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Symptoms of central nervous system (CNS) disorders include

abnormalities in both physical and psychological domains.

Many drugs indicated for the treatment of CNS disorders are

fraught with side effects and/or poor efficacy which impact

patients’ quality of life and drives non-compliance. Moreover, for

many CNS drugs such as antidepressants and antipsychotics, it

takes time to determine whether a particular drug is efficacious

in an individual patient. To optimize drug treatment for each

patient, prescribing physicians often need to raise or lower

doses, switch drug classes, or prescribe additional drugs to

mitigate side effects, often in a ‘‘trial and error’’ fashion.

Pharmacogenetic (PGx) testing, particularly in the realm of

CNS therapy, can reduce the unpredictability of this process. By

determining a patient’s genetic profile, individual therapy

parameters may be predicted pre-treatment for drug efficacy,

optimal drug dose, and the risk of adverse drug reactions

(ADRs). The intent of this review is to highlight the power of PGx

testing to predict the likelihood of ADRs and efficacy during the

treatment of the following CNS disorders: epilepsy, bipolar

disorder, schizophrenia and depression. Exp Biol Med 233:1504–

1509, 2008
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Two Different CNS Disorders Treated with Car-
bamazepine

Epilepsy. The World Health Organization estimates

that epilepsy, which is characterized by recurrent unpro-

voked seizures, affects 8.2 per 1000 people, translating to

nearly 2.5 million US citizens (WHO website). Carbama-

zepine (CBZ) is an anticonvulsant and mood stabilizing

drug indicated for treatment of epilepsy and trigeminal

neuralgia; however, 1 in 1000 to 1 in 10,000 patients suffer

from ADRs including severe hypersensitivity reactions

which can be fatal (1).

Bipolar Disorder. Also known as manic-depressive

illness, bipolar disorder affects 5.7 million US adults and is

characterized by mood swings. Other formulations of CBZ

are used for the treatment of acute and mixed episodes

associated with bipolar disorder.

Carbamazepine and Stevens-Johnson Syndrome

CBZ is associated with cutaneous adverse drug

reactions (cADRs) ranging from mild macropapular erup-

tion to the potentially fatal Stevens-Johnson Syndrome

(SJS) and toxic epidermal necrolysis (TEN) with a mortality

rate as high as 40% (2). SJS/TEN is characterized as

widespread apoptosis of keratinocytes resulting in extensive

blisters. The frequency of CBZ-induced cADRs is between

1 in 1000 and 1 in 10,000 in Caucasians and approximately

10-fold higher in Asians (1). These hypersensitivity

reactions to CBZ appear to have an immune etiology. Not

only does the timing of sensitization by CBZ suggest

immunologic memory, but it has been specifically shown

that CBZ-specific human leukocyte antigen (HLA) major

histocompatibility complex (MHC) Class I restricted

cytotoxicity is involved (3).

Antigen presenting proteins, encoded in the MHC HLA

Class 1 locus on chromosome 6, are thought to play a role in

a number of disease states including infectious diseases,

cancer, graft rejection, auto-immunity and ADRs. Immune

mediated drug induced ADRs may occur when antigen

presenting proteins on the surface of antigen presenting cells

(APC) present drug-derived peptides to T cells, thereby

triggering a T cell-mediated allergic response. Drug

presentation to the T cell by APCs can occur in one of
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three ways: 1) the drug is directly modified in the APC, such

that reactive haptens are presented to T cells, 2) the inert

drug is metabolized in the APC to produce reactive

prohaptens that are presented to T cells, or 3) the drug

can bind directly in a non-covalent manner to the surface of

APCs, become stabilized by HLA/peptide interaction, and

thereby elicit a T cell response ((4) for review).

In addition to the many modifications a drug can

undergo in the antigen presenting process, further variations

of antigen presentation are compounded when considering

the vast allelic variability of the HLA presentation

molecules bound to the drug antigen. It is becoming

increasingly more evident that the extensive genetic

variability in the HLA locus is an important determinant

of specific allergic responses, and importantly, that specific

variants are associated with specific ADRs. Indeed, the

HLA-B*1502 genotype was shown to be strongly associ-

ated with CBZ-induced SJS in 44 Han Chinese patients with

an odds ratio of an astounding 2504 (95% confidence

interval ¼ 126 – 49,522) when compared with 101 CBZ-

tolerant patients (5). This strong association of HLA-

B*1502 with CBZ-induced SJS/TEN was confirmed in a

larger study by the same research group (91 CBZ-induced

SJS/TEN and 144 CBZ-tolerant patients) (6) and in a

different Chinese patient population (4 CBZ-induced SJS/

TEN patients and 16 CBZ-tolerant controls) (7). Interest-

ingly, the association was phenotype-specific, as it was not

associated with the more mild hypersensitivity syndromes

such as maculopapular eruption (6). Although these studies

are compelling, it can not be assumed that this variant

causes SJS especially since the association of HLA-B*1502

with CBZ is not found in patients of European descent (8,

9). Instead, it is possible that the HLA-B*0702 variant may

exert a protective effect against developing SJS/TEN in

Caucasians (10). Reasons for these differences between the

two ethnic groups could be due to the presence of another

gene that is in tight linkage disequilibrium in one population

and not in another. Alternatively, there may be multiple

genetic causes that result in the same observed CBZ-

induced SJS/TEN phenotype. Evidence for this possibility

lies in the fact that CBZ-SJS is 10-fold more prevalent in

Asian populations. The higher prevalence of CBZ-induced

SJS in Asians may be due to a distinct mechanism, not

found in Caucasians, that is associated with the HLA-

B*1502 variant (11).

These CBZ-induced SJS genetic association studies

point out the fact that ethnicity can play a key role in

identifying biomarkers. Encouragingly, these studies also

suggest that strong genetic associations can be identified

with a moderate number of patients although the genetic

variants associated with SJS differ among ethnic groups; all

of the studies confirm the role of the immune system in

CBZ-induced ADRs. Most importantly, this work has

identified an extremely important predictive tool in the

Asian populations for assessing risk for SJS/TEN, since

100% of the patients with CBZ-induced SJS/TEN studied

by Chung et al. (5) carried the HLA-B*1502 allele. Based

on this information, the U.S. Food and Drug Administration

added a black box warning to the label of CBZ stating,

‘‘Dangerous or even fatal skin reactions (Stevens-Johnson

syndrome and toxic epidermal necrolysis), that can be

caused by carbamazepine therapy, are significantly more

common in patients with a particular human leukocyte

antigen (HLA) allele, HLA-B*1502. This allele occurs

almost exclusively in patients with ancestry across broad

areas of Asia, including South Asian Indians. Patients with

ancestry from areas in which HLA-B*1502 is present

should be screened for the HLA-B*1502 allele before

starting treatment with carbamazepine. If they test positive,

carbamazepine should not be started unless the expected

benefit clearly outweighs the increased risk of serious skin

reactions.’’ The HLA-B*1502 variant is found in 8% of Han

Chinese, and only 1–2% of Caucasians. More ethnic

populations will need to be tested to determine the broader

utility of the genetic test.

Schizophrenia

Striking 2.6 million US citizens in a given year,

schizophrenia ranks among the top 10 causes of disability

(NIMH website). Schizophrenia, characterized by impair-

ments in the perception or expression of reality, is treated

using either first generation typical antipsychotics (e.g.,

haloperidol, perphenazine) or second generation atypical

antipsychotics (e.g., clozapine, olanzapine, risperidal). Both

drug classes have significant side effects associated with

them.

Typical Antipsychotics and Tardive Dyskine-
sia. Typical antipsychotics are associated with the often

irreversible side effect of tardive dyskinesia (TD), an

involuntary oral-lingual-buccal movement disorder that

resembles a continual chewing motion with grimacing,

tongue protrusion, lip smacking and rapid blinking. The

intensity of TD varies from mild to severe, with severe cases

being marked with additional abnormal movements in

limbs, neck, shoulders and hips. This debilitating side effect

contributes to a high non-compliance rate (12), and has

influenced physician practice trends so that typicals are now

prescribed to only 17% of treated schizophrenic patients

(2004 Frost & Sullivan report on US Antipsychotics

Medication Market), despite their lower cost (Med Letter,

2003) and comparable antipsychotic efficacy (13) when

compared to atypicals.

The overall lifetime risk of developing TD is 24% to

32% in patients treated with typical antipsychotics, with an

annual incidence of 3.5 to 5.5% per year (14, 15, 16, 17,

18). Both non-genetic and genetic factors are associated

with TD. For example, patients over 50 years of age have a

3 to 5 times greater risk of developing TD (19). Smoking is

another risk factor for developing TD, with an OR of 2.47

when compared to non-smokers’ risk (20–22). Importantly,

TD has been shown to have a genetic component, as the
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development of TD in relatives tends to correlate with the

TD status of the index patient (P ¼ 0.04) (23).

A number of studies have been aimed at elucidating

genetic associations with the development of TD in patients

taking typical antipsychotics. Six genes in particular display

small but significant associations with TD in meta-analyses.

These genes are: 1) the dopamine receptor D3 (DRD3) (OR

¼ 1.17–1.3) (24, 25), which inhibits adenyl cyclase through

inhibitory G-proteins and plays a role in cognitive and

emotional functions, 2) the cytochrome P450, family 2,

subfamily D, polypeptide 6 (CYP2D6) (OR ¼ 1.43) (26),

which is integral to the main metabolic pathway for a

number of typical antipsychotics, 3) the 5-hydroxytrypt-

amine (serotonin) receptor 2A (5-HT2A) (OR¼ 1.64) (27),

a member of the serotonin receptor signaling pathway, 4)

the mitochondrial superoxide dismutase 2 gene (MnSOD)

(OR¼0.37) (28), which converts the superoxide byproducts

of oxidative phosphorylation to hydrogen peroxide and

diatomic oxygen, 5) the dopamine receptor DRD2 gene (OR

¼ 1.30) (28), and 6) the catechol-O-methyl-transferase gene

(COMT) (OR¼ 0.63) (28), which is important in regulating

dopamine levels in the brain.

Efforts to collect a well-phenotyped, typical antipsy-

chotic-induced TD cohort for genetic analysis are con-

founded by the fact that: 1) the onset of TD is often delayed

(approximately 3 years); 2) the symptoms of TD vary

temporally and clinically 3) schizophrenia is associated with

spontaneous abnormal involuntary movements even in

treatment-naı̈ve patients (29, 30); and 4) US schizophrenia

patients have low compliance rates (31), raising the risk of

incorrectly classifying a patient as free from TD when they

are in fact non-compliant with medication.

Other Side Effects of Atypical Antipsycho-
tics. Although atypical antipsychotics are less likely to

cause extrapyramidal side effects, they are associated with

other effects ranging from weight gain, as observed with

olanzapine or risperidone, to potentially lethal adverse drug

reactions, as seen with clozapine.

Olanzapine and Weight Gain. Olanzapine is an

atypical antipsychotic recommended by the American

Psychological Association as a first line treatment for

schizophrenia. However, body weight gain (BWG) may be

a significant side effect in some individuals treated with

olanzapine, as well as with other atypical antipsychotics

(Baptista et al., 2002, for review). BWG, associated with a

range of health complications including coronary artery

disease and Type II diabetes, is a primary reason for drug

non-compliance with many atypicals.

A common biochemical feature of atypical antipsy-

chotics is their stronger affinity for serotonergic receptors

than for dopaminergic receptors (32). The mechanisms for

olanzapine-induced weight gain may involve the gene for 5-

HTR2C, as it has been implicated in the regulation of food

intake in mice (33). In humans, Ellingrod et al. have shown

that the T allele in the�759C/T promoter polymorphism of

the HTR2C gene has a protective association against

olanzapine-induced weight gain (34). In a meta-analysis of

10 studies, De Lucca et al. have shown a modest but

significant effect of variation in the HTR2C gene and

atypical antipsychotic-induced weight gain (35). It is

possible that the association is modified by ethnic differ-

ences. For example, this association was not observed in a

Korean population (36). Although most of the published

studies may be flawed by the inclusion of subjects who were

pre-treated with antipsychotics other than olanzapine, the

available genetic association studies with 5-HTR2C are

intriguing and deserve further study in a well-described,

mono-drug cohort. Other promising candidate genes that

may be associated with olanzapine-induced BWG include

CYP2D6 (37), the synaptosomal-associated protein of 25

kDa (SNAP25) (38), G-protein beta 3 subunit gene (GNB3)

(39), the alpha2a-adrenergic receptor (ADRA2A) (40),

leptin (LEP) and the leptin receptor (LEPR) (41).

Clozapine and Agranulocytosis. Clozapine, an atyp-

ical antipsychotic, is indicated for treatment-refractory

schizophrenia, and for reducing recurrent suicidal behavior

in schizophrenia or schizoaffective disorders. Clozapine is

generally considered to be the most effective antipsychotic

(42), as it has been shown to be more effective than typicals

(43, 44), and in the CATIE study, to be more effective than

other atypicals such as olanzapine, quentiapine, and

risperidone in treatment-resistant patients (12, 45). How-

ever, clozapine is currently labeled as a third-line treatment

option due in part to the potentially lethal risk of clozapine-

induced agranulocytosis (CIA), a potentially lethal drop in

white blood cells (WBCs).

Due to the frequency and severity of this ADR,

clozapine was approved in the United States contingent

upon the manufacturer’s development and implementation

of a blood monitoring system for early identification of

patients who may be developing neutropenia or agranulo-

cytosis. Since the risk of CIA rises steeply during the first

two months of treatment and is rare after six months of

clozapine treatment, WBC counts are measured weekly for

the first 6 months, biweekly for the next 6 months, and

monthly for the duration of their treatment with clozapine.

The implementation of this blood monitoring system has

successfully reduced the incidence of CIA to 0.4% from the

1.3% incidence observed in patients treated with clozapine

but without mandatory monitoring of WBCs (46). Unfortu-

nately, frequent blood monitoring is not only an added

expense to the treatment of an already cost-intensive

disease, but is a burdensome requirement that can cause

vein damage, limit freedom to travel, and stigmatize patients

because of the frequency of clinic visits.

Prediction of the CIA side effect in advance of

treatment could significantly change current prescription

practices by permitting safer use of clozapine. However,

there have been a number of difficulties in identifying a

biomarker for CIA. For example, there is no apparent dose-

response relationship with this ADR, and genetic studies

have been confounded by poor power and the absence of a
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thorough ‘scan’ of the genome. Consistent with suggestions

that CIA may be immune mediated (47, 48), risk association

studies repeatedly implicate the HLA locus in risk for CIA

(31, 49, 50). Through a candidate gene case-control study,

PGxHealth utilized a candidate gene approach and has

demonstrated that variation in HLA-DQB1 is associated with

CIA. This association has now been confirmed in a second

independent cohort of subjects. Data from these and other

studies support the possibility that a pharmacogenetic test

may be used to identify whether a patient is at higher or

lower risk for CIA compared to the untested population.

Depression and Response to Vilazodone

Depression affects more than 20 million people of all

races and ages and is characterized by a combination of

symptoms that interfere with a person’s ability to participate

in once-enjoyed activities or function normally in daily life.

Unfortunately, first-line treatment options for the treatment

of depression are not consistently effective, being accom-

panied by wide inter-individual variation, delay in response

and many side effects. This combination leads to dissat-

isfaction with treatment, poor compliance, sequential

prescriptions or switching among the available medications

all resulting in high costs until the best treatment for each

patient is identified. As approximately one-half of depressed

patients do not achieve satisfactory results with current first-

line treatment options (51), PGxHealth is integrating

pharmacogenetics into the drug development program for

vilazodone. We are currently engaged in Phase III clinical

trials for the development of an antidepressant, vilazodone,

while simultaneously identifying specific biomarkers that

may be used by clinicians to predict the efficacy or safety of

vilazodone for their patients.

Vilazodone, a selective serotonin reuptake inhibitor

(SSRI) and a partial agonist to the 5-hydoxytryptamine 1A

(5-HT1A) receptor, has been shown to have antidepressant-

like effects in the well-established forced swimming test

model in rats (52). To assess its efficacy in humans,

vilazodone was tested in an 8-week, randomized, double-

blind, placebo-controlled trial of patients with a diagnosis of

major depressive disorder (MDD) according to DSM-IV-TR

criteria. The primary endpoint of change from baseline in

the Montgomery-Asberg Depression Rating Scale

(MADRS) score measured at 8 weeks was met with a P ¼
0.001.

To identify biomarkers associated with vilazodone

efficacy, we employed both a candidate gene and whole

genome scan approach. Statistically significant markers

were discovered that identify a substantial subset of patients

with an increased probability of responding to vilazodone.

These markers will be further assessed in a second clinical

trial and, have the potential to significantly impact the

treatment of depression by aiding physicians in the

identification of patients more likely to have a response,

leading to better outcomes, less trial-and-error prescribing,

and greater patient and physician satisfaction.

The Future of Pharmacogenetics in Drug Devel-
opment

Pharmacogenetic testing is rapidly becoming the

cornerstone of individualized medicine. The field of

pharmacogenetics and pharmacogenomics is growing as

evidenced by the number of PubMed listings containing

these words increasing from 61 references in 1997 to 920

publications in 2007. Not only can pharmacogenetic

information be used to predict the optimal dosing of a

particular drug for enhanced efficacy in an individual

patient, but importantly, it can save lives by identifying

patients who are at risk of a lethal adverse drug reaction

prior to prescription. To date, most biomarkers of drug

safety have been identified post-drug approval, rather than

during the drug development phase, placing patients at risk

for an ADR that might have been predicted and thereby

prevented. Biomarkers for drug efficacy have the potential

to assure that patients receive the correct treatment sooner in

their disease course with great potential for improved

outcomes and reduced health care costs.

Ideally, development programs should be designed not

only to develop drugs that are generally safe and efficacious,

but simultaneously identify specific biomarkers that affect

the efficacy and safety in a subset of individuals. To

accomplish this, it is essential to collect appropriate

information during pre-approval clinical trials. It is

important to 1) create a biobank of isolated DNA and/or

tissue samples for each patient, 2) obtain the appropriate

informed consent, 3) carefully document ethnicity, 4)

anticipate the phenotype of the ADR and collect the

appropriate data and 5) consider the development of an

anonymized database to facilitate further research.

The cost of pharmacogenetic testing is minimal

compared to the overall societal cost of ineffective treatment

and ADRs, to the development cost of drug research, and to

the cost of withdrawing a compound from the market.
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