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Abstract

A microfabricated electrophoresis device was used for rapid polymerase chain reaction product analysis in genotyping the
dopamine D4 receptor gene (DRD4) 48 base pairs repeat polymorphism. An allelic ladder, prepared from homozygous
individuals, was used as internal standard during the microchip electrophoresis based analysis. Comparison of this novel
separation method with the conventional slab gel and previously reported ultra-thin-layer techniques confirmed the reliability
of this new method. Genotyping of 332 healthy Hungarian individuals gave the following allele frequencies: two-repeat:
0.089; three-repeat: 0.026; four-repeat: 0.674; five-repeat: 0.011; six-repeat: 0.002; seven-repeat: 0.189; eight-repeat: 0.011.
The genotype frequencies obtained showed no deviation from the Hardy–Weinberg equilibrium ( p.0.903), further
underlying the reliability of this new genotyping technique.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction polyacrylamide gel as sieving matrix. With less than
4 cm separation distance and by the application of

Microchip based electrophoresis employing planar high electric field strengths (.2000 V/cm) they
glass substrates improved the speed and efficiency of obtained good resolution of a complex mixture in
electric field mediated separation devices and led to less than a minute. Later, rapid analysis of double-
the development of new, integrated microfabricated stranded DNA fragments was demonstrated on elec-
analytical systems [1,2]. More and more separation trophoresis microchips by Wooley and Mathies [5]
procedures have been transferred in the past few for the separation of various restriction digest mix-
years from capillary electrophoresis systems to mi- tures. Using derivatized cellulose solutions as sieving
crofabricated electrophoresis devices [3]. In the early matrix they attained good separations from several
1990s, Effenhauser et al. [4] introduced the use of a hundred base pair DNA fragments up to thousands of
micro-channel device for the size separation of base pairs (bp) in 2 min. Electrophoresis microchip
phosphorothioate oligonucleotides employing linear analysis of DNA molecules was also reported in

combination with on-the-chip restriction digestion
and in situ labeling with fluorescent intercalator dyes*Corresponding author. Tel.: 11-858-8121-052; fax: 11-858-

8121-097. dissolved in the separation matrix [6]. Successful
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integration of a polymerase chain reaction (PCR) the DRD4 gene VNTR from minute sample quan-
amplification chamber and subsequent microchannel tities using ultra-thin-layer gel electrophoresis were
electrophoresis based DNA analysis on a glass reported earlier by our group [20]. Here we present a
microchip was also described [7]. Microfabricated novel, rapid and ultra-sensitive methodology for
electrophoresis devices were also introduced in determination of repeat numbers in DRD4 gene
molecular diagnostics. Landers and co-workers used using microfabricated device technology.
electrophoresis microdevices for fast analysis of T-
and B-cell Lyphoproliferative disorders [8] and rapid
diagnosis of herpes simplex encephalitis [9]. 2. Materials and methods

Recent deciphering of the human genome se-
quence [10] further underlined the importance of

2.1. Chemicalsinvestigation of polymorphic DNA regions. One of
the best examples is the dopamine D4 receptor

Tris base, boric acid and EDTA?Na were ob-2(DRD4) that exhibits a high variation in its ex-
tained from Sigma (St. Louis, MO, USA), allpressed sequences in humans. Among those, the
electrophoresis grade. Polyvinylpyrrolidone (Mrvariation of the number of 48 bp repeats in the third
1 300 000) (Aldrich, Milwaukee, WI, USA) was usedexon (48 bp VNTR, variable number tandem repeat)
as sieving and wall coating matrix, dissolved in 13got recent particular attention due to its putative role
TBE buffer (89 mM Tris, 89 mM borate, 2 mMin some neuropsychiatric diseases, such as attention
EDTA?Na , pH 8.3). The intercalator dye ethidium2deficit hyperactivity syndrome, drug abuse and
bromide (Molecular Probes, Eugene, OR, USA)pathological gambling [11]. The number of 48 bp
(maximum absorbance: 518 nm; maximum emission:repeats can vary from two to 10, effecting the length
605 nm) was added to the polyvinylpyrrolidoneof the third cytoplasmatic loop of the dopamine D4
sieving matrix to a 0.2 mg/ml final concentration.receptor [12]. These variations might cause recogni-
All buffer and sample solutions were filtered throughtion differences in receptor–ligand interactions, such
a 0.2-mm nylon membrane syringe filter (Fisheras with closapine, an atypical neurolepticum used in
Scientific, Pittsburgh, PA, USA). Oligonucleotidethe treatment of schizophrenia [13].
primers were purchased from Integrated DNA Tech-Another aspect of genetic variations is the repre-
nologies (Coralville, IA, USA). Other components ofsentation of the different alleles of DRD4 gene in
the PCR amplification reaction were obtained fromspecific groups in human population. Association
Qiagen (Valencia, CA, USA), including the Hot-studies discovered, e.g., over-representation of the
StarTaq DNA polymerase and the 103 buffer and Qlong allele (longer than four repeats) in normal
solution.individuals with high scores of novelty seeking

[14,15]. However, subsequent studies replicating
these initial findings were somewhat controversial 2.2. DNA source and PCR amplification
[16,17]. A higher frequency of the seven-repeat
allele was also found in children with attention Noninvasive DNA sampling was used for collect-
deficit hyperactivity syndrome [18], but again, con- ing buccal epithelial cells [21]. DNA was purified by
tradictory results were also reported. Recently, we proteinase K digestion and phenol extraction pro-
revealed association between the presence of the cedure [22]. PCR amplification (Fig. 1): 0.5 U DNA
seven-repeat allele and disorganized attachment be- polymerase was used with 1 mM of each primers
havior of infants [19]. (sense primer: 59 TGC TCT ACT GGG CCA CGT

Investigation of the DRD4 VNTR in different TC 39, antisense primer: 59 TGC GGG TCT GCG
subpopulations has been of high interest in recent GTG GAGT CT 39 [23]), 1 ng DNA template, 200
psychological and psychiatric studies, seeking for mM each of dATP, dTTP, dCTP, 100 mM dGTP and
rapid, accurate and high throughput methods for 100 mM dITP in a final volume of 10 ml. Initial
determining the 48 bp repeat number from limited denaturation was at 958C for 10 min, followed by 35
amounts of samples. Studies on rapid genotyping of cycles of 1 min denaturation at 958C, 1 min anneal-
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wavelength emission beam through. An achromatic
lens (5) was used to focus the beam into a spatial
pinhole filter (6). Thus, any scattered light possibly
coming from the glass surface of the microchip, as
well as, fluorescent light other than originated from
the sample in the separation channel were all filtered
out. The light passing the pinhole was filtered again
through a 585625 nm band-pass filter (7) (Omega
Optical, Battleboro, NJ, USA) and directed into aFig. 1. Amplification of PCR products from the dopamine D4
photomultiplier tube (8) (PR1, Products for Re-gene having various number of 48 bp repeats from 2 to 10. The

PCR primers are located outside of the repeat region, as marked search, Danvers, MA, USA). The output signal of the
by the small arrows. Electrophoresis microchip based sizing of the photomultiplier tube was pre-amplified by a Model
PCR amplicons directly provided the repeat number (n). PCR

SR570 low-noise preamplifier (9) (Stanford Re-product size (bp)5(n?48)1171.
search Systems, Sunnyvale, CA, USA), digitized
using a PCI-6711 board (National Instruments, Aus-

ing at 608C and 1 min extension at 728C with a final tin, TX, USA) and acquired by a PC (10) for
extension at that temperature for 10 min. consequent signal processing with Caesar Worksta-

tion 7.0 software (CE Solutions, Mission Viejo, CA,
2.3. Electrophoresis microchip analysis USA). Gold-plated beryllium electrodes were used to

provide electrical contact between the laboratory-
A single-point, confocal, laser-induced fluores- fabricated four-channel high-voltage power supply

cence (LIF) detection system was used to interrogate and the buffer / sample /waste reservoirs of the elec-
the electrophoresis microchip (Fig. 2). The beam of trophoresis microchip. A computer program written
the frequency doubled 532 nm NdYAG laser (1) was in LabView 4.1 (National Instruments) was used to
projected through a dichroic beam-splitter (2) into automatically time and switch the appropriate volt-
the microscope objective (3). The objective focused ages to the reservoirs during the injection and
the laser beam in the center of the separation channel separation steps.
of the microfluidics chip (4) at the appropriate Standard double T type, low fluorescence borofl-
distance from the injection cross. The emitted oat glass, semicircular cross-section channel electro-
fluorescent light from the ‘‘in migratio’’ labeled PCR phoresis microchips (4) from Micralyne (Edmonton,
fragments was collected by the same microscope Canada) was used for the analysis of the PCR
objective (3) and passed back through the dichroic products. All four channels of the microfluidics chip
beam-splitter (2). This beam-splitter let the longer were first flushed with 2% polyvinylpyrrolidone

(PVP) (M 51 300 000) dissolved in 13 TBE buffer.r

This procedure provided a reliable dynamic polymer
coating of the separation channel, also allowing easy
regeneration of the micro-channel network, as well
as, stable and reproducible separations. Then, the
channels were filled with 2% PVP sieving matrix in
13 TBE containing 0.2 mg/ml ethidium bromide. A
2-ml volume of PCR product was loaded into the
‘‘sample inlet reservoir’’, and the injection and
separation process were accomplished as described

Fig. 2. Block diagram of the laser-induced fluorescent, confocal earlier [24]. Shortly, during injection, 1000 V was
detection apparatus of the electrophoresis microchip system. (1) applied at the ‘‘sample outlet reservoir’’, 500–500 V
NdYAG laser, (2) dichroic mirror, (3) microscope objective, (4)

at the ‘‘buffer reservoirs’’ and the ‘‘sample inletglass electrophoresis microchip, (5) achromatic lens, (6) spatial
reservoir’’ was grounded for 15 s. For electropho-pinhole filter, (7) band-pass filter, (8) photomultiplier, (9) low-

noise preamplifier, (10) data acquisition system. resis analysis, the following voltages were applied at
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the reservoirs: sample inlet and sample outlet reser-
voirs: 250 V, running buffer reservoirs: 0 and 1650 V,
respectively.

3. Results and discussion

Repeat number determination of the DRD4 VNTR
was accomplished by electrophoresis microchip
based sizing of the PCR amplicons, originated from
the repeat region of the DRD4 gene (Fig. 1). The
primers used for amplification (marked by the small
arrows in the Fig. 1) were designed to reside outside
of the repeat regions, resulting in an extra 171 bp
section in the length of the amplicon. Therefore,
having n?48 bp repeats in the DRD4 gene, the size of Fig. 3. Rapid genotyping of DRD4 VNTR by microchip electro-
the PCR product in bp could be calculated as: (n? phoresis. Upper trace: electrophoresis microchip separation of the

allelic ladder, containing PCR amplicons from homozigous in-48)1171.
dividuals with 2.2, 4.4 and 7.7 genotypes. Numbers above theSize determination of PCR products is regularly
peaks are the repeat numbers. Middle trace: electrophoresis

accomplished by direct electrophoretic mobility com- microchip analysis of an individual with 2.2 genotype. PCR
parison to commercial DNA sizing ladders. How- product was spiked with the allelic ladder, shown in the upper
ever, more accurate genotyping can be obtained, if a trace. Lower trace: rapid genotyping of an individual possessing

3.4 genotype. PCR product was spiked with the allelic ladderso-called allelic ladder is used, that is a mixture of
similar to as above.standard PCR products with known repeat numbers.

The upper trace in Fig. 3 shows the electrophoresis
microchip separation of such an allelic ladder, am- peak positions two-repeat and four-repeat in the
plified from the samples of three individuals having lower trace of Fig. 3, suggesting here the presence of
only two-, four- and seven-repeat alleles, thus, the three-repeat allele. Moreover, the significant
possessing the genotypes of 2.2, 4.4 and 7.7, respec- increase in the height of the peak corresponding to
tively. Electrophoresis microchip analysis of such an the four-repeat implies that this individual also
allelic mixture resulted in three major peaks labeled possesses the four-repeat allele (genotype: 3.4).
by 2, 4 and 7. The few smaller peaks and hump, Since this individual carries the three- and four-
appearing prior to the three major peaks (60–80 s repeats, the last peak in this electropherogram
regime) probably originated from the primers. (labeled by the asterix) is most probably a heterodup-

Spiking the unknown samples with the allelic lex, formed by the PCR products originated from the
ladder standard provided precise genotyping of any three- and four-repeat alleles, further confirming the
individual as depicted by the middle and lower traces heterozygous genotype.
in Fig. 3. In the middle trace, one can observe a Genotyping of DRD4 VNTR in 332 healthy
significant increase in the intensity of the peak Hungarian volunteers was performed by using vari-
corresponding to the two-repeat allelic standard ous methods, such as, conventional slab and ultra-
peak, suggesting the presence of the two-repeat allele thin-layer agarose gel electrophoresis, as well as,
in the individual tested. As neither any new major electrophoresis microchip devices in conjunction
peak appeared, nor the other peaks corresponding to with the allelic ladder standard, presented in this
the allelic ladder exhibited increased intensity in this paper. Results obtained by those different electro-
electropherogram, we concluded that this individual phoretic separation methods confirmed the accuracy
possesses a two-repeat DRD4 VNTR on both of his and reliability of this newly developed micro-tech-
chromosomes, i.e., carrying a 2.2 genotype. On the nique. Data from this large scale genotyping are
other hand, an extra peak appeared between allelic presented in Fig. 4 and Table 1. Allele frequency
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(Fig. 4.) assuming existing Hardy–Weinberg equilib-
rium in the population. According to the x statistics,
there was no significant difference between the
calculated and the experimentally obtained data (x5

6.975, p.0.903), confirming the reliability of the
genotyping methods used [26]. Future research ef-
forts of our group include phenotype–genotype
association studies related to human personality
traits, as well as, the investigation of index popula-
tion with various psychiatric problems using high
throughput microfabricated electrophoresis devices.

Fig. 4. Allelic distribution of DRD4 VNTR in healthy Hungarian
population. Three hundred and thirty-two individuals were geno-
typed for the repeat number in their DRD4 gene, and the allele Acknowledgementsfrequencies were calculated (data of frequencies are given below
the repeat numbers).
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