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chromatography using enzymatic derivatization by tyrosinase
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Abstract

Two tyrosine specific, HPLC methods with either electrochemical (HPLC-ED) or fluorescence (HPLC-FL)
detection are described for leucine-enkephalin (LE) in cerebrospinal fluid (CSF). Both approaches involve the
hydroxylation of the Tyr1-moiety of LE by mushroom tyrosinase. Production of a catechol permitted the selective
clean-up of the analyte using boronate gels and produced species which were more readily oxidizable than the LE.
The controlled oxidation of the catechol to corresponding chinones enabled the reaction with 1,2-diamino-1,2-
diphenylethane (DPE) and subsequent quantification by HPLC-FL. The HPLC-ED and HPLC-FL yielded limits of
detection for LE in CSF of 360 and 500 fmol per injection, respectively. Inter-day variability of calibration curve
samples was lower than 20% for the HPLC-ED with slightly higher variability for the HPLC-FL assay. © 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

A considerable body of research has been fo-
cused on the development of opioid peptides as

therapeutic agents, particularly in the area of
analgesia and in the treatment of opiate addiction
[1]. The low physiological concentrations of en-
dogenous opioid peptides and those to be ex-
pected for therapeutically administered derivatives
necessitate the development of specific and ultra-
sensitive analytical methods to support clinical
studies.

Currently, for the most part, opioid peptides
are analyzed by radio-or enzyme-immunoassays
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(RIA or ELISA). Although immunoassays can be
highly sensitive and reproducible, they are ham-
pered by several disadvantages, including the de-
pendence on antiserum, and low selectivity due to
cross-reactivity of the antiserum to structurally
similar compounds. HPLC/RIA procedures, al-
though more specific [2] have the disadvantage of
being extremely complex and time-consuming.

Instrumental methods which have been used for
the analysis of opioid peptides include high-per-
formance liquid chromatography with electro-
chemical detection (HPLC-ED), fluorescence
detection (HPLC-FL) or mass spectrometry
(HPLC-MS). The current HPLC-ED methods for
opioid peptides [3,4] make use of high oxidation
potentials (+0.9–1.25 V), thus compromising
sensitivity and selectivity as background current
and baseline noise are increased significantly.

The majority of HPLC-FL methods in existence
for opioid peptides derivatize the N-terminal
amino group of the peptide and as a consequence,
are not specific for a particular peptide [5,6].
Tyrosine-specific HPLC-FL methods do exist for
the determination of opioid peptides [7–10].
These more specific methods have yielded limits
of detection for opioid peptides in the 100–500
fmol per injection range.

In the present study, two HPLC assays for
opioid peptides are described using leucine
enkephalin (LE, Tyr-Gly-Gly-Phe-Leu) as a
model peptide. Both assays make use of tyrosine-
specific pre-column derivatization by the enzyme
tyrosinase. In the HPLC-ED assay, specific hy-
droxylation of the tryosine group in the 1 position
of LE which is preserved in all opioid peptides,
presents two analytical advantages. Firstly, the
derivatization results in the formation of a cate-
chol which is amenable to specific clean-up using
boronate gels, and secondly, this catechol is more
easily oxidizable than the parent peptide, thus
facilitating electrochemical detection (Figs. 1 and
2A). In the HPLC-FL assay, previously applied to
a model dipeptide [11], enzymatic derivatization
by tyrosinase renders the peptide amenable to
fluorogenic derivatization using 1,2-diamino-1,2-
diphenylethane (DPE, Figs. 1 and 2B).

2. Materials and methods

2.1. Materials

Leucine enkephalin and mushroom tyrosinase
were obtained from Sigma (St. Louis, MO). Te-
trabutylammonium was procured from the East-
man Kodak (Rochester, NY). 1,2-Diamino-
1,2-diphenylethane (DPE) was obtained as previ-
ously described [11]. 3H-Leu-enkephaline (tyrosyl-
3,5-3H(N)-leucine-enkephaline), specific activity:
38.9 Ci mmol−1, was purchased from NEN
(Wilmington, DE). All other chemicals were of
either reagent or HPLC grade. CSF was collected
by lumbar puncture from patients undergoing
spinal anesthesia. Approval for collection of hu-
man CSF was attained by the University of Flor-
ida Health Science Center Institutional Review
Board and the Subcommittee on Human Studies,
Department of Veterans Affairs, VAMC,
Gainesville.

2.2. Purification of mushroom tyrosinase

Mushroom tyrosinase was purified prior to use
by ultra-filtration using Centricon membrane
filters (molecular weight cut off 30000; Amicon,
Danvers, MA) as described earlier [11]. The final
concentrate was reconstituted in phosphate buffer
to give a concentration of 1 mg ml−1 of mush-
room tyrosinase corresponding to 3870 units of
activity per ml of solution. Aliquots were stored
at −20°C and defrosted immediately prior to use.

2.3. Characterization of tyrosinase reaction
products

For the general characterization of the enzy-
matic derivatization procedure (identification of
reaction products, isolation of main product for
electrochemical characterization and optimization
of boronate purification), the following incuba-
tion mixture was set up in a microcentrifuge tube:
1 mM LE, 135 U ml−1 of purified mushroom
tyrosinase and 50 mM ascorbic acid in 0.5 M
phosphate buffer pH 7.4 (100 ml total volume).
The reaction was allowed to proceed at room
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Fig. 1. Scheme of the proposed assays.

temperature with constant shaking for 60 min.
Aliquots of this incubation mixture were then
applied to an HPLC system with UV-detection at
254 nm using a Partisil 5 ODS-3 column (What-
man Labsales, Hillsboro, OR, 125×4.6 mm) and
a mobile phase of 12.5% acetonitrile (v/v) in
citrate/dipotassium phosphate buffer (pH 5) at a
flow rate of 1 ml min−1.

For identification of reaction products, peaks
were collected from the HPLC eluent, organic
solvent was removed by evaporating under a
stream of nitrogen and the collected peaks were
concentrated using a preconditioned Sep-Pak C18

preparative column (Waters Associates, Milford,
MA). Material was used to identify the products
by electrospray ionization mass spectrometry us-
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Fig. 2. (A) Chromatograph with UV detection of a control run (no tyrosinase) for the tyrosine reaction showing LE eluting after
9.5 min, distinct from ascorbic acid eluting in the solvent front after 1.4 min, and (B) chromatograph with UV detection of the
tyrosine reaction products showing the emergence of two new peaks with retention times of 5.7 and 7.3 min. (C) Sample
chromatograph of LE in CSF using the HPLC-ED assay showing the peak of interest eluting after 6 min. (D) Sample
chromatograph of LE in CSF using the HPLC-FL assay procedure showing peak of interest eluting after 22.5 min.

ing a Vestec 200 ES instrument (Vestec, Houston,
TX) under conditions which allowed collision-in-
duced dissociation. In addition, material corre-
sponding to the peak eluting at 7.3 min in Fig. 2B
was collected and used to assess oxidation poten-
tials of the derivatives. This material was also
used also in establishing the boronate chromatog-
raphy (see below).

2.4. Electrochemical assay

In the fully developed HPLC-ED method, cali-
bration curves were constructed for LE in both

buffer (170–2500 pmol inj−1 in buffer) and CSF
(8.8–240 pmol ml−1; equivalent to 360–9600
fmol inj−1). For comparison, CSF spiked with
LE in a concentration range of 9–86 pmol inj−1,
equivalent to 440–43400 pmol ml−1 was assayed
after solid phase extraction in a direct assay with-
out derivatization.

Leucine enkephalin was extracted from human
cerebrospinal fluid (CSF, 100 ml) through the use
of Supelclean LC 18 solid phase extraction
columns (Supelco, Bellefonte, PA). The columns
were activated with 3 ml each of water and
methanol and loaded with 100 ml of spiked CSF
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Fig. 3. Current–voltage curves for [HO-Tyr1]-LE and LE.

or buffer. Subsequently, the columns were washed
with 1 ml of water, 3 ml of 0.1 N HCl, 1 ml of
water, 3 ml of 0.1 M borate buffer (pH 8.5) and 1
ml of water. The LE rich fraction was then eluted
in 2 ml of methanol and evaporated to dryness
under a stream of nitrogen. Recovery during solid
phase extractions was assessed with CSF sample
spiked with 17000 dpm of 3H-LE; and radioactiv-
ity retained and eluted under the above assay
conditions was determined by liquid scintillation
counting using a Beckman LS 5000 TD scintilla-
tion counter (Fullerton, CA).

LE (270 ml) in phosphate buffer (without prior
extraction) or extracts of spiked CSF reconsti-
tuted in 270 ml phosphate buffer (pH. 7.4, 90 ml)
were then incubated with tyrosinase in a total
volume of 310 ml, (135 U ml−1 of purified mush-
room tyrosinase, 50 mM ascorbic acid in 0.5 M
phosphate buffer pH 7.4). The reaction was al-
lowed to proceed at room temperature with con-
stant shaking for 5 min and the reaction was
stopped with 20 ml of 1 N HCl. The reaction
products were then purified using hydrated
boronate columns.

A hydrated boronate column packed with a
3-ml bed volume of Affigel 601 (BioRad Labora-
tories, Melville, NY) was used for the clean-up of
the enzymatically derived species prior to applica-
tion to the HPLC-ED system. The column was

pre-rinsed with 0.2 M phosphate buffer (pH 8.5)
and the incubation mixture (270 ml of the total
330 ml of incubation mixture) was applied. The
column was washed with 20 ml of phosphate
buffer (pH 8.5) and the analyte was eluted from
the boronate column onto a pre-conditioned
Sep-Pak C18 cartridge (Waters Associates, Mil-
ford, MA) with 20 ml of aqueous 0.01% (v/v)
trifluoroacetic acid (TFA). Here, the Sep-Pak C18

cartridge served to concentrate the sample as the
analyte was eluted from the boronate column in a
relatively large volume of aqueous 0.01% (v/v)
TFA. The Sep-Pak C18 column was then washed
with 10 ml of aqueous 0.01% (v/v) TFA and the
analyte was eluted in 2 ml of 0.01% TFA in
acetonitrile, evaporated to dryness under a stream
of nitrogen and reconstituted in 200 ml mobile
phase prior to application to the HPLC-ED
system.

Electrochemical detection was effected using a
Model 5100A Coulochem multi-electrode electro-
chemical detector (ESA, Bedford, MA) fitted with
a Model 5020 guard cell and a Model 5011 ana-
lytical cell. The solvent delivery system was a
Milton Roy constaMetric III metering pump
(Riviera Beach, FL), with a Rheodyne Model
7125 injector (Cotati, CA) fitted with a 100-ml
loop. A Spherisorb ODS2 5 mm 150×4.6 mm
analytical column (Keystone Scientific, Bellefonte,
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PA) was used with a mobile phase of 20% aceto-
nitrile (v/v) in monosodium phosphate buffer (100
mM, pH 5) containing 200 mg l−1 of sodium
dodecyl sulfate. Mobile phase flow rate was set at
1 ml min−1. The electrochemical detector was
used with the following potentials: guard cell 0.4
V, analytical cell, first electrode: −0.1 V; analyti-
cal cell, second electrode: 0.3 V. For the experi-
ments with un-derivatized leucine-enkephaline,
the following potentials were used: guard cell 0.75
V, analytical cell, first electrode: 0.4 V; analytical
cell, second electrode: 0.7 V.

In early experiments, LE and dihydroxyphenyl-
LE, the major product of the enzymatic reaction
were collected by HPLC and then characterized
electrochemically using the HPLC system with
electrochemical detection (HPLC-ED) described
above. Five nanomoles of analyte per injection
were applied to the system and the responses (in
mA) obtained at various potentials (+0.05 to
+0.80 V) at the analytical cell were recorded to
allow the construction of current–voltage curves.

2.5. Fluorogenic assay

Calibration curves for LE in both buffer and
CSF (0.5–7.0 pmol inj−1, corresponding to 12–
168 pmol ml−1) were constructed within the
HPLC-FL assay.

For the tyrosinase reaction, various concentra-
tions of LE (86.8 ml in 0.5 M sodium phosphate
buffer pH 7.4) or spiked CSF extracts reconsti-
tuted in 0.5 M sodium phosphate buffer pH 7.4
(86.8 ml) were reacted with mushroom tyrosinase
(135 U ml−1) in the presence of ascorbic acid (50
mM). The total volume of this incubation mixture
was 100 ml. After a 60-min incubation at room
temperature with constant shaking, 449 ml of an
oxidizing solution containing 9.45 mg ml−1

potassium ferricyanide, 17.85 mg ml−1 potassium
chloride and 55% acetonitrile (v/v) was added
followed by 45.5 ml of a solution of DPE contain-
ing 20 mg ml−1 in 0.1 N HCl. The fluorogenic
reaction was allowed to proceed in the dark for 60
min at room temperature with constant shaking.
A 250-ml aliquot of this reaction mixture, repre-
senting 42% of the total final reaction mixture,
was then injected into the above HPLC system

using a Nucleosil C18 column (5 mm, 150×4.6
mm; Keystone Scientific, Bellefonte, PA) and a
Perkin Elmer 650S spectrofluorodetector (Nor-
walk, CT) set at lex 345 nm and lem 480 nm with
slit widths of 12.5 nm. The mobile phase con-
tained 32% acetonitrile (v/v) and 67 mM TBA in
citrate/dipotassium phosphate buffer (pH 5). The
system was operated at a mobile phase flow rate
of 1 ml min−1.

3. Results and discussion

Schemes of the developed assays are shown in
Fig. 1. In the final assay, leucine-enkephaline
(Tyr-Gly-Gly-Phe-Leu) was extracted by solid
phase extraction, and hydroxylated via tyrosinase
in the presence of ascorbic acid. In the electro-
chemical assay, the reaction mixture was cleaned
using a boronate column, concentrated by solid
phase extraction and injected into the HPLC. For
the fluorescence assay, the generated catechol was
converted into the corresponding chinone, reacted
with DPE to yield a highly fluorescence species,
followed by HPLC with fluorescence detection.

3.1. Solid-phase extraction

Recovery during solid phase extraction was de-
termined in one experiment to be 91.3%. No
further optimization of above procedure was
necessary.

3.2. Hydroxylation reaction

Incubation of tyrosinase with LE in the pres-
ence of ascorbic acid resulted in two peaks with
retention times of 5.7 and 7.3 min, respectively, as
compared to the retention time of 9.5 min for
leucine-enkephaline (Fig. 2A and B). These two
product peaks were identified by electrospray ion-
ization mass spectroscopy as the diphydrox-
yphenyl- and trihydroxyphenyl derivatives of LE
([(HO)2-Tyr1]-LE and [HO-Tyr1]-LE). The relative
intensity of the peaks obtained from mass spectro-
metric analysis showed that [(HO)2-Tyr1]-LE is a
minor product (data not shown).
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Table 1
Limits of quantification (LOQ), and correlation coefficients (r2) for LE in buffer or CSF using either the complete HPLC-ED
method or HPLC-ED without derivatization and boronate clean-up

LOQ (fmol inj−1) Slope (peak area pmol−1)Method Sample N r2

Electrochemical
3 170 28 07192381Complete HPLC-ED 0.992590.005Buffer

0.994490.00422 057910643603Complete HPLC-ED CSF
8800 10 21791163HPLC-ED (no derivatization) CSF 3 0.969090.024,

Fluorescence
280–560 0.99290.0083.0491.7×10123Complete HPLC-FL Buffer

2.5490.95×1012 0.99390.01Complete HPLC-FL CSF 4 500

N, number of independent experiments.

A 50-mM concentration of ascorbic acid was
found to be adequate to prevent or reverse the
tyrosinase-induced formation of o-quinones in the
enzymatic reaction mixture, thereby inhibiting the
subsequent polymerization of the reaction prod-
ucts. The time course of the enzymatic derivatiza-
tion using a 1-mM concentration of LE showed
that the concentration of mushroom tyrosinase
(135 U ml−1) used for the enzymatic derivatiza-
tion of LE allowed the efficient conversion of LE
to its dihydroxyphenyl-derivative within 60 min
(data not shown). Studies at lower concentrations
showed that a reaction time of 5 min is sufficient
to reach maximum concentrations of hydroxy-
lated species. This incubation time was used dur-
ing subsequent HPLC-ED experiments.

3.3. Electrochemical assay

Current–voltage curves for LE and [HO-Tyr1]-
LE (isolated via HPLC) are shown in Fig. 3.
When these curves were compared with LE (Fig.
3), [HO-Tyr1]-LE was seen to be oxidized at con-
siderably lower potentials than LE. As a result of
this experiment, the potentials listed in the
method section were selected.

By applying 35 pmol of purified dihydroxy-
phenyl-LE to the boronate clean-up procedure, an
average recovery of analyte of 68.7% was
achieved when comparing the resulting peak
heights with those obtained after direct re-injec-
tion of the dihydroxyphenyl-LE species (S.D.=
6.1%, n=3).

A sample chromatograph of dihydroxyphenyl-
LE in CSF employing the entire procedure shows
the analyte eluting after 6 min (Fig. 2C). Table 1
shows the limits of detection (LOD, defined as
twice the baseline noise), slope factors and corre-
lation coefficients (r2) obtained for the calibration
curves constructed for LE in buffer and CSF
using the HPLC-ED assay. Table 1 also shows
data for calibration curves for LE in CSF using
HPLC-ED without enzymatic derivatization and
boronate clean-up. The resulting slopes of the
calibration curves for buffer and CSF were simi-
lar. The limits of detection for LE in CSF corre-
spond to 8.8 pmol ml−1 of CSF for the complete
HPLC-ED method and 176 pmol ml−1 of CSF
for analysis by HPLC-ED without derivatization
or boronate clean-up. To give an indication of the
inter-day variability associated with the complete
HPLC-ED method, calibration curves were re-
evaluated. The found concentrations were deter-
mined from the calibration curve after regression
analysis was repeated while omitting the data
point under investigation. The relative standard
deviation of the found concentrations was found
to be smaller than 20% (n=3) and the accuracy
was found to be within 6% of the nominal con-
centration (Table 2).

The evaluated HPLC-ED method for the analy-
sis of LE in CSF compares favorably to existing
HPLC methods for opioid peptides with on-line
detection [5,12,13] and represents an improvement
with respect to limit of detection and practicabil-
ity when compared to current HPLC-ED methods
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Table 2
Nominal concentrations, found concentrations, relative standard deviation (S.D.) and percentage accuracy calculated from three
calibration curves for LE in CSF using complete HPLC-ED method

Found (pmol 100 ml−1) Relative S.D. (%) % AccuracyNominal concentration (pmol 100 ml−1)

200.920.88 104
12 971.73 1.67

3.20 123.33 96
1 1065.565.24

8.82 9 1038.57

for enkephalins [3,4,14]. The increased practicabil-
ity of the analytical approach described here is
characterized by the minimal precautions required
in the preparation of the mobile phase (filtering
and degassing under negative pressure with soni-
cation) and is due to the fact that the enzymatic
derivatization employed allowed the use of lower
applied potentials for electrochemical detection
(+0.3 V compared to +0.85–1.25 V for existing
HPLC-ED methods). The low applied potentials
allowed the electrochemical detector to be oper-
ated at the maximum gain setting since back-
ground current and baseline noise were low.
These factors, in addition to the observed minimal
baseline drift, increased the ease of handling of
this analytical approach since minimal precau-
tions could be taken in the preparation of mobile
phase and samples. This was demonstrated when
a comparison was made between the analysis of
LE in CSF using the complete HPLC-ED method
incorporating enzymatic derivatization and
boronate clean up and the HPLC-ED analysis of
LE in CSF without derivatization or boronate
clean-up. When an attempt was made to analyze
LE in CSF without derivatization or boronate
clean-up, considerably higher applied potentials
had to be used (+0.7 V compared to +0.3 V)
and as a consequence, background current, base-
line noise and baseline drift were greatly in-
creased. Therefore, the maximum gain setting of
the instrument could not be used, sensitivity was
compromised by a factor of 25 and the linearity
of the calibration curves was reduced.

The boronate clean-up procedure used in the
HPLC-ED assay described here proved to be an
effective and efficient clean-up method for LE in

CSF resulting in a clean chromatograph for the
analyte (Fig. 2C). To avoid interfering peaks,
existing HPLC-ED methods for enkephalins in-
volve complex and relatively non-selective sample
clean up procedures (e.g. multiple precipitation,
centrifugation and adsorption steps) prior to ap-
plication of the sample to the HPLC system. By
contrast, here the use of a boronate clean-up
procedure, which had been previously established
for use with catecholamines [15,16], increased the
selectivity of this assay as only derivatized peptide
incorporating the dihydroxyphenyl group intro-
duced by enzymatic derivatization was retained
on the boronate gel column. The limits of detec-
tion achieved for LE using this analytical ap-
proach (170 fmol inj−1 in buffer and 360 fmol
inj−1 in CSF) also compared favorably to assays
for catecholamines using a boronate clean-up
method and electrochemical detection (:200
fmol inj−1) although the recovery of dihydrox-
yphenyl-LE from the boronate gel (69%) was
considerably lower than the recovery of cate-
cholamines from the same matrix (80–100%)
[15,16].

3.4. Fluorogenic assay

For the fluorogenic reaction, the concentration
of reagents used were the same as those used
previously for fluorogenic derivatization of
tyrosine-containing peptides following enzymatic
hydroxylation by mushroom tyrosinase [11]. Here,
as before, the concentrations of DPE and KCl
used were taken directly from corresponding cate-
chol assays [17,18] but the concentration of
potassium ferricyanide was increased to ensure
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the formation of the quinone from the dihy-
droxy-phenyl-LE derivative despite the presence
of high concentrations of ascorbic acid. Acetoni-
trile was included in the reaction mixture to fa-
cilitate the condensation reaction by reducing
the thermodynamic activity of water.

Fig. 2D shows a typical chromatogram ob-
tained under these conditions. Table 1 shows a
summary of the results obtained in the HPLC-
FL assay. Limits of detection for LE of at least
500 fmol per injection could be obtained in both
buffer samples and spiked CSF samples. This
limit of detection corresponds to 12 pmol of LE
per ml of CSF. The assay was in general more
difficult to perform with a higher number of
outliers observed during the assay development
when compared to the HPLC-ED assay. Accu-
racy for read-back calculations of the calibration
curves in CSF was between 82 and 118% with
relative standard deviations averaging 25%. This
indicated that the HPLC-FL is more variable
than the HPLC-ED assay. In addition, slope
factors obtained for CSF samples were smaller
than those obtained in buffer, indicating some
interference of the fluorescence species with bio-
logical material. Although a lower limit of detec-
tion in buffer samples (277 fmol inj−1) was
obtained when a 5-min reaction time instead of
a 60-min reaction time was used for the tyrosi-
nase reaction, when this modification of the
method was attempted in spiked CSF samples,
the linearity of the calibration curve could not
be preserved.

The HPLC-FL analytical approach for LE de-
scribed here yielded detection limits of 500 fmol
per injection in spiked CSF samples, correspond-
ing to 12 pmol of LE per ml of CSF. This
HPLC-FL assay shows similar sensitivity or rep-
resents an improvement in the limit of detection
by one order of magnitude when compared to
existing tyrosine-specific HPLC-FL methods with
pre-column fluorescence derivatization [7–10].
The improvement in limit of detection seen with
the approach described here may be attributed
in part to the fact that in some of these existing
tyrosine-specific HPLC-FL methods [7,8], fluoro-
genic derivatization necessitates the use of harsh
reaction conditions which may result in peptide

instability and consequently reduced recovery of
intact fluorescence-labeled analyte. Although
more selective, the HPLC-FL approach de-
scribed here does not achieve limits of detection
for LE as low as those obtained by investigators
using methods involving post-column fluores-
cence derivatization of the N-terminal primary
amino group of opioid peptides (36–100 fmol
inj−1) [5,19,20]. However, due to lack of selec-
tivity, these methods often involve the use of
extensive sample clean-up procedures and com-
plex multi-dimensional chromatographic systems
(column switching) to minimize the occurrence
of interfering peaks [5]. The higher sensitivity
obtained using these methods can also be at-
tributed to the use of laser-induced fluorescence
detection [19,20] and a microbore chromato-
graphic system [19]. Incorporating a microbore
chromatographic system and laser-induced
fluorescence into the analytical approach de-
scribed here may be expected to reduce consider-
ably the limits of detection obtainable by this
HPLC-FL assay.

4. Conclusion

Both the HPLC-ED and HPLC-FL methods
for LE described here should be applicable to
the entire range of opioid peptides since the N-
terminal tyrosine group which is initially deriva-
tized is preserved throughout the entire family of
opioid peptides. This approach should also be
applicable to the analysis of other tyrosine-con-
taining proteins and peptides as it has been
shown previously that the amino acid adjacent
to the tyrosine group does not dramatically infl-
uence the tyrosinase reaction [11]. Endogenous
levels of opioid peptides in human CSF, as de-
termined by radioimmunoassay lie in the fmol
ml−1 range. Therefore, although in their present
form, these methods are inadequate for the de-
termination of endogenous levels of opioid
peptides in human CSF, given sufficient sample
(\1 ml) they may be adequate for the analysis
of the elevated physiological concentrations
of opioid peptides to be expected in clinical
studies.
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