4th ed. New York: Raven Press, 1995:675-679.

Schmidt B. Potential new antiepileptic drugs: gabapentin. In: Levy RH, Mattson RH, and
Meldrum BS, eds. Antiepileptic drugs, 3rd ed. New York: Raven Press, 1989:925-935.
Taylor CP, Gee NS, Su TZ, Kocsis JD, Welty DF, Brown JP, et al. A summary of mecha-
nistic hypotheses of gabapentin pharmacology. Epilepsy Res 29:233-249 (1998).



2.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

Antiepileptic Drugs 121

McLean MJ. Gabapentin. In: Wyllie E, ed. The treatment of epilepsy: principles and prac-
tice, 3rd ed. Philadelphia: Lippincott Williams & Wilkins, 2001:915-932.

Wong MO, Eldon MA, Keane WF, Turck D, Bockbrader HN, Underwood BA, et al. Dispo-
sition of gabapentin in anuric subjects on hemodialysis. J Clin Pharmacol 35:622—-626 (1995).
Goa KL and Sorkin EM. Gabapentin. A review of its pharmacological properties and clini-
cal potential in epilepsy. Drugs 46:409—427 (1993).

(March 1998). Package insert: topamax. Ortho-McNeil Pharmaceuticals, Raritan, NJ.
Privitera M, Ficker D, and Welty T. Topiramate. In: Wyllie E, ed. The treatment of epilepsy:
principles and practice, 3rd ed. Philadelphia: Lippincott Williams & Wilkins, 2001:939-945.
DeLorenzo RJ, Sombati S, and Coulter D. Effects of topiramate on sustained repetitive
firing and spontaneous recurrent seizure discharges in cultured hippocampal neurons. Epi-
lepsia 41(Suppl 1):S40-S44 (2000).

Doose DR, Walker SA, Gisclon LG, and Nayak RK. Single-dose pharmacokinetics and
effect of food on the bioavailability of topiramate, a novel antiepileptic drug. J Clin Phar-
macol 36:884-891 (1996).

Sachdeo RC, Sachdeo SK, Walker SA, Kramer LD, Nayak RK, and Doose DR. Steady-
state pharmacokinetics of topiramate and carbamazepine in patients with epilepsy during
monotherapy and concomitant therapy. Epilepsia 37:774-780 (1996).

Walker MC and Sander JW. Topiramate: a new antiepileptic drug for refractory epilepsy.
Seizure 5:199-203 (1996).

Bourgeois BF. Drug interaction profile of topiramate. Epilepsia 37(Suppl 2):S14-S17 (1996).
Schachter S. Tiagabine. In: Wyllie E, ed. The treatment of epilepsy: principles and prac-
tice, 3rd ed. Philadelphia: Lippincott Williams & Wilkins, 2001: 930-938.

Schachter SC. A review of the antiepileptic drug tiagabine. Clin Neuropharmacol 22:312—
317 (1999).

Mengel H. Tiagabine. Epilepsia 35(Suppl 5):S81-S84 (1994).

Gustavson LE and Mengel HB. Pharmacokinetics of tiagabine, a gamma-aminobuty-
ric acid-uptake inhibitor, in healthy subjects after single and multiple doses. Epilepsia 36:
605-611 (1995).

Gustavson LE, Mengel HB. Pharmacokinetics of tiagabine, a gamma-aminobutyric acid-
uptake inhibitor, in healthy subjects after single and m ultiple doses. Epilepsia 36(6):605—
611 (1995).

Leppik IE. Tiagabine: the safety landscape. Epilepsia 36(Suppl 6):S10-S13 (1995).
Faught E. Felbamate. In: Wyllie E, ed. The treatment of epilepsy: principles and practice,
3rd ed. Philadelphia: Lippincott Williams & Wilkins, 2001:953-960, 1188.

White HS, Wolf HH, Swinyard EA, Skeen GA, and Sofia RD. A neuropharmacological
evaluation of felbamate as a novel anticonvulsant. Epilepsia 33:564-572 (1992).
Adusumalli VE, Wichmann JK, Kucharczyk N, Kamin M, Sofia RD, French J, et al. Drug
concentrations in human brain tissue samples from epileptic patients treated with felbamate.
Drug Metab Disp 22:168—170 (1994).

Wilensky AlJ, Friel PN, Ojemann LM, Kupferberg HJ, and Levy RH. Pharmacokinetics of
W-554 (ADD 03055) in epileptic patients. Epilepsia 26:602—606 (1985).

Graves NM. Felbamate. Ann Pharmacother 27:1073—-1081 (1993).

McGee JH, Butler WH, Erikson DJ, and Sofia RD. Oncogenic studies with felbamate (2-
phenyl-1,3-propanediol dicarbamate). Toxicol Sci 45:146—151 (1998).

Kaufman DW, Kelly JP, Anderson T, Harmon DC, and Shapiro S. Evaluation of case reports
of aplastic anemia among patients treated with felbamate. [see comments.]. Epilepsia 38:
1265-1269 (1997).

Wagner ML, Remmel RP, Graves NM, and Leppik IE. Effect of felbamate on carbamaz-
epine and its major metabolites. Clin Pharmacol Ther 53:536-543 (1993).



122 Kanous and Gidal

90.

91.

92.

93.

94.

95.

96.
97.

98.

99.

Ben-Menachem E. Vigabatrin. In: Wyllie E, ed. The treatment of epilepsy: principles and
practice, 3rd ed. Philadelphia: Lippincott Williams & Wilkins, 2001:961-968.

Durham SL, Hoke JF, and Chen TM. Pharmacokinetics and metabolism of vigabatrin fol-
lowing a single oral dose of [14C]vigabatrin in healthy male volunteers. Drug Metab Dis-
pos 21:480-484 (1993).

Grant SM and Heel RC. Vigabatrin. A review of its pharmacodynamic and pharmacokine-
tic properties, and therapeutic potential in epilepsy and disorders of motor control. [erratum
appears in Drugs 1991 Aug;42(2):330.]. Drugs 41:889-926 (1991).

(March 2000). Package insert: keppra. UCB Pharma, Smyrna, GA.

Delanty N and French J. Newer antiepileptic drugs. In: Wyllie E, ed. The treatment of
epilepsy: principles and practice, 3rd ed. Philadelphia: Lippincott Williams & Wilkins, 2001:
977-983.

Patsalos PN. Pharmacokinetic profile of levetiracetam: toward ideal characteristics. Phar-
macol Ther 85:77-85 (2000).

(May 2000). Package insert: zonegran. Elan pharmaceuticals, San Francisco, CA.
Perucca E and Bialer M. The clinical pharmacokinetics of the newer antiepileptic drugs.
Focus on topiramate, zonisamide and tiagabine. Clin Pharmacokinet 31:29—46 (1996).
Mimaki T. Clinical pharmacology and therapeutic drug monitoring of zonisamide. Ther
Drug Monit 20:593-597 (1998).

Gidal BE, Garnett WR, and Graves NM. Epilepsy. In: DiPiro JT, ed. Pharmacotherapy: a
pathophysiologic approach, 5th ed. New York: McGraw-Hill, 1999:1031-1060.



