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Ultra Micro Quantification of Dopamine

and Homovanillic Acid in Human Brain

Tissue: Quest for Higher Recovery and

Sensitivity with CoulArray HPLC-ECD
System

Adarsh M. Kumar, J. B. Fernandez, Louis Gonzalez,
and Mahendra Kumar

Department of Psychiatry & Behavioral Sciences,
University of Miami School of Medicine, Miami, Florida, USA

Abstract: Dopamine (DA), a biogenic amine neurotransmitter is involved in regulating
anumber of functions of the central and peripheral nervous systems, including voluntary
and involuntary motor functions and cognitive behaviors. Since the concentration of
dopamine in different parts of the brain is extremely small and decreases further in neu-
rodegenerative diseases, such as HIV-1 infection, a highly sensitive and specific meth-
odology is required to quantify DA and its metabolite, homovanillic acid (HVA) in small
weights of tissues from different regions of the brain. The method presented in this report
used a highly sensitive multielectrode CoulArray HPLC-ECD system for quantification
of <4 pg of DA and <10pg of HVA in homogenates of human brain tissues.

A linear relationship in the calibration curves was observed between a wide range of
concentration of standards of DA (50-500 pg/mL) and HVA (0.1-20.0 ng/mL) and the
corresponding response factors. Separate aliquots from the same pool of brain tissue
homogenate were used to extract DA and HVA by their specific extraction procedure
and were quantified separately. Recovery of both DA and HVA from homogenate prep-
aration and aqueous extraction were in the range of 88—98%. Stability of the system is
evident from the consistency of retention times of analytes in different experiments. The
reliability of the method is shown from the reproducibility of the values of DA and HVA
obtained in different aliquots of the brain tissue homogenates.

Keywords: Dopamine, HVA, Brain tissues, CoulArray HPLC-ECD
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INTRODUCTION

Dopamine (DA), a biogenic amine and one of the important known neuro-
transmitters, is present in the central and the peripheral nervous systems
(CNS and PNS). Dopamine is involved in a number of important CNS
and PNS functions including complex voluntary, as well as involuntary
functions of movement, cognition, spatio-visual and working memory,
executive functions, and emotional responses.“] The association of
dopamine with the pleasure and reward systems of the brain and experience
of feelings of euphoria with drugs of abuse, such as cocaine, methamphet-
amine, and other stimulants, have been well documented.'?~>! Although the
major portion (80%) of dopamine is present in the neurons clustered in a
specific area of the midbrain region, the substantia nigra, the neurotransmitter
is also present in the other brain regions such as basal ganglia, hippocampus,
hypothalamus, ventral tegmental area, and frontal cortex.'*

Regulation of dopamine synthesis and its release is crucial for our mental
and physical health. Dopamine deficiency and changes in homovanillic acid
(HVA), the major metabolite of dopamine, due to progressive loss of dopamin-
ergic neurons in different regions of human brain, have been reported in aging,
chronic alcoholism, and Alzheimer’s disease, as well as Parkinson’s and
Huntington’s diseases.” '” A decrease in the levels of dopamine have also
been found in the cerebrospinal fluid (CSF) of HIV-1 infected individuals
with neurological problems,!'"! and methamphetamine drug abusers, specifi-
cally, those who develop problems of movement disorders and cognitive
deficits, similar to Parkinson’s disease.!'* With increasing knowledge of the
involvement of dopamine in regulation of many important brain functions and
association of a number of mental disorders with dysregulated availability of
this neurotransmitter, there have been constant attempts over the years to
develop simplified, sensitive, and reliable techniques for extraction and quanti-
fication of dopamine present in different brain regions of human and animals.

The earlier methods involving fluorometric detection of catecholamines
needed larger volumes of body fluids or tissue weights, lacked specificity,
and had limited sensitivity ranging between 0.5-20 nanograms.!'*!'¥
Although, the gas chromatography and mass spectrometry combined with
mass fragmentography used earlier were highly specific and sensitive, they
were time consuming and required expensive instrumentation for derivatiza-
tion and detection of these bioamines.'>'®" An alternative approach of
using HPLC-ECD for analysis of catecholamines first reported by Kissinger
et al.,"""! is considered the most suitable for small body fluid volumes and
has also been used for measurement of catecholamines in small brain tissue
weight homogenates using methods which involved alumina adsorption!'*'®!
or extraction with organic solvents, butanol /heptane.[lg] However, the
maximum recovery of catecholamines by these methods was low and
remained in the range of 50-60%.!"""'") In order to achieve higher
recovery and sensitivity, we have frequently reported modifications in the
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methods of extraction, as well as detection, using the single channel and single
electrode HPLC-ECD system for measurement of biogenic amines including
catecholamines in plasma,[20] urine,m] whole blood,m] and CSF.l'!1

In a recent study, we used the multi-channel and multi-electrode
CoulArray HPLC-ECD system and achieved higher sensitivity of detection,
greater stability, and reproducibility for catecholamine quantification in
human body fluids'**! than was achieved with the earlier methods.!'®!!
However, since dopamine and the other neurotransmitter concentrations are
variable in different brain regions of animals and humans, and studies have
shown deficits of DA associated with aging and neurodegenerative
diseases,!”'"'*! there is a persistent ongoing quest for achieving higher sensi-
tivity and recovery in order to quantify picogram, or even lower concentrations
of dopamine in low tissue weights from different regions of the human brain.
For instance, recently we applied modifications to the earlier methods'** =%
for quantification of catecholamines in human brain tissues, and found that
the levels of dopamine, as well as its major metabolite, HV A were significantly
decreased in the brains of cognitively impaired HIV-1 infected individuals
compared to that in normal control brains (unpublished data).

Itis well recognized that one of the major complications of HIV-1 infection
is the progressive neurodegeneration of different areas of the brain;*®*”! it is
manifested as impairment of motor and cognitive functions during life. Since
the role of dopamine in cognitive and motor functions is well documented,'"!
it is pertinent to establish a direct relationship between deficits in central
dopamine and impairment of motor and cognitive functions in HIV-1
infection. For investigating such a relationship, the present study was carried
out to achieve higher recovery and sensitivity of detection of dopamine at
<4.0 pg and that of HVA at <10.0 pg, using highly sensitive CoulArray
HPLC-ECD technology, in order to quantify the anticipated concentrations
in small quantity of HIV-1 infected human brain tissue.

EXPERIMENTAL
Materials and Methods
Chemicals

All standards including dopamine HCl (DA), dihydroxybenzylamine HBr
(DHBA) as an internal standard (IS) for dopamine, homovantllic acid
(HVA), and isoproterinol (ISOP) as an IS for HVA, as well as chemicals
for mobile phase including sodium acetate, citric acid, sodium octyl sulpho-
nate (SOS), disodium-ethylene-diaminetetra-acetic acid (NA,-EDTA), dibu-
tylamine and methanol, activated alumina, zinc sulphate, sodium hydroxide,
and perchloric acid (PCA) were of HPLC grade and were purchased from
Sigma Chemical Co (St Louis, MO, USA).
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HPLC Equipment

The CoulArray-HPLC-ECD system (ESA, Chelmsford, MA, USA) was
employed for all assays presented in this report. The equipment consists of
a coulometric multi-electrode chemical detector system (Model 5600A
CoulArray Detector), comprised of a control module containing 4 channels
and each channel consisting of 4 electrochemical cells set in series, thus
providing a total of 16 working electrodes made of porous graphite. The
working electrode can be set at increasing potentials for oxidation and
reduction of a number of analytes present in a single sample extract. The
cells, the column, and the injector valve are housed in a thermal chamber
that maintains the temperature. The other parts of the system include an auto-
sampler and injector (Model 540) and a programmable dual-pump solvent
delivery module (Model 582), as well as a CoulArray for windows application
software. The chromatographic separation of dopamine, HVA, and the
internal standards were carried out with the reverse phase stainless steel
(3.9 x 150mm), 5 wm, C;g, Resolve column (Waters, Milford, MA, USA).
Two guard columns, 0.45 . and 0.2 p, respectively, were placed before the
resolve column for trapping any extraneous particulate matter in the sample
extracts.

Mobile Phase

Mobile phase for elution of dopamine had the following composition: Sodium
acetate 50 mM, citric acid 50 mM, SOS 0.5 mM, disodium-EDTA 0.15 mM,
dibutylamine 1.0mM, and methanol 14%. The solution was prepared in
HPLC-grade water and adjusted to pH 4.0.

The mobile phase for HVA consisted of sodium acetate 0.1 M, citric acid
0.1M, SOS 0.5mM, Na,EDTA 0.15mM, dibutylamine 1.0 mM, methanol
20%. The mixture was adjusted to pH 4.0. Both mobile phase solutions
were prepared fresh, filtered through a 0.2 wm filter, and degassed with ultra-
sonic agitation (Bransonic ultrasound bath) before use in order to eliminate
air bubbles, which interfere greatly in the electrochemical assay. Deionized
HPLC-grade water used for preparation of all solutions was obtained
from an in-house Millipore Milli-Q, reverse osmosis system (Bedford, MA),
resistance of 18.3 megohm-cm.

Standard Solutions

Standard stock solutions of dopamine, and HVA, and the internal standard,
DHBA for dopamine and ISOP for HVA, were prepared at a concentration
of 1 mg/mL in HPLC-grade water and stored at 4°C. Working standard
solutions of dopamine and HVA were prepared fresh from stock solutions
before use at a concentration of 0.2-500pg/mL, and 0.1-100ng/mL
respectively. Concentration of freshly prepared working solutions of
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internal standards, DHBA and ISOP was kept constant at 100 pg/mL and
4.0ng/mL, respectively.

Standardization of Dopamine: Test of Linearity

Freshly prepared mobile phase at pH 4.0 was circulated through the HPLC
system at a flow rate of 1.0 mL/min for a few hours, or overnight, for equili-
bration of the system, and was recycled during equilibration phase, but
discarded during standardization and analysis of the samples. Calibration
and standardization of DA was carried out by injecting a 40 L aliquot of
the working standard mixture containing dopamine (100pg/mL) and
DHBA (100 pg/mL) for initial identification of individual peaks by their
retention times. Elution of DA and DHBA was carried out with mobile
phase at a flow rate of 1.0 mL/min. All analyses were performed at ambient
temperature. In order to achieve the maximum detector response for
oxidation /reduction and detection of DA, the optimum potential was set at
220mV and sensitivity at 2nA. Validation of retention times and peak
heights and peak area under the curve (AUC) was achieved by a second
injection of the same concentration of DA and DHBA. Linearity was tested
by injecting a range of dopamine standards containing 0.2—500.00 pg/mL
and a constant concentration of DHBA (100 pg/mL). The response factor
(RF) for each concentration of DA was calculated from the ratio of the
peak area of DA to that of DHBA. The HPLC-ECD profile of dopamine
and DHBA is given in Figure 1, and a standard curve of dopamine is shown
in Figure 2. The validity of the procedure was determined by the consistency
of the relationship between each concentration and the corresponding RF
value. Retention times of dopamine and DHBA remained stable over time
(Table 1).

Recovery of Dopamine Standards from Spiked Aqueous Solution:
Extraction by Alumina Adsorption

Recovery and reproducibility was assessed by extraction of 7 aliquots of
aqueous solution spiked with the same concentration (100pg/mL) of
dopamine standard and a constant concentration of DHBA, and extracted
using activated alumina procedure of Anton and Sayre,!'* and as described
earlier for plasma.”?®! Briefly, each aliquot of aqueous solution containing
DA standard was mixed with alumina and shaken for 15 minutes on a mech-
anical rocker and centrifuged. The supernatant was discarded and alumina
was washed twice with 1:100 dilution of 2M Tris-HCI, PH 8.7. Dopamine
and DHBA were eluted with 200 wL of 0.1M acetic acid and centrifuged.
The supernatant was filtered and a 40 pL aliquot was injected into the
CoulArray HPLC-ECD system, using the potential and nA settings
described above. The percent recovery and reproducibility of aqueous
extraction of DA are given in Table 2.
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Figure 1. Chromatographic profiles shown are of mobile phase as base line (1A), dopamine standard and DHBA as IS (1B), profile of DA from
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Dopamine Standard Curve

RF Values (DA/DHBA, peak Area Ratio)
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Figure 2. Standard curve of DA showing a linear relationship between a wide range
of concentrations (50—500 pg/mL) and the corresponding RF values.

Recovery of dopamine from FC homogenate was examined by spiking
seven aliquots of the homogenate with different concentrations of dopamine
standards (5-500pg/mL). Prior to spiking with the standards, dopamine
was quantified in aliquots of the same FC homogenate. Percent recovery of
dopamine in various aliquots is shown in Table 2.

Dopamine Extraction from Brain Tissues: Alumina Adsorption Method

Brain tissue, frontal cortex (FC) was kept frozen at —80°C until analyzed.
Tissues were handled as biohazard materials and the guidelines were
followed strictly as proposed by the office of safety and health admini-
stration (OSHA). The tissue was weighed into an eppendorf tube and
homogenized in chilled phosphate buffer saline (PBS), PH 7.4, with a
disposable plastic mini-homogenizer to a concentration of 200 mg/mL.
The homogenate was centrifuged at 3000 rpm at 4°C for 15 minutes. The
supernatant was transferred to a chilled tube kept in ice. Eight, 1.0 mL
aliquots of the supernatant were used for extraction of dopamine by the
alumina adsorption procedure as described above, and an aliquot (40 wL) of
the filtered eluate was injected for separation of DA and DHBA. Reproduci-
bility of extraction and detection of dopamine in the frontal cortex homogen-
ate is shown in Table 3.
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Table 1. Dopamine standard curve & assessment of sensitivity of detection

DA, injected DA, detected DA detected R, DA
No. (pg/mL) (pg/mL) (%) DA, RT IS, RT AUC, DA/IS
1 0.2 0.148 74.0 11.23 7.20 0.00032
2 1.0 0.82 82.0 11.24 7.21 0.0184

1 and 2 Low conc. No-linear Relationship
3 50.0 493 98.6 11.24 7.20 0.95
4 100.0 95.6 95.6 11.23 7.19 1.95
5 200.0 194.0 97.0 11.24 7.19 3.70
6 250.0 212.0 84.8 11.23 7.18 4.65
7 300.0 264.0 88.3 11.23 7.19 5.60
8 500.0 478.0 95.6 11.23 7.19 10.33
Mean + SD #3-8 =933 +4.99 11.24 + 0.013 7.19 £ 0.006
CV=535% CV=011% CV =0.08%
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Table 2. Percent recovery of dopamine spiked into aqueous solution and to brain
homogenate using alumina extraction method

Type of
treatment Recovery (%) DA, RT IS, RT RF, DA
DA, spiked 92.0 + 2.94 11.63 + 0.16 7.66 + 0.19 1.59 + 0.18
100 pg/mL n=17) n=7) n=7) n=7)
for aqueous CV =3.2% CV =1.38% CV=25%
extraction
DA, spiked 87.35 + 7.54 11.95 + 0.03 7.88 £+ 0.02 0.32-8.19
5-500 pg/ (n=7) n=7) (n=7)
mL for brain CV = 8.64% CV =0.27% CV =0.3%
homogenate
extraction
Inter-assay CV =5.05% CV=27% CV =2.8%
variance

Dopamine Extraction from Brain Tissue Homogenate Using Alumina
or ZnSO,/NaOH

Our investigations on dopamine extraction from tissue homogenate using
alumina, revealed that recovery of dopamine from small quantity of human
brain tissue was low when less than 1.0 mL of homogenate was treated with
alumina. Since the volume of brain tissue homogenate available for DA
measurement was approximately 200 wL (available tissue weights were
small from specific brain regions, 40 mg/200 pL), we attempted to circum-
vent the alumina procedure by precipitating proteins in 200 p.L of homogenate

Table 3. Dopamine levels in frontal cortex homogenate: reproducibility of extraction
with alumina, and of parameters of detection (RTs and RF)

DA, homogenate

No. (pg/mL) DA, RT IS, RT RF, DA
1 82.97 11.88 7.84 1.76
2 79.77 11.93 7.86 1.45
3 94.48 11.93 7.86 2.00
4 86.09 11.93 7.86 1.62
5 97.80 11.93 7.86 2.16
6 90.02 11.94 7.87 1.78
7 86.89 11.93 7.87 1.61
8 97.8 11.93 7.86 2.16

Mean + SD 89.47 + 6.31 11.92 £+ 0.016 7.86 + 0.008 1.82+ 0.25
CV =105 % CV=013% CV=0001% CV=13.6%
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with 20 pL of 20% ZnSO,, followed by 2 wL of 5N (20%) NaOH. The mixture
was kept in ice for 15 minutes, and centrifuged at 3000 rpm at 4°C. The super-
natant obtained was filtered through 0.2 micron syringe filter and 40 wL was
injected into the CoulArray HPLC-ECD system. These experiments with
different volumes of homogenate were carried out with multiple aliquots
drawn from the same pool of pig brain homogenate (0.2 g tissue/mL
buffer). The aliquots used were, 7 aliquots of 200 pL each, 3 aliquots of
500 L each, and 3 aliquots, 1000 wL each. The data on concentration
of DA extracted from 200 pL of homogenate treated with alumina or with
ZnSO,/NaOH are shown in Table 4, and the data on 500 wL and 1000 pL
are described in the results section.

Standardization of HVA

The CoulArray HPLC-ECD system was calibrated for HVA and standardiz-
ation was carried out by the procedure similar to that of dopamine, but with
different concentrations of working standards of HVA and the internal
standard, ISOP, each at 4.0ng/mL. Elution of HVA and IS was carried out
with mobile phase at a flow rate of 0.7 mL/min. Since we expected a low con-
centration of HVA in the small quantity of available tissue from the human
brain, the detection system was programmed for a higher level of sensitivity
(between 0.00—2.00 nA response and the optimum potential set at 300 mV).
The response factor was calculated from the peak area ratio of each concen-
tration of HVA to that of a constant concentration of ISOP (4.0ng/mL).
The chromatographic profile of HVA and ISOP is given in Figure 3. The
standard curve showing a linear relationship between the response factors
and low concentrations (0.1-2.0ng/mL), as well as high concentrations of
HVA (0.5-20.0ng/mL), are shown in Table 5 and in Figures 4A and 4B

Extraction of HVA from Brain Tissue: Treatment with PCA

Brain tissue homogenate was prepared as described above for measurement of
dopamine, and 6 aliquots from the homogenate pool were used for measure-
ment of HVA. The subsequent steps of centrifugation at 3000 x g and extraction
of HVA were carried out at 0-4°C. The internal standard, ISOP (4.0 ng/mL)
was added to each 200 pL aliquot of the homogenate supernatant and the
mixture was treated with 200 pL of 1.0 M PCA for precipitation of proteins.
Extraction of HVA and ISOP was carried out with 750 pL of diethyl ether.
The tubes were immediately closed and vortexed for 15 seconds, shaken by
hand for 5 minutes, and briefly centrifuged to separate the phases. The ether
phase, 500 pL, was carefully transferred to a glass tube (12 x 75 mm) and
evaporated to dryness under vacuum for 15 minutes. The residue was reconsti-
tuted in 200 p.L of sodium acetate, pH 5.0, and filtered through a 0.2 . syringe
filter and a 40 L aliquot was injected into the CoulArray HPLC-ECD system.
Both HVA and IS were detected at the sensitivity range given above.
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Table 4. Reproducibility of dopamine quantification in low volumes (200 l) of brain tissue homogenates: extraction
with alumina adsorption procedure or ZnSO4/NaOH treatment

Vol of DA, alumina DA, ZnSO,/NaOH
homogenate adsorption treatment

No. (L) (pg/mL) RF, DA (pg/mL) RF, DA

1 200 926.86 7.42 1723.87 7.55

2 200 903.24 7.22 1792.62 7.85

3 200 951.32 7.65 1770.56 7.80

4 200 852.36 6.84 1867.95 8.19

5 200 852.36 6.84 1741.22 7.63

6 200 873.96 6.96 1749.69 7.67

7 200 848.9 6.80 1787.19 7.83
Mean + SD 887.0 + 37.8 7.10 + 0.31 1776.16 + 43.9 7.79 + 0.19

CV=426% CV =436 % CV=247T% CV =249 %
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Figure 3. Chromatographic profile of mobile phase for HVA was similar to that of
Figure 1A. A) Chromatographic profile of HVA standard and the IS, ISOP; and
B) HVA extracted from the human brain tissue.

Recovery of HVA Standards from Spiked Aqueous Solution: Treatment
with PCA Precipitation

Recovery and reproducibility of quantification of HVA were evaluated by
spiking 200 L of aqueous solution (buffer) with a range of standards (0.1—
100 ng/mL) and a constant concentration of ISOP. The mixture was treated
with 200 wL of 1.0 M perchloric acid (PCA), vortexed and kept on ice for
15min, and centrifuged at 13,000rpm for 10min at 4°C, in order to
maintain the consistency of the procedure for extraction of HVA from the
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Table 5. HVA standard curve: assessment of sensitivity of detection

HVA, injected HVA, detected

HVA detected

No (ng/mL) (ng/mL) (%) HVA, RT IS, RT RF = AUC of HVA/IS

1 0.1 0.106 106 8.37 6.78 0.014

2 0.2 0.153 76.5 8.43 6.79 0.0262

3 0.3 0.276 92.0 8.48 6.79 0.046

4 0.4 0.304 76.0 8.43 6.80 0.054

5 0.5 0.418 83.6 8.47 6.80 0.080

6 1.0 0.644 64.4 8.48 6.80 0.175

7 2.0 1.97 98.5 8.44 6.81 0.442

8 4.0 4.33 108.25 8.43 6.80 1.021

9 10.0 14.45 144.5 8.43 6.81 2.752

10 20.0 21.03 105.15 8.43 6.81 5.286

Mean + SD 95.49 + 21.5 8.43 + 0.03 6.8 + 0.01 AUCIS =13.23 £+ 1.67
CV =0.35% CV =0.15% CV =12.62%

pV d1fiuesowoy pue surwedo( Jo uonedynueng) 01N I[N
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Figure 4. A) Standard curve of HVA showing a linear relationship between low con-
centrations (0.1-2.0ng/mL) and the corresponding RF values. B) Standard curve
showing a linear relationship between high concentrations of HVA (0.5-20ng/mL)
and the corresponding RF values.
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brain tissue. The supernatant containing HVA was treated with 750 pL of
diethyl ether and the ether extract processed as described above. An aliquot,
40 L, was injected for detection of HVA at the above mentioned potential
and sensitivity. Recovery of HVA standards from aqueous solution by this
method is given in Table 6.

Recovery of HVA from Brain Tissue Homogenate: PCA Treatment

Reproducibility and validity of extraction of HVA was assessed by the
recovery of HVA standards (0.1-20.0ng/mL) spiked into 10 separate

Table 6. Experiments for HVA standard curve, extraction from brain tissue

homogenate and percent recoveries from aqueous and tissue homogenates

Type of treatment
for extraction

and detection/recovery

HVA, (ng/mL) %

of HVA detection/recovery HVA, RT ISOP, RT

HVA standard curve 95.49 + 21.5 8.43 +0.03 6.8 £+ 0.01
concentration (n=10) (n = 10), (n = 10),
injected, (% Detected) CV =0.35% CV =0.15%
0.1-20.0ng/mL

HVA, ng/mL in FC 0.487 + 0.056 8.45 + 0.03 6.83 + 0.005
homogenate (n=6) CV =0.35% CV =0.073%

CV=115%

HVA, % recovery, 779 + 16. 3 8.47 +0.046 6.83 + 0.06
0.1-100ng/mL, n=11) CV =0.5% CV = 0.88%
spiked for aqueous CV =20.9%
extraction (PCA
treatment)

HVA, % recovery, 78.64 + 8.58 8.38 + 0.015 6.83 + 0.06
0.1-20.0ng/mL (n = 10) CV =0.18% CV =0.88%
spiked in to CV =10.9%

FC homogenate
(PCA treatment)

HVA % recovery, 99.8 + 13.13 8.49 + 0.023 6.85 +£0.013
0.1-20.0ng/mL (n=9) CV =0.28% CV =0.013%
spiked for aqueous CV =13.15%
extraction (ZnSOg4/

NaOH treatment)

HVA, % recovery, 90.28 + 9. 24, 8.46 + 0.01 6.86 +0.01
0.1-20.0ng/mL (n=10) CV =0.12% CV =0.15%
spiked in to CV =10.23%

FC homogenate
(ZnSO4/NaOH
treatment)
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aliquots of the same homogenate, and HVA was extracted as described above.
The percent recovery of HVA by this method is also given in Table 6.

Recovery of HVA from Aqueous Solution: Treatment
with ZnSO,/NaOH

Since we observed an improvement in the percent recovery of dopamine with
ZnSO,/NaOH as described above for <1.0mL (200 pL) volume of brain
tissue homogenate, we attempted to use the same procedure for extraction
of HVA from a small volume of the homogenate. For standardization
purposes, however, 200 nL of aqueous solution (buffer) was spiked with
different concentrations of HVA ranging between 0.1-20.0ng/mL and
treated with 20 pL of 20% ZnSO4, mixed, and kept in ice for 15 minutes,
followed by addition of 2 wL of 20% NaOH. The mixture was vortexed and
centrifuged at 13,000 rpm for 10 minutes. HVA in the supernatant was
extracted with 750 pL diethyl ether, and the extract was processed as
described above. A 40 L aliquot was injected into the pre-calibrated HPLC
system for separation of HVA and IS. Recovery of the aqueous extraction
of HVA with ZnSO,/NaOH is also given in Table 6.

Extraction of HVA from Brain Tissue: Treatment with ZnSO,/NaOH

Multiple aliquots (n = 10) of 200 pL each from the pool of the brain tissue
homogenate supernatant, prepared as describe above (200mg/mL), were
mixed with 4.0ng/mL of IS, and the mixture was treated with 20 pL of
20% ZnSO,, and kept on ice for 15 minutes, followed by 2 pL of 20%
NaOH, mixed and centrifuged. Extraction of HVA and IS with diethyl ether,
evaporation of the extract, and reconstitution of the residue with sodium
acetate, was carried out as described above. The filtered extract (40 wL) was
injected into the pre-calibrated HPLC system. The results of the recovery of
a range of standards (0.1-20.0 ng/mL) of HVA are shown in Table 6.

Statistics

Results are expressed as Mean + SD. Statistical significance was examined
by the use of the Student’s t-test when applicable.

RESULTS
Standardization of Dopamine
A typical chromatographic profile of the mobile phase as baseline, standards

of dopamine and DHBA, and extracts of human frontal cortex are shown in
Figure 1A-1D.
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A standard curve generated with various concentrations of DA (0.2—
500.0 pg/mL) to examine the detection limit at lower and higher concen-
trations, is given in Table 1. Percent detection of dopamine ranged between
84.8-99% of the injected concentration (50-500pg/mL). Although, DA
could be detected at as low as 0.2 and 1.0 pg/mL (0.008 and 0.04 pg/40 nL
injection volume), this limit of detection of DA was not found to be reliable
for analysis of the samples. A linear relationship was observed only
between concentrations of 50-500pg/mL of DA and the respective RF
values, as shown in Figure 2.

Recovery of multiple aliquots (n=7) of a standard solution of
DA (100pg/mL) after aqueous extraction with alumina was >90%
(mean + SD, 92.0 + 2.92%), and reproducibility assessed by the coefficient
of variance was <4% (CV = 3.2%). Stability of the system was evaluated
by the consistency of retention times and AUC of both dopamine and IS.
The RF value for 100 pg/mL of DA was 1.59 + 0.18 (Table 2).

Percent recovery of dopamine from FC homogenate supernatant was
measured in 7 separate aliquots spiked with varying concentrations of
dopamine (5-500pg/mL). Recovery was calculated by subtracting the
value of DA in homogenate from the total value (DA concentration in
homogenate + spiked concentration of DA standard), and the percent
recovery (87.35 + 7.54%, CV = 8.64%) is shown in Table 2. The retention
times of DA (11.95+ 0.03, CV=027%) and IS (7.88 + 0.02,
CV = 0.3%) were also consistent and stable throughout the assay.

Validity of the procedure for the extraction of dopamine from brain tissue,
and its detection, was assessed by analyzing 8 separate aliquots of the frontal
cortex homogenate supernatant using an alumina adsorption procedure.
Reproducibility of the procedure and stability of the system is evident from
SD and %CV of DA concentration in 8 aliquots of the homogenate
(89.47 + 6.31, CV =7.05%), retention times of DA (11.92 + 0.016,
CV =0.13%) and IS (7.86 + 0.008, CV = 0.001%), as well as RF values
of DA (1.82 4+ 0.25, CV = 13.6%) are as shown in Table 3.

The results in Table 4 demonstrate dopamine concentrations measured in
multiple aliquots (n = 7) of 200 wL of the brain tissue homogenate (drawn
from the same pool) treated with either alumina adsorption method for extrac-
tion, or with ZnSO4/NaOH for protein precipitation. Although, aliquots of
500 L and 1000 pL. were also treated with alumina, the results presented
in the Table are only for 200 puL. Concentration of DA (pg/mL) in 7
aliquots of 200 nL each was almost 50% lower when treated with alumina
(887.0 +37.8, CV=4.26%) than when treated with ZnSO,/NaOH
(1776.16 + 43.9, CV = 2.47%). Furthermore, with the alumina adsorption
method, DA concentration did not increase proportionately with an increase
in the homogenate volume from 200 nL to either 500 wL (937.55 + 22.85,
CV =2.43%, n=3), or 1000 L (1744.5 + 15.29, CV = 0.87%, n = 3).
Treatment with ZnSO,/NaOH was, therefore, found more favorable for
lower volumes of homogenate of smaller tissue weights for measurement of
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DA concentration. However, reproducibility for extraction of DA by both the
methods was within the acceptable range.

Standardization of HVA

The chromatographic profile of HVA and ISOP is shown in Figures 3A-3B.
The elution profile of the mobile phase was similar to that obtained for
dopamine (Figure 1A). Retention times of HVA and ISOP are almost two
minutes apart.

The standard curve of HVA ranging in concentration between
0.1-20.0ng/mL is shown in Figures 4A and 4B. The linearity between
the lower concentration range of HVA and RF values is presented separately
from that of the high concentration, since the RF values of lower concen-
trations were found to cluster near the baseline if one scale was used to
accommodate all values. Percent recovery of HVA standards, however,
was more consistent and reliable in the range of 0.1-20.0ng/mL,
compared to that of lower concentrations (0.1-0.5ng/mL) or of higher con-
centrations (0.1-100ng/mL).

The data presented in Table 6 show results of six separate experiments,
including an assessment of sensitivity of detection, concentration of HVA
extracted from frontal cortex homogenate, percent recovery of HVA
extracted from an aqueous solution spiked with standards of different concen-
trations and treated with PCA, percent recovery of HVA spiked into the
aliquots of the same homogenate treated with PCA, and that of aliquots
treated with ZnSO,/NaOH before extraction with diethyl ether. The data
are presented as Mean + SD, and % CV.

DISCUSSION

This study evaluated the efficiency of the methods of extraction and sensitivity
of detection for quantification of dopamine and HVA in a small quantity of
human brain tissue. With the modifications introduced in the methods of
extraction as well as detection, we were able to increase, many fold, the
lower limits of quantification of dopamine (<4.0 pg) and HVA (<10.0pg)
using the highly sensitive multi-channel multi electrode CoulArray
HPLC-ECD system. The catecholamine column C;g reverse phase 5
(3.9 x 150 mm) was used for separation of both DA and HVA, and was pro-
tected by two guard columns (0.45 . and 0.2 ) used in series. Dopamine
and HVA were extracted from separate aliquots of the same brain tissue
homogenates and quantified at specific potential and sensitivity settings
required for each analyte. As described in the method section, the mobile
phase used for elution of DA and HVA differed in the concentration of
some of the components and flow rate for elution.
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The chromatographic profile of the elution buffer as the baseline
(Figure 1A) was without electrical noise. The profile of dopamine and
DHBA in a standard mixture (1B), as well as from the extract of the brain
tissue homogenate treated with alumina (1C) or ZnSO4/NaOH (1D), show
distinct peaks of both analytes separated by almost 4 minutes. The stability
of the HPLC-ECD system is evident from the consistency of retention times
(RTs) for DA (11.63 + 0.16) and DHBA (7.66 + 0.19), with almost no
shifts in the subsequent experiments (Table 2). A linear relationship
between a range of concentration of dopamine (50-500pg/mL) and their
respective response factors (RF) demonstrate a high degree of precision in
the overall performance of the system and its capability for quantification of
as low as 2 pg of DA, a 10 fold increase from 20 pg achieved in the earlier
studies.[**2%2°! Although, DA could be detected at as low as 0.2—1.0 pg/
mL (0.008-0.04 pg in 40 pL injection volume) at the level of sensitivity
and optimum potential of the detector system (0—2.0nA, 220 mV) used in
this study, this limit of 0.2 pg was, however, found to be an outlier in the
linear relationship between various concentrations of dopamine standards
and the corresponding RF values. In earlier studies using a single electrode
HPLC-ECD system, the detection limit for DA was 100 pg and 80 pg, respect-
ively, when the system was set at the highest sensitivity of detection,!'®*%!
whereas with the CoulArray HPLC-ECD system, we reported the detection
of 8.0 pg of DA,'*! which was a 10—12 fold increase from the studies cited
above.

The percent recovery of DA (Table 2) in multiple aqueous extractions of
100 pg/mL, and in the spiked frontal cortex with varying concentrations of DA
(5-500 pg/mL), show a higher recovery than that reported in the earlier studies
whether DA was detected electrochemically!'®'*! or fluorometrically."*!

Dopamine concentration in the HIV-1 infected human frontal cortex used
in this study is lower as expected (0.0895 ng/g wet tissue), and is within the
lower range of values reported earlier (0.00—100ng/g tissue) in normal indi-
viduals.'?"*?! Interestingly, when the volume of human brain tissue hom-
ogenate available for quantification of dopamine was less than 1.0mL and
the alumina adsorption method was used for extraction, recovery of DA
was lower than when the same homogenate volume was treated with
ZnSO,/NaOH and the filtered supernatant was injected into the HPLC-ECD
system (Table 4). Although, in the elution profile of the ZnSO,/NaOH
extract of the homogenate, some unidentified peaks appeared before DHBA
as well as DA; these peaks were distinctly separated and did not interfere
with the elution of either DHBA or DA (Figure 1D). Retention times of
both DHBA and DA remained consistent for both extracts.

For standardization of HVA, the chromatographic profile of standard and
the IS (ISOP), and a human frontal cortex tissue extract were obtained at the
same sensitivity settings (0.0-2.0nA) as that for DA. The sensitivity of
detection of HVA at <5 pg/mL by the present method is 10—20 fold higher
than that reported in earlier studies, where a single electrode system of
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HPLC-ECD was used.'*?*! The linear relationship was found between a
wide range of concentration of HVA (0.1-100ng/mL) and the respective
RF values, as shown separately in Figures 4A and 4B.

Extraction of HVA and ISOP with diethyl ether is a simple and efficient
procedure for purification of DA metabolites and the internal standards. The
percent recovery of HVA in different experiments, including that of
standards (0.1-100ng/mL) from aqueous extractions and from tissue homo-
genates in this study (Table 6), is higher compared to that achieved in earlier
studies.'***>3%331 However, recovery of HVA in this study was found to be
higher when homogenate was treated with ZnSO,/NaOH (90.3 + 9.24),
than when treated with PCA (78.6 + 8.58, range 66—97%) prior to extraction
of HVA with diethyl ether. Furthermore, neither of the treatments affected the
reproducibility of the percent recovery of HVA (ZnSO,/NaOH,
CV = 10.24%; PCA, CV = 10.9%).

The higher recovery of HVA in this study may partly be attributed to the
high sensitivity of the CoulArray ECD system, and to the difference in the size
and the type of column used (3.9 x 150 mm, 5 p C;g, reverse phase resolve
column) for separation of HVA from an ether extract of brain tissue,
compared to the column used in earlier studies (3.9 x 300 mm, pBondapack
Cis, reverse phase).**?*! The other contributing factors may include the
difference in the composition of mobile phase, pH, % methanol, and the
flow rate of mobile phase for elution of HVA.”**?*! The values of HVA
obtained from 6 separate aliquots of the frontal cortex homogenate were
0.487 4+ 0.056 ng/mL, and the recovery of spiked HVA standards (0.1—
20.0 ng/mL) in ten aliquots of the same homogenate preparation was
78.46 + 8.58% (Table 6).

The stability of the HPLC system for detection of HVA and ISOP is
evident from the consistency of the retention times of HVA (8.43 + 0.03)
and that of the ISOP (6.8 + 0.01), with minimum shift in their respective
retention times throughout the study. The linear relationship between HVA
concentrations and RF values, the detection limit, and % efficiency of
detection of HVA, demonstrate the reliability of the method.

In summary, this study describes a highly sensitive and a reliable method
for quantification of <4 pg and <10 pg of central dopamine and HVA,
respectively, in small regions of human brain tissues of small weights.
Using the CoulArray HPLC-ECD system, the detection limit of as low as
0.2pg of DA and 4.0pg of HVA could be achieved by changing the
settings of the parameters of sensitivity and potential, as well as the mobile
phase composition and flow rates. A high degree of precision is demonstrated
by the linearity of the relationship between a wide range of concentrations of
DA and HVA and their respective RF values. Stability of the system is evident
from the consistency of retention times of both analytes throughout the study.
Modifications in the procedures for the extraction of DA and HVA were
carefully examined for higher recovery from the aqueous solutions and the
brain tissues.



18:22 23 January 2011

Downl oaded At:

Ultra Micro Quantification of Dopamine and Homovanillic Acid 797

ACKNOWLEDGMENTS

This study was supported in part by the NIH grants NO: RO1 NS 43982, RO1
DA 13550, RO1 DA 12792, and RO1 NS 41205. The human brain tissue used
for the study was supplied by the NIH supported National Neurological Tissue
Consortium (NNTC).

REFERENCES

13.

. Previc, F.H. Dopamine and origin of human intelligence. Brain and Cognition,

1999, 41, 299-350.

. Koob, G.F. Drugs of abuse: anatomy, pharmacology and function of reward

pathways. Trends Pharmacol. Sci. 1992, 13, 177-184.

. Wise, R.A.; Rompre, P. Brain dopamine and reward. Ann. Rev. Psychol. 1994, 40,

191-225.

. Schultz, W. Dopamine neurons and their role in reward mechanisms. Curr. Opin,

Neurobiol. 1997, 7, 191-197.

. Vollm, B.A.; Araujo, LE.; Cowen, P.J.; Rolls, E.T.; Kringelbach, M.L.;

Smith, K.A.; Jezzard, P.; Heal, R.J.; Matthews, P.M. Methamphetamine
activates reward circuitry in drug naive human subjects Neuropsychopharmacol-
ogy 2004, 29 (9), 1715-22.

. Quarton, G.C., Melnechuck, T., Schmitt, F.O., Eds. The Neurosciences: A study

program; Rockefeller University Press: New York, 1967; 962.

. Carlsson, A.; Adolfsson, R.; Aquilonius, S.M.; Gottfries, C.G.; Oreland, L.;

Svennerholm, L.; Winblad, B. Biogenic amines in human brain in normal aging,
senile dementia, and chronic alcoholism. In Ergot Compounds and Brain
Function: Neuroendocrine and Neuropsychiatric Aspects; Goldstein, M., Ed.;
Raven Press: New York, 1980; 295-304.

. Hornykiewicz, O.; Kish, S.J. Biochemical pathophysiology of Parkinsons’s

disease. Adv. Neurol. 1986, 45, 19-34.

. Wilson, J.M.; Levey, A.L; Rajput, A.; Ang, L.; Guttman, M.; Shannak, K. Differ-

ential changes in neurochemical markers of striatal dopamine nerve terminals in
idiopathic Parkinson’s disease. Neurobiology 1996, 47, 718—-726.

. Adolfsson, R.; Gottfries, C.G.; Roos, B.E.; Winblad, B. Postmortem distribution of

dopamine and homovanillic acid in human brain. Variation related to age and a
review of literature. J. Neural Trans. 1979, 45, 81-105.

. Berger, J.R.; Kumar, M.; Kumar, A.M.; Fernandez, J.B.; Levin, B. Cerebrospinal

fluid dopamine in HIV-1 infection. AIDS 1994, 8, 67-71.

. Ellis, R.J.; Childers, M.E.; Kumar, A.M.; Kumar, M.; Goetz, T.; Caliguiri, M.

Decreased CSF dopamine correlates with impaired motor skills in HIV-1
infection and methamphetamine dependence. Soc of Neuroscience Conf 34th
Annual meeting, San Diego, CA, Oct. 2004.

Anton, A.H.; Sayre, D.F. A study of the factors affecting the aluminum oxide-
trihydroxyindole procedure for the analysis of catecholamines. J. Pharmacol.
Exp. Ther. 1962, 138, 360—375.

. Carlsson, A.; Winblad, B. Influence of age and time interval between death and

autopsy in dopamine and 3-hydroxytyramine levels in human basal ganglia.
J. Neural Trans. 1976, 38, 271-276.



18:22 23 January 2011

Downl oaded At:

798

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

A. M. Kumar et al.

Koslow, S.H.; Cattabeni, F.; Costa, E. Norepinephrine and dopamine: assay
by mass fragmentography in the picomole range. Science 1972, 176 (31),
177-180.

Koslow, S.H.; Racagni, G.; Costa, E. Mass Fragmentographic measurement
of norepinephrine, dopamine, serotonin, and acetylcholine in seven discrete
nuclei of the rat Tel-Diencephalon. Neuropharmacol. 1974, 13, 1123-1130.
Kissinger, P.T.; Felice, L.J.; Riggin, R.M.; Pachla, L.A.; Wenke, D.C. Electroche-
mical detection of selected organic compounds in the eluate from high perform-
ance liquid chromatography. Clin. Chem. 1974, 20 (8), 992-997.

Refshauge, C.; Kissinger, P.T.; Dreiling, R.; Blank, L.; Freeman, R.; Adams, R.N.
New high performance liquid chromatographic analysis of brain catecholamines.
Life Sci. 1974, 14, 311-322.

Sasa, S.; Blank LeRoy, C. Determination of serotonin and dopamine in mouse
brain tissue by high performance liquid chromatography with electrochemical
detection. Anal. Chem. 1977, 49, 354—-359.

Kumar, M.; Morgan, R.; Szapocznik, J.; Eisdorfer, C. Norepinephrine response in
early HIV infection. J. Acq. Immunodefic Synd. 1991, 4, 782-786.

Kumar, A.M.; Kumar, M.; Fernandez, J.B.; Mellman, T.A.; Eisdorfer, C. A simpli-
fied HPLC-ECD technique for measurement of urinary free catecholamines. J. Liq.
Chromatogr. 1991, 74 (19), 3547-3557.

Kumar, A.M.; Fernandez, J.B.; Schneiderman, N.; Goodkin, K.; Eisdorfer, C.;
Kumar, M. Simultaneous determination of 5-hydroxytryptamine, 5-hydroxytrypto-
phan, 5-hydroxyindoleacetic acid, dopamine, and homovanillic acid in whole
blood using isocratic HPLC with electrochemical detection. J. Liq. Chromatogr.
& Rel Technol. 1999, 22 (14), 2211-2223.

Kumar, A.M.; Fernandez, J.B.; Antonii, M.H.; Eisdorfer, S.; Kumar, M. Catechol-
amine quantification in body fluids using isocratic, reverse phase HPLC-
CoulArray multi-electrode chemical detector system: Investigation of sensitivity,
stability, and reproducibility. J. Liq. Chromatogr. & Rel. Technol. 2003,
26 (20), 3433-3451.

Hefti, F. A simple, sensitive method for measuring 3,4-dihydroxyphenylacetic acid
and homovanillic acid in rat brain tissue using high-performance liquid chromato-
graphy with electrochemical detection. Life Sci. 1979, 25, 775-782.

Kempf, E.; Mandel, P. Reverse phase high performance liquid chromatographic
separation and electrochemical detection of norepinephrine, dopamine, serotonin
and related major metabolites. Anal. Biochem. 1981, 7/2, 223-231.

Wiley, C.A.; Masliah, E.; Morey, M.; Lemere, C.; DeTeresa, R.; Grafe, M.;
Hansenl; Terry, R. Neocortical damage during HIV infection. Ann. Neurol.
1991, 29, 651-657.

Masliah, E.; Ge, N.; Morey, M.; DeTeresa, R.; Terry, R.D.; Wiley, C.A. Cortical
dendritic pathology in human deficiency virus encephalitis. Lab. Invest. 1992, 66,
285-291.

Felice, L.; Felice, J.D.; Kissinger, P.T. Determination of catecholamines in rat
brain parts by reverse-phase ion-pair liquid chromatography. J. Neurochem.
1978, 31, 1461-1465.

Keller, R.; Oke, A.; Mefford, I.; Adams, R.N. Liquid chromatography analysis of
catecholamines: Routine assay for regional brain mapping. Life Sci. 1976, 19,
995-1004.

Walters, J.R.; Roth, R.H. Effect of gamma-hydroxybutyrate on dopamine and
dopamine metabolites in the rat striatum. Biochem. Pharmacol. 1972, 21,
2111-2121.



18:22 23 January 2011

Downl oaded At:

Ultra Micro Quantification of Dopamine and Homovanillic Acid 799

31. Winblad, B.; Bucht, G.; Gottfries, C.G.; Roos, B.E. Monoamines and monoamine
metabolites in brains from demented schizophrenics. Acta Psychiatr. Scandnav.
1979, 60, 17-28.

32. Nyberg, P.; Adolfsson, R.; Anden, N.E.; Winblad, B. Concentrations of dopamine
and noradrenaline in some limbic related regions of the human brain. Acta Neurol.
Scandinav. 1982, 65, 267-273.

33. Westerink, B.H.C.; Korf, J. Regional rat brain levels of 3,4 dihydroxyphenylacetic
acid and homovanillic acid: concurrent fluorometric measurement and influence of
drugs. European J. Pharmacol. 1976, 38, 281-291.

Received October 20, 2005
Accepted November 8, 2005
Manuscript 6748



