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Recent advances in oligonucleotide microarray technology
(“gene chips”) permit rapid screening for DNA sequence
variation. The CYP2D6 gene encodes debrisoquine
hydroxylase, which metabolizes the antidepressant
nortriptyline and other psychotropic medications.
Nortriptyline plasma concentrations were obtained after
at least three weeks of treatment in 36 geriatric patients
with major depression who were taking a mean of 8.6 other
medications besides nortriptyline. Oligonucleotide
microarrays were used to detect 16 CYP2D6 alleles that
affect debrisoquine hydroxylase activity. Subjects carrying
alleles encoding impaired debrisoquine hydroxylase
activity had significantly greater nortriptyline

concentrations and lower nortriptyline doses than did
other subjects. Significant correlations were found
between the numbers of alleles encoding decreased
metabolism and nortriptyline plasma concentration,
nortriptyline dose, and nortriptyline plasma concentration
standardized for dose, indicating a gene dosage effect.
These results demonstrate that CYP2D6 genotyping on a
microarray platform can be used to predict plasma
antidepressant concentrations despite advanced patient
age and numerous concurrent medications.
[Neuropsychopharmacology 25:737-743, 2001]
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Oligonucleotide microarrays, also called “gene chips”,
represent a dramatic minaturization of several impor-
tant molecular biology techniques (Watson and Akil 1999).
Because of the small size of each array element, many
reactions can be performed simultaneously, resulting in
significant savings in time and labor. The most wide-
spread use of oligonucleotide microarrays at present is
for analysis of gene expression (Fodor 1997; Alon et al.
1999; Lee et al. 1999). In that application, messenger
RNA levels for tens of thousands of genes are deter-
mined simultaneously by hybridizing RNA or a deriva-
tive from cell or tissue samples with the array. How-
ever, oligonucleotide microarrays may also be used to
detect polymorphisms in DNA (Chee et al. 1996; Cargill
et al. 1999). Typically genomic DNA is amplified, la-
beled, and hybridized with a microarray containing
thousands of DNA oligonucleotides corresponding to
allelic DNA sequences. Hundreds or thousands of
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DNA polymorphisms can be detected on a single array
by analyzing the binding of the target DNA with the
oligonucleotides.

The tricyclic antidepressant nortriptyline shows a fa-
vorable side effect profile in comparison with most
other tricyclic agents (Potter et al. 1998). Plasma
nortriptyline concentrations between 50 and 150 ng/ml
are associated with antidepressant efficacy, whereas
higher concentrations result in side effects and loss of
efficacy (Perry et al. 1994; Burke and Preskorn 1999).
Debrisoquine hydroxylase, encoded by the CYP2D6
gene, is the principal enzyme for the oxidative metabo-
lism of nortriptyline (Olesen and Linnet 1997). Certain
CYP2D6 mutations impair or abolish debrisoquine hy-
droxylase activity, resulting in reduced metabolism of
nortriptyline and high plasma nortriptyline concenta-
tions even at low doses (Bertilsson et al. 1997). CYP2D6
genotyping has been proposed as a clinical laboratory
method for predicting plasma concentrations of
nortriptyline and other antidepressant medications
(Linder et al. 1997). However, there are numerous
CYP2D6 mutations that affect drug metabolism, and
genotyping using conventional methods such as restric-
tion isotyping is labor intensive involving multiple
polymerase chain reactions, restriction enzyme diges-
tions, and separations of digested DNA fragments by
gel electrophoresis (Sachse et al. 1997). Further, all prior
studies of CYP2D6 genotype and nortriptyline levels
have utilized single dose pharmacokinetic designs or
clinical samples of predominantly younger patients tak-
ing few concurrent medications (Dahl et al. 1996; Dalen
et al. 1998; Yue et al. 1998; Morita et al. 2000). Results
from these prior studies may not be applicable to geri-
atric patients prescribed nortriptyline in clinical settings
where large numbers of concurrent medications are also
utilized that may alter debrisoquine hydroxylase activity.

We used oligonucleotide microarrays to genotype
depressed geriatric patients for mutations at the CYP2D6
locus that affect debrisoquine hydroxylase activity and
hence nortriptyline metabolism. The patients were tak-
ing a mean of 8.6 other medications at the time nortrip-
tyline concentrations were determined. Geriatric patients
are particularly vulnerable to nortriptyline side effects
at high plasma concentrations (Pollock et al. 1994; Pol-
lock 1999). Our results indicate that CYP2D6 genotyp-
ing with oligonucleotide microarrays is an effective
means of predicting nortriptyline levels in geriatric pa-
tients despite concurrent therapy with a wide variety of
other medications.

MATERIALS AND METHODS

Subjects were 36 patients recruited from the geriatric in-
patient units and the outpatient Late Life Depression
Clinic of Western Psychiatric Institute and Clinic. 32 of
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the subjects were Caucasian, three were African-Ameri-
can, and one was Asian-American. There were 21 fe-
males and 15 males. The mean age was 73.1 years
(range 60 to 95 years of age). For inclusion in the study,
patients had to meet the following criteria: age 60 years
or older; DSM-IV major depressive episode without
psychotic features or history of bipolar or schizoaffec-
tive disorder; baseline HRSD score of 15 or above;
MMSE score of 18 or above; no history of alcohol or
other substance abuse or dependency during at least
the past year; and no specific medical condition con-
traindicating treatment with nortriptyline (e.g., QRS
longer than 120 ms). All protocols had received Institu-
tional Review Board approval, and all patients pro-
vided written informed consent. Nortriptyline was
started at 25 mg per day for outpatients and at 50 mg
per day for inpatients. Dose was adjusted as needed to
obtain a plasma nortriptyline concentration between 50
and 150 ng/ml. Prescribing physicians were unaware
of the results of CYP2D6 genotyping.

Plasma nortriptyline concentrations were measured
by high performance liquid chromatography with ul-
traviolet detection. The assay was linear from 10 to 300
ng/ml with inter-assay coefficients of variation ranging
from 2.4 to 3.5 % (Pollock et al. 1992). All nortriptyline
concentrations used for correlation with genetic data
were obtained after at least three weeks at a given dose.
During the study period patients remained on other
prescription or over the counter medications that they
had been taking before the initiation of nortriptyline
therapy. On the average, subjects were taking 8.6 (S.E. =
0.79) concurrent medications in addition to nortrip-
tyline at the time nortriptyline concentrations were de-
termined. For the entire sample of 36 patients, a total of
121 unique medications were used concurrently during
the study period including antibiotics, antihyperten-
sives, antianginals, vitamins and minerals, diuretics,
oral hypoglycemics, benzodiazepines, and others. One
of the subjects took a medication that is known to in-
hibit CYP2D6 during the study period (cimetidine).

Leukocytes were obtained from whole blood using
LeukoPrep tubes or CPT Vacutainer tubes (Becton
Dickinson, Franklin Lakes, NJ). Genomic DNA was
obtained from leukocyte pellets with the QIAamp
Blood Mini Kit according to the manufacturer’s in-
structions (Qiagen, Valencia, CA) or by a standard
proteinase K digestion and salting-out procedure that
included lysing cells in a 10:2 mixture of Tris-EDTA
buffer (10mM Tris HCI, 0.2mM EDTA) and 5M NaCl
followed by 10% SDS treatment, proteinase K diges-
tion, removal of cellular debris by centrifugation, pre-
cipitation of DNA with 5M NaCl and 100% ethanol,
washing with 70% ethanol, and resuspension of DNA
in Tris-EDTA buffer. CYP2D6 genotyping was per-
formed using the GeneChip CYP450 assay (Affyme-
trix, Santa Clara, CA) following the manufacturer’s in-
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structions exactly (Affymetrix GeneChip CYP450
assay manual). Briefly, five multiplex polymerase
chain reactions (PCR) were used to amplify exons 1
through 9 of the CYP2D6 gene from genomic DNA
samples. Amplicons were fragmented using a propri-
etary reagent (Affymetrix), treated with alkaline phos-
phatase, and 3’ labeled with fluoresceinated-N6-dideoxy-
ATP using terminal transferase. Labeled samples were
reacted with GeneChip CYP450 probe arrays in an Af-
fymetrix GeneChip Fluidics Station, and then arrays
were laser scanned in a GeneArray Scanner (Hewlett
Packard, Palo Alto, CA). Based on the hybridization
pattern of the labeled sample to the 8000 element array
(2920 of which interrogate CYP2D6 sequences), the
presence or absence of 16 allelic variants of the CYP2D6
gene was determined. To detect CYP2D6 gene dele-
tions, the method of Steen et al. (Steen et al. 1995) was
used. A positive control template was included with ev-
ery long-range PCR amplification used to detect gene
deletions.

The nomenclature system of Daly et al. (1996) was
used for CYP2D6 alleles. We classified the most com-
mon CYP2D6 alleles according to predicted metabolic
activity: extensive (*1), intermediate (*2, *10), or null (*3,
*4A, *5) based on published genotype-phenotype com-
parisons (Marez et al. 1997; Sachse et al. 1997). Subjects
were classified as having a genotype resulting in exten-
sive drug metabolism (two extensive metabolic alleles
or an extensive metabolic allele and an intermediate
metabolic allele), or a genotype resulting in impaired
drug metabolism (two intermediate metabolic alleles,
one null allele, or two null alleles). Although subjects
with two null alleles have greater impairment of de-
brisoquine hydroxylase activity than subjects with two
intermediate metabolic alleles or one null allele (Sachse
et al. 1997), the small number of homozygous null ge-
notypes in our sample precluded analysis of these sub-
jects separately. Mean nortriptyline concentrations,
nortriptyline doses, and nortripyline concentrations per
unit dose were compared between the groups using
two-tailed t-tests. Subjects were also assigned a muta-
tion score based on the number of extensive, intermedi-
ate, and null alleles they carried. Extensive metabolic
alleles were scored as 0, intermediate metabolic alleles
as 0.5, and null alleles as 1.0. Thus, because each subject
carried two alleles, this mutation score ranged from 0 to
2.0. Spearman Rho correlation coefficients were calcu-
lated between mutation scores and nortriptyline con-
centrations, nortriptyline doses, and nortriptyline con-
centrations per unit dose.

To test the accuracy of the microarray assay, we
compared microarray results from nine additional sam-
ples not included in the clinical study to results ob-
tained using a conventional PCR, restriction enzyme,
and gel electrophoresis genotyping system (Sachse et
al. 1997).
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Table 1. Allele Frequencies
Allele *1 *2 *3 *4A *5 *10B
Frequency 0.41 0.32 0.04 0.15 0.01 0.07
RESULTS

In the sample of 36 subjects we detected six different
CYP2D6 alleles (Table 1). Allele frequencies were similar
to those found in large sample studies (Marez et al. 1997;
Sachse et al. 1997). Among the 36 subjects there were 11
genotypes, which are listed in Table 2. Eighteen subjects
had genotypes giving rise to extensive metabolism (*1/
*2, *1/*10B, *1/*1), whereas 18 subjects had genotypes
giving rise to impaired metabolism (*1/*4A, *2/*4A, *2/
*10B, *1/*3, *2/%2, *10B/*5, *3/*4A, *4A /*4A).

Subjects with genotypes giving rise to impaired me-
tabolism had significantly higher mean nortriptyline
concentrations (t = 2.5, d.f. =34, p < .02; Table 3) and
significantly higher nortriptyline concentrations per
unit dose of the medication (t = 4.9, d.f. =34, p < .0001;
Table 3 and Figure 1) than did those with genotypes as-
sociated with wild-type metabolism. Nortriptyline
doses in subjects with genotypes encoding impaired
metabolism were significantly lower than in other sub-
jects (t = 3.4, d.f. = 34, p < .002; Table 3). There were
significant correlations between mutation score and
nortriptyline concentration (rho = 0.46, p < .005),
nortriptyline dose (tho = -0.58, p < .001) and nortrip-
tyline concentration per unit dose (rho = 0.73, p <
.0001; Figure 2).

Because the nortriptyline metabolic phenotype asso-
ciated with intermediate metabolic alleles has not been
definitively established, we performed the same analy-
ses with subjects who had two intermediate metabolic
alleles (n = 5) classified with subjects having genotypes
encoding extensive metabolism. This did not change
the outcome, with the 13 subjects carrying one or more

Table 2. Genotype Frequencies

Genotype Frequency Percent Cumulative Percent
*1,*1 5 13.9 13.9
*1,*10B 1 2.8 16.7
*1, %2 12 33.3 50.0
*1, *3% 2 5.6 55.6
*1, *4AY 4 11.1 66.7
*10B, *5t 1 2.8 69.4
*2, *10B¥ 3 8.3 77.8
#2, %24 2 5.6 83.3
*2, *4 At 4 11.1 94.4
*3, *4 A* 1 2.8 97.2
*4A, *AA* 1 2.8 100.0
Total 36 100.0

* Intermediate metabolism genotype
#Poor metabolism genotype
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Table 3. Means and Standard Errors
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No mutation (N = 18)

Mutation (N = 18)

Nortriptyline Concentration
Nortriptyline Dose
Nortriptyline Concentration per Unit Dose

Mean = 79.3 ng/ml (S.E. = 5.3)
Mean = 66.9 mg (S.E. = 6.1)
Mean = 1.3 ng/ml (S.E. = 0.1)

Mean = 115.1 ng/ml (S.E. = 13.1)
Mean = 43.3 mg (S.E. = 3.2)
Mean = 2.9 ng/ml (S.E. = 0.3)

null alleles having significantly higher nortriptyline
levels per unit dose than the other 23 subjects (t = 2.9,
d.f. = 34, p < .006).

Nine additional DNA samples (genotypes *1/*1, *1/
*10B, *4A/*4A, *2/*10B, *1/*10B, *2/*10B, *1/*10B,
*6B/*10B, *2/*10B) were evaluated with both the mi-
croarray system and with conventional CYP2Dé6 geno-
typing (Sachse et al. 1997). In each case the results were
identical.

DISCUSSION

These results demonstrate that geriatric patients identi-
fied by CYP2D6 microarray genotyping as having im-
paired drug metabolism have significantly higher
nortriptyline concentrations than those with genotypes
associated with extensive metabolism. This difference
was particularly striking when nortriptyline concentra-
tions were normalized for dosage. Patients with geno-
types for impaired metabolism had a mean nortrip-
tyline concentration per unit dose that was over twice
as high as those with genotypes encoding extensive me-
tabolism. Further, nortriptyline doses were on the aver-
age about one-third lower in patients with genotypes
encoding impaired metabolism. There were significant
correlations between the number of intermediate and
null alleles (mutation score) and nortriptyline concen-
tration, nortriptyline dose, and nortripyline concentra-
tion per unit dose. These findings indicate that CYP2D6
genotyping using oligonucleotide microarrays is an ef-
fective means of identifying those patients who will
have high nortriptyline concentrations at standard
doses.

There was a strong association between CYP2D6 ge-
notype and plasma nortriptyline concentrations despite
the advanced age of the patients and concurrent use of
an average of 8.6 prescription and over-the-counter
medications besides nortriptyline. There has been con-
cern that the correlation between CYP2D6 genotype
and metabolic phenotype might change with age (Pol-
lock et al. 1994; Mulsant et al. 1997), and that concurrent
use of large numbers of medications in the elderly
could alter metabolic phenotype so as to mask the ef-
fects of genotype (Coutts 1994). All prior studies of
CYP2D6 genotype and nortriptyline metabolism have
been single dose pharmacokinetic studies that may
have limited application to clinical practice, or have in-

volved largely younger subjects. Dahl et al. (1996) stud-
ied 21 caucasian depressed patients younger than 65
years of age treated with a fixed dose of 150 mg nortrip-
tyline per day. The number of concurrent medications
was not specified. They found that genotype (only *1,
*3, *4, and *5 were examined) predicted nortriptyline
level, but only when gender was included in the regres-
sion model. Indeed, gender was a stronger predictor of
nortriptyline concentration than was CYP2D6 geno-
type. Dalen et al. (1998) gave 21 healthy Caucasian sub-
jects, ages 18 to 48, single doses of nortriptyline (other
medications unspecified) and measured pharmacoki-
netics over the next 168 hours. They found significant
corrrelations between CYP2D6 genotype and nortrip-
tyline clearance. Similarly, Yue et al. (1998) gave single
nortriptyline doses to 15 healthy Chinese subjects ages
22 to 46 (no concurrent medications) and measured
nortriptyline pharmacokinetics for 168 hours. They
found that among Chinese the *10 allele was associated
with higher nortriptyline levels than was the *1 allele.
Finally, Morita et al. (2000) examined 41 Japanese pa-

NTP Concentration per Unit Dose

0-
no yes
Mutation Affecting Metabolism
Figure 1. Patients with genotypes associated with decreased

debrisoquine hydroxylase activity have increased plasma
nortriptyline concentrations per unit dose. Bars represent
mean nortriptyline concentration per unit dose with stan-
dard errors.
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Figure 2. CYP2D6 mutation score is correlated with nortrip-
tyline concentration per unit dose. Patients were assigned a
mutation score based on the number of extensive, intermedi-
ate, and null CYP2D6 alleles they carried. Extensive meta-
bolic alleles were scored as 0, intermediate metabolic alleles
as 0.5, and null alleles as 1.0. Thus, because each subject car-
ried two alleles, this mutation score ranged from 0 to 2.0.
This score is plotted on the x-axis with nortriptyline concen-
tration per unit dose plotted on the y-axis. A correlation
between the two measures is evident.

tients ages 17 to 76 (mean 48.6) years of age with a vari-
ety of psychiatric diagnoses who were taking no other
medications except benzodiazepines. They found sig-
nificant differences in nortriptyline levels between sub-
jects with differing numbers of CYP2D6 alleles encod-
ing decreased metabolism.

None of the prior studies of CYP2D6 genotype and
nortriptyline metabolism address the issue of the pre-
dictive value of CYP2D6 genotype in old age, and none
address the issue of whether CYP2D6 genotype is pene-
trant in the setting of a large number of concurrent
medications. Our results show that CYP2D6 genotyp-
ing predicts nortriptyline levels as well in geriatric pa-
tients taking numerous medications as it does in
younger patients (Dahl et al. 1996). CYP2D6 genotype
effects on antidepressant drug concentrations were not
masked by interactions between the desbrisoquine hy-
droxylase and the large number of concurrent medica-
tions typically prescribed for geriatric patients. Further,
the correlation detected between CYP2D6 genotype
and nortriptyline levels in our sample was similar to
that between debrisoquine phenotype and nortriptyline
levels reported by others. It is noteworthy that a gene
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dosage effect on nortriptyline levels per unit dose is ap-
parent even in this relatively small sample. However,
our data do not address the issue of whether CYP2D6
genotype predicts nortriptyline metabolism in patients
prescribed a strong inhibitor of CYP2D6 during nortrip-
tyline therapy (Pollock et al. 1994; Mulsant et al. 1997).

Oligonucleotide microarrays represent a significant
advance over older genotyping techniques. The microar-
ray platform utilized in the present study identifies six-
teen common CYP2D6 alleles. Starting with genomic
DNA samples, the entire process can be completed in
one day, and multiple samples can be analyzed simul-
taneously. In contrast, genotyping for the same alleles
using PCR followed by restriction digestion requires 12
different PCR reactions followed by 11 different restric-
tion digestions and 23 lanes of gel electrophoresis for
each subject (Sachse et al. 1997) assuming that every re-
action is successful on the first attempt. Debrisoquine
phenotyping can also be difficult. Patients must ingest
debrisoquine or other enzyme substrate, followed by
collection of one or more urine samples hours later,
which are then subjected to gas chromatography or
other biochemical analysis (Coutts 1994). Further,
whereas debrisoquine phenotype values may be af-
fected by concurrent medications that inhibit debriso-
quine hydroxylase, CYP2D6 genotype is fixed at birth
and invariant.

In our hands the total cost of materials and labor per
microarray was approximately $200. This amounts to
about $12 per polymorphism determined by a single ar-
ray. One half-time technician can readily process 50 ar-
rays per week, or 850 polymorphisms. It should be
noted that in the present study we performed an addi-
tional genotyping assay for CYP2D6 gene deletions (*5
allele) that was not included on the array. Further, the
array does not detect CYP2D6 gene duplications that
occur in approximately 3% of caucasians (Sachse et al.
1997). Performing this assay might increase the accu-
racy of prediction.

The microarrays used in the present study are of low
density, consisting of approximately 8,000 array ele-
ments. Each element contains multiple copies of oligo-
nucleotides that probe for single nucleotide polymor-
phisms and other sequence variants in patient DNA
samples. Microarrays of far higher density are feasible
using currently available technology. A “custom” array
designed to identify polymorphisms in other candidate
pharmacogenes for antidepressant side effects and/or
efficacy could be devised and implemented immedi-
ately using a new generic microarray format (Hir-
schhorn et al. 2000). This could expedite the screening
of large numbers of subjects treated with antidepres-
sants for genetic determinants of medication efficacy
and tolerance.

Nortriptyline has one of the best side effect profiles
of all tricyclic antidepressant medications (Potter et al.
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1998). The efficacy of nortriptyline as an antidepressant
has been demonstrated in numerous clinical trials. Fur-
ther, among all antidepressant medications, nortrip-
tyline concentrations probably have the closest correla-
tion with clinical efficacy and with side effects (Perry et
al. 1994; Burke and Preskorn 1999). However, many cli-
nicians currently avoid prescribing this medication be-
cause of concerns about side effects. By using CYP2D6
genotyping, clinicians should be able to identify pa-
tients with mutant alleles who are poor candidates for
nortriptyline therapy, as well as those likely to be good
candidates for this medication. This may be particularly
important in light of recent evidence that nortriptyline
efficacy is greatest at higher serum concentrations
where the margin of safety is smallest (Reynolds et al.
1999). Potentially, CYP2D6 genotyping with microar-
rays could allow physicians to choose starting doses
based on predicted metabolic impairment. This might
decrease the frequencies of early side effects, plasma
drug level monitoring, and dosage adjustments. It is
recognized that overall use of nortriptyline is decreas-
ing, but our results should still be applicable to selected
patients for whom this agent is particularly indicated
(Robinson et al. 2000).

In summary, CYP2D6 genotyping with oligonucle-
otide microarrays can identify subjects who may expe-
rience high nortriptyline plasma concentrations at stan-
dard dosages. To our knowledge this is the first
application of this rapidly developing genetic technol-
ogy to an important problem in clinical psychiatry. In
order to fully assess its clinical utility, future studies
should determine if oligonucleotide microarray geno-
typing can predict actual clinical outcome in patients
treated with nortriptyline and other CYP2D6 sub-
strates.
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