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SUMMARY

Endogenous enkephalin pentapeptides are measured with unambiguous mo-
lecular specificity in canine and human tissue and fluid extracts. Both field desorption
and fast atom bombardment mass spectrometry have been used to produce a pro-
tonated molecular ion of the peptide high-performance liquid chromatography frac-
tion. The protonated molecular ion is subjected to collision-activated dissociation
processes and a linked-field scan (B/E) selects a unique amino acid sequence-deter-
mining ion for monitoring and measurement. Stable isotope-incorporated peptide
internal standards are used for quantification. Endogenous enkephalins are measured
in hypothalamus, cerebrospinal fluid, pituitary, caudate nucleus, and tooth pulp ex-
tracts. Part-per-billion levels of endogenous peptide are measured.

INTRODUCTION

The objective of this manuscript is to describe an analytical procedure for
measurement in biological tissues and fluids of the two endogenous opioid penta-
peptides leucine enkephalin (LE = YGGFL)* and methionine enkephalin (ME =
YGGFM) with maximum molecular specificity attached to that measurement. Quan-

* Abbreviations: Y = tyrosine, G = glycine, F = phenylalanine, L = leucine, M = methionine.
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tification of these two opioid peptides is a component of a larger study aimed towards
accurately describing the molecular events occurring in pain processes. In an effort
to unambiguously characterize those molecular events, analytical data are presented
on the endogenous amounts of those two pentapeptides in five tissues (canine tooth
pulp, hypothalamus, pituitary, caudate nucleus, and tooth pulp) plus cerebrospinal
fluid (CSF). To facilitate the measurement process in a fast and facile manner, the
mass spectrometer is interfaced to a microcomputer to acquire data objectively.

The first hypothalamic neuropeptide sequenced was the thyrotropic releasing
factor, TRF. Since then, the amino acid sequences of other neuropeptides have been
determined, including somatostatin?, beta-endorphin, dynorphin?, luteinizing releas-
ing factor®, cholecystokinin octapeptide, amongst others. An endogenous ligand for
the morphine receptor was discovered and found to be comprised of two opioid
pentapeptides—leucine enkephalin and methionine enkephalin®. Since then, it has
been found that three peptidergic pathways (endorphinergic, enkephalinergic, and
dynorphinergic) are available to an organism for its attempts to deal with noxious
stimuli®,

Each one of these peptidergic pathways is comprised of a family of closely-
related peptides, including large precursors’~1°, intermediate precursors, the biolog-
ically active pentapeptides, and inactive metabolites. Several enzymes operate in these
peptide pathways and for enkephalins, for example, include enkephalinase!?.'? car-
boxypeptidase!3, and aminopeptidase'#-!*. One hypothesis states that opiod peptides
play a neuromodulatory role where the firing rate for substance P neurons is de-
creased by the enkephalins.

Because of the important role that brain peptides in general and enkephalins
in particular play in both brain neurochemistry and pain mechanisms, it is imperative
to measure endogenous peptides with unambiguous molecular specificity!6. A variety
of analytical methods is used in most laboratories to attempt to achieve that goal of
high molecular specificity. However, that goal is rarely, if ever, met. It is important
to consider the fact that if a chromatographic procedure has infinitely high resolution,
no specific detector is required because the analyst could depend on a unique reten-
tion time for structural assignment. On the other hand, if the molecular specificity
of the detector were infinitely high, a chromatographic resolution step would not be
required because the structure of the molecule would be determined in the detection
process itself. While molecular specificity in the real world of analysis of endogenous
compounds in a biological matrix is less than infinite, it is interesting to note that
recent developments in mass spectrometry are tending towards the latter situation
where tandem mass spectrometry (mass spectrometry-mass spectromety, MS-MS)
offers optimum structure informationt”’.

Several methods of peptide measurement are available. Reversed-phase high-
performance liquid chromatography (HPLC) is commonly used with a variety of
detectors, including fluorescent, UV, electrochemical, and refractive index detectors.
It must be remembered that unambiguous molecular structure can not be measured
by, or inferred from, the output from these types of chromatographic detector. These
detectors can only respond to a secondary structural characteristic of the molecule,
such as the presence of a chromophore or an electroactive functional group. A second
analytical method for peptide measurement is bioassay, such as the assays which
employ the guinea pig ileum or mouse vas deferens. Again, the molecular specificity
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of this procedure is quite low, even though sensitivity is high!®. A third assay, ra-
dioreceptor assay, is an elegant method used to discover the endogenous ligands for
the morphine receptor and is also used as a low molecular specificity-high sensitivity
screening method for a variety of chromatographically-purified components from
biologic tissue extracts and fluids'®=2!. A fourth assay method, radioimmunoassay
(RIA), provides one of the highest sensitivity levels and a higher molecular specificity
detection system compared to the other methods in the above list. However, RIA is
limited by the fact that a highly specific antibody must be raised to each and every
ligand to be measured in a biological matrix, and even then, specificity and avoidance
of cross-reactivity to specific or non-specific compounds cannot be rigorously guar-
anteed. While some workers combine HPLC with RIA measurement??, it still must
be remembered that molecular specificity is not optimal?3,

Several workers utilize an off-line combination of high-performance chro-
matographic separation and analysis by several detection systems which include
RIA?22.23 radioreceptor assay?!, and mass spectrometry?+—3°,

Mass spectrometry is the method of choice for analysis whenever maximum
molecular specificity of the measurement process is desired and whenever sufficient
analyte is available?*—3!. Even when mass spectrometry is not used for routine analy-
sis, at least an analytical standard is now available to calibrate all of the other assay
methods. While electron ionization has been utilized for analysis of derivatized pen-
tapeptides, newer ionization techniques make mass spectrometry quite amenable to
measurement of underivatized endogenous peptides. Field desorption mass spectro-
metry readily produces a protonated molecular ion which, in conjunction with a
stable isotope-incorporated internal standard, is utilized for peptide measurement?4.
On the other hand, fast atom bombardment (FAB) mass spectrometry3? is a gentle
ionization process used to produce an abundant protonated molecular ion current
which, in conjunction with collision-activated dissociation (CAD) and linked field
(B/E) scan methodology?®, produces an amino acid sequence-determining ion gen-
erated specifically from only the protonated molecular ion of the target peptide. The
amino acid sequence-determining ion is measured in the selected ion monitoring
(SIM) mode. The highest level of molecular specificity obtained for measurement of
endogenous peptides therefore, is the novel combination instrumental system
FAB-CAD-B/E-B'/E'-SIM-microcomputer analysis of a specific amino acid se-
quence-determining ion?°,

While it is granted that mass spectrometric techniques are costly (only the
initial capital investment and not subsequent unit measurement cost nor rapid am-
ortization), technically complicated, and demand a high level of technical expertise
compared to the other assays discussed above, nonetheless, mass spectrometry does
offer for the first time a needed independent calibration method for the other assay
methods.

MATERIALS AND METHODS

Animal model

The mongrel dog (six months to one year old; average weight, 13.5 kg) is the
animal model and a small number of animals (up to three) is used for these studies.
On the other hand, for the pituitary measurement, 27 and 40 pituitaries have been
accumulated for the two studies discussed below, respectively.
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Tissue procurement

The dog is treated with pentobarbital before exsanguination. The dog is exsan-
guinated via a femoral artery to decrease the amount of blood remaining in the
various tissues during necropsy. The brain is removed from the cranium and indi-
vidual brain regions are neuroanatomically identified and excised. The pituitary and
teeth are rapidly removed and a hypodermic needle is used to remove CSF from the
top of the spinal column. All brain tissues and CSF are frozen rapidly in liquid
nitrogen to avoid any metabolic or chemical interconversion. Tooth pulp tissue is
homogenized immediately upon removal.

Tooth pulp electrostimulation

A standard dental clinic tooth pulp tester is used for electrostimulation. The
tooth pulp tester is applied to the tooth at the incisal edge for 2 sec after cannulation
but before exsanguination.

Internal standard

To minimize experimental differences observed in both the hydrophobicity
during reversed-phase HPLC separation and in the mass separation between the
protonated molecular ions of the peptide of interest and internal standard, a stable
isotope-incorporated enkephalin internal standard is utilized?#—23. The 180, species
is added (200 ng per gram of tissue or millilitre of fluid). In contradistinction to the
advantages noted above of the stable isotope-incorporated peptide internal standard,
one disadvantage is that the acidic conditions previously developed for use during
homogenization must now be avoided and neutral conditions (methanol) are used to
avoid back-exchange of 30 incorporated into the peptide internal standard for en-
dogenous '¢0 atoms from aqueous solutions?4.

Chromatography

Proteins are precipitated with methanol and removed by centrifugation. Su-
pernatant is applied to a reversed-phase Sep-Pak cartridge (Waters, Milford, MA,
U.S.A)). While it might be thought that a peptide does not possess sufficient hydro-
phobicity to efficiently participate in reversed-phase separation processes, appropri-
ate ion-pairing techniques ensure that the ion-pair-peptide complex is preferentially
retained on the C,3 hydrophobic surface of both the Sep-Pak and the analytic col-
umn?’, The Sep-Pak surface is first prepared by washing (4 ml of methanol, 4 m! of
water, 4 ml of methanol), a Tris-wash follows, the supernatant is applied in a Tris
buffer (50 mM, pH 7.5), and peptides eluted by stepwise increases of ethanol. The
last (fourth) fraction is eluted with Tris buffer-ethanol (20:80). The eluted peptide-
rich fraction is injected onto an analytic steel reversed-phase HPLC column. The
isocratic HPLC apparatus (Waters) consists of a U6K injector, M6000 pump, re-
versed-phase C, s analytic steel column, and UV detector (Model 450). Fractions are
collected manually at the retention times noted for the two synthetic peptides
YGGFM and YGGFL, respectively. The aqueous buffer used in this study is volatile,
a requirement of the subsequent analytical methods, and is comprised of 0.04 Af
formic acid titrated to pH 3.2 with distilled triethylamine3#. The organic modifier is
acetonitrile.

Each fraction collected is divided into two parts. One part is subjected to a
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sequence of Sep-Pak, analytic HPLC, and mass spectrometric measurement while the
second part is subjected to the same sequence, but after being spiked with a known
amount of [!®Olenkephalin. The amount of endogenous peptide (x) is calculated
from the equation x = y - Ry/(R;—R;), where y = amount of [*°Olenkephalin
spike (ng per tissue) and R, and R, are the two measured ratios of protonated mo-
lecular ion currents (endogenous and internal standard) for both unspiked and spiked
samples, respectively.

Mass spectrometry

A Finnigan MAT double-focusing,forward (E,B) geometry mass spectrometer
is utilized. Nominal resolution is 1000 for both field desorption and FAB mass spec-
trometry measurements. The ion source remains at ambient temperature. The peak-
matching unit of the mass spectrometer is utilized to alternately measure the
(M +H)* of the endogenous peptide and internal standard. The timing sequence of
accelerating voltage alternation is ca. 2 sec cycle ~! over the duration of the ionization
of amount of the peptide.

For field desorption mass spectrometry, emitters are prepared using benzoni-
trile, and sample is deposited onto the emitter with a micromanipulator-
microscope-microsyringe ensemble. The protonated molecular ion of the peptide of
interest is monitored in alternation with the (M+ H)* of the 80, internal standard
located four mass units higher. The peak-matching unit alternates between these two
(M + H)* masses and the on-line microcomputer3® accumulates the ion current mea-
sured at each individual mass. In contradistinction to the FAB mass spectrometric
data discussed below, the signal-to-noise ratio obtained with field desorption permits
direct comparison of the two (M +H)™* signals. Many (50-70) scans can now be
acquired objectively by the mass spectrometer-microcomputer interface to provide
a fast and facile method to reduce operator error and fatigue and to improve the
accuracy of the measurement>.

FAB mass spectrometry

The principles of FAB mass spectrometry are outlined elsewhere32, a detailed
description of the conversion of a Finnigan MAT 731 mass spectrometer to the FAB
ionization mode is described?®, and the utilization of FAB for peptide analysis is
described®’. Xenon is utilized as the bombarding particle, because the kinetic energy
due to its large atomic weight produces the greatest intensity of protonated molecular
ion current relative to fragmentation compared to argon. The kinetic energy of the
xenon fast atoms is 8.5 keV and the current is ca. 50 uA. Glycerol is utilized as the
non-volatile matrix in which the peptide fraction is dissolved®®. Because glycerol
produces its own mass spectrum, which is superimposed on the mass spectrum of the
peptide, it is necessary to extract peptide amino acid sequence-determining infor-
mation from the FAB-produced mass spectrum by means of combined collision ac-
tivated dissociation-linked field (B/E) scanning methods2’. While high resolution
data could be used to provide accurate mass measurement but not structure data for
(M +H)", collision-activated dissociation produces and linked field (B/E) scanning
selects a specific amino acid sequence-determining ion. This MS-MS process!” vir-
tually eliminates any potential interferences and ambiguities in the measurement of
endogenous peptides?6. For example, the HPLC fraction eluted at the retention time
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corresponding to that for a synthetic peptide standard (e.g., YGGFL) is collected.
After buffer and organic modifier are lyophilized, that fraction is placed on the FAB
probe tip in a glycerol matrix. Fast xenon atoms produce an abundant M+ H)" ion
current at nominal mass 556 for leucine enkephalin. The (M-+H)* ion, following
acceleration to 8 kV, is subjected to collision-activated dissociation processes where
the ion kinetic energy is transferred to higher electronic levels®®, to induce bond
fragmentation®’. A specific amino acid sequence-determining ion at mass 336, rep-
resenting the C-terminal tripeptide fragment -GFL from YGGFL, is selected for
monitoring. That ion shifts cleanly to mass 340 in the spectrum of !80,-leucine
enkephalin internal standard. These two selected and specific amino acid sequence-
determing ions, 336 and 340, are alternately collected, the ratio of the two accumu-
lated ion currents is calculated, and the amount of 180, internal standard is used to
multiply the ratio and calculate the amount of endogenous enkephalin.

In the FAB-CAD-B/E-B'/E’-SIM-microcomputer mode, the calibration
curve shown in Fig. 1 demonstrates linearity over the concentration range of ana-
lytical interest. The sensitivity of both the field desorption (M + H)*-SIM and the
FAB-CAD-B/E-B'/E'-SIM-microcomputer mode are comparable and can be used
down to 30 ppb or 30 ng of peptide per gram of tissue. Current instrumental devel-
opments indicate a sensitivity to the pg g~ ! level.
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Fig. 1. Best-fit straight line calibration ion curves for leucine enkephalin (lower) and methionine enkephalin
(upper), produced from integrated Ms/M; ratios derived from FAB-CAD-B/E-B /E'-SIM measurements
on 336 (LE) and 378 (ME). For LE, y = 0.69x and > = 0.995; for ME, y = 1.09x + 0.06 and r*> =
0.999.
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Microcomputer

An Apple II-plus microcomputer is electronically interfaced to five sections of
the mass spectrometer: the oscilloscope, accelerating voltage alternator, total ion
current monitor, emitter heater current, and the electron multiplier output3®. The
B/E-B'[E’ alternating mode is effected by changing the two respective fields in an
appropriate manner. The number of scans generally ranges between 50 and 70, a
number sufficient to define good statistics of the measurement compared to previous
manual measurement methods involving limited numbers??-3°, The microcomputer
minimizes operator fatigue and error and makes the entire measurement process fast
(only minutes to obtain the data), facile (no analog data is acquired or measured),
and objective (computer software defines areas, thresholds, and calibration).

RESULTS AND DISCUSSION

Calibration

The method of analysis employing the FAB-CAD-B/E-B'/E'-SIM-microcom-
puter demonstrates a linear response over the range of concentrations of endogenous
peptides found in biological extracts. The use of both the stable isotope-incorporated
internal standard and this novel analytical measurement mode is important to dem-
onstrate linearity and to overcome biological matrix effects. Primary data from one
of the accelerating voltage alternation experiments is shown (Fig. 2) for leucine en-
kephalin (2 pg) versus O'8 leucine enkephalin (2 ug)3>. The monitored peak is mass
336 in the former case and 340 in the latter case. This selected ion corresponds to the
tripeptide sequence ~-GFL, which derives from the collision-activated dissociation/
linked field (B/E) scan mode. This amino acid sequence-determing ion is a product
ion, arising only from the protonated molecular ion (556) of leucine enkephalin. In
the oscillographic trace (Fig. 2), the 80 species is clearly indicated when the higher
mass (Mjs) is being monitored, because a 60-Hz signal is superimposed. The micro-
computer accepts the data for the large number of signals to optimize ion statistics.
Integrated areas are plotted, and the ratio of the known amounts of the *60 and the
80 species is plotted. Fig. 1 contains the calibration curves3S for both methionine
enkephalin (upper) and leucine enkephalin (lower). Both curves intercept at, or very
near, the origin and have correlation coefficients near unity. The statistical parameters
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Fig. 2. Analog data for leucine enkephalin derived from the FAB-CAD-B/E-B' /E’-SIM-microcomputer
mode. The peaks, which are alternately monitored, are due to the C-terminal fragment -GFL at M =
336 (LE) and M5 = 340 (**0,-LE).
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Fig. 4. Plot of FAB-CAD-B/E-B'/E’ SIM data for LE and '*O,-LE in hypothalamus extract.

for the two best-fit straight lines are: for ME: y = 1.09x + 0.06, r* = 0.999; and for

LE: y = 0.69x, r* = 0.995.

Hypothalamus

The reversed-phase high-performance liquid chromatogram for canine hypo-
thalamus tissue (2 g) is shown in Fig. 3A and the chromatogram of sample spiked
with the two enkephalin peptide internal standards '80,-ME and '80,-LE is shown
in Fig. 3B. The two arrows indicate the known retention times of synthetic ME and
LE, respectively. It should be noted that at the UV wavelength being monitored (200

TABLE I

MEASUREMENT OF ENKEPHALINS IN CANINE TISSUE EXTRACTS (ng g~ ') AND CSF (ng

ml™Y)

Source Enkephalin  Amount  Method*
Hypothalamus LE 170 1
Cerebrospinal fluid LE 44 1
Pituitary
Anterior LE 70 2
ME 2950 2
Posterior LE 2 2
ME 3760 2
Caudate nucleus LE 1500 2
Tooth pulp** LE 30 2
ME 179 2
Tooth pulp
Control LE 20 2
ME 487 2
Electrostimulated LE 45 2
ME 390 2

* Method 1:FDMS-SIM-microcomputer; Method 2: FAB-CAD-B/E-B'/ E’-SIM-microcomputer.
** Unstimulated pooled tissue from five dogs.
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Fig. 1SS(A). Reversed-phase HPLC chromatogram of 2 ml of canine CSF. (B) Reversed-phase HPLC chromatogram of 2 ml of canine CSF, spiked with !*0,-ME
and 120, LE.
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nm), the reversed-phase HPLC chromatogram of a hypothalamic peptide-rich frac-
tion is relatively clean.

While experiments indicate that the reversed-phase HPLC resolution of the
two enkephalin peaks may be increased (recycling, buffer and/or organic modifier
change, flow-rate, temperature, etc.), it must be remembered that in our mode of
analysis, the detector is not limited to only UV absorption, but rather is based on
the measurement of a unique amino acid sequence-determining ion arising from a
peptide eluted at one selected retention time. In this type of measurement mode,
virtually all chromatographic and chemical background noise disappears. The plot
of leucine enkephalin and the '®O leucine enkephalin internal standard (M +H)*
ratios for this hypothalamus data is shown in Fig. 4, where intersection occurs at the
noise level (dotted line) and corresponds to 170 ng of leucine enkephalin per gram
of hypothalamus tissue. Table | summarizes these measurements, and all of the ana-
lytical data which are discussed below in greater detail.

Cerebrospinal fluid

Fig. S5A shows the reversed-phase high-performance liquid chromatogram of
canine CSF alone (2 ml) and Fig. 5B the chromatogram of CSF spiked with the two
peptide internal standards. Both leucine enkephalin (44 ng ml~!) and methionine
enkephalin (84 ng ml™') are measured in this extract.
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Fig. 6 (A). Reversed-phase HPLC chromatogram of 1.9 g of anterior pituitary tissue extract. (B) Re-
versed-phase HPLC chromatogram of 1.9 g of anterior pituitary tissue extract, spiked with '30,-ME and
18
O,-LE.
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Pituitary

A number (40) of canine pituitaries were accumulated and neuroanatomically
separated into the anterior (1.9 g total wet weight) and posterior (0.44 g total wet
weight) portions. The tissue was homogenized in acetic acid (1 M) and divided into
three equal samples. Fig. 6A shows the reversed-phase high-performance liquid chro-
matogram of the anterior pituitary tissue extract alone and Fig. 6B the anterior
pituitary extract plus two peptide internal standards. Figs. 7A and 7B show the
corresponding reversed-phase HPLC chromatograms for the posterior pituitary ex-
traction. Table I lists the amounts of the enkephalins found in both the anterior (LE
= 70; ME = 2950 ng g~ ') and in the posterior (LE = 2; ME = 3760 ng g™ !)
pituitary extracts.

Caudate nucleus

This laboratory has reported previously the endogenous amount of enkephalin
measured in canine caudate nucleus tissue extracts determined by means of field
desorption mass spectrometry methods??:3°, The amount of endogenous enkephalin
in the canine caudate nucleus tissue extract in the current analytical study was 190
of methionine enkephalin and 1500 ng of leucine enkephalin per gram of tissue.

Tooth pulp
Pooled tooth pulp tissue was collected from four animals (four teeth in each
animal, total = 16). Canine tooth pulp reversed-phase HPLC chromatograms have
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Fig. 7 (A). Reversed-phase HPLC chromatogram of 0.44 g of posterior pituitary tissue extract. (B) Re-

verseg-phase HPLC chromatogram of 0.44 g of posterior pituitary tissue extract, spiked with 130,-ME
and '*0,-LE.
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TABLE 11

INDIVIDUAL MASS SPECTROMETRIC MEASUREMENTS OF ENKEPHALINS IN CANINE
TOOTH PULP EXTRACTS
Data in nanograms of enkephalin per gram of tissue.

Dog ME LE Wer weight (g)

Control, unstimulated 112 750 30 1.714
114 90 9  2.090
127 620 20 1.071

Stimulated 110* 690 120 0.528
115 390 10 1.637
134 90 6 1.711

* Exsanguination begun before electrostimulation.

been published?®. The endogenous amount of enkephalin for pooled tooth pulp tissue
was 179 ng of methionine enkephalin and 30 ng of leucine enkephalin per gram of
tooth pulp tissue.

Electrostimulated tooth pulp

In a study to determine whether electrical stimulation affects enkephalin con-
centration, three animals served as controls and three for electrostimulation experi-
ments. Table II collects the individual analytical measurements for this study. While
it is noted that animal 110 was exsanguinated before stimulation and relatively less
tissue (0.528 g) was obtained, we have no basis for rejecting these data at this time.
Also, ME data for animals 112 and 110 seem to be proportionately higher due to
perhaps a lower level of internal standard in the mass spectrometric measurement,
even though the HPLC data appear acceptable. These two questions notwithstand-
ing, it is noted (Table I) that electrostimulation significantly decreases by 20% the
amount of endogenous methionine enkephalin while doubling the amount of leucine
enkephalin.

The general trend derived from these analytical data is that both of the opioid
pentapeptides methionine enkephalin and leucine enkephalin are altered upon elec-
trostimulation*%-#!, Electrostimulation is performed in an effort to elucidate the mo-
lecular mechanisms operating during a physiologically stressful situation. This elec-
trostimulation experiment may or may not be exactly the same molecular process
that occurs during endogenous pain. Nonetheless, our data indicate that the three
peptidergic pathways (dynorphinergic, endorphinergic, enkephalingeric) may be mo-
bilized in the following sequence: Large precursor — intermediate precursor(s) —
pentapeptides(s) — inactive metabolites®. On one hand, there may be a naturally-
occurring pool of pentapeptides which is electrostimulated towards metabolism or,
on the other hand, the entire metabolic scheme noted above may be stimulated,
leading to a lowered endogenous amount of each constituent peptide. Other human?3
and in vivo dynamic studies are needed to resolve that question.

CONCLUSIONS

Several conclusions are derived from the experiments reported in this manu-
script.
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A fast and facile method of sample acquisition and procurement from the
canine animal model is described. This study demonstrates the need for rapid freezing
of tissues in a fashion similar to that described for the discovery of 190H-PGE,
compounds in human seminal fluid*2. Rapid freezing avoids, or at least minimizes,
both metabolic and chemical interconversions and also enhances the possibility of
measuring only those endogenous target compounds but not artifacts nor chemical/
enzymic products.

The need for an internal standard for mass spectrometric measurement has
been demonstrated by other workers using mass spectrometric measurement*® to
overcome biological matrix effects. Stable isotope-incorporated compounds are the
internal standards of choice, because they represent the molecular structure closest
to the endogenous peptides and the also have similar hydrophobicity and mass spec-
trometric behavioral characteristics. An internal standard is added as soon as possible
after tissue acquisition and before homogenization in the separation scheme to ac-
curately represent the endogenous amount of peptide and also to provide sufficient
time for equilibration** of the exogenous and endogenous peptides.

The most significant parameter of any analytical measurement of any biolog-
ical compound is the molecular specificity of that measurement; namely, is the com-
pound one thinks is being measured the compound that actually is being measured?
This concept is easy to state but experimentally rather difficult to unambiguously
prove. Many other assay methods are generally utilized because of their relative ease,
low cost, high speed, high sensitivity, and putatively, high molecular specificity. For
example, chromatography, color reactions, enzymatic reactions, HPLC, bioassay,
radioreceptor assay, and RIA are all measurement procedures which are used in most
laboratories around the world. We state unequivocally that the molecular specificity
of all of the above measurement procedures is insufficient for unambiguous structural
proof. Only one measurement process, namely mass spectrometry, offers unambigu-
ous molecular specificity.

The sensitivity of the novel mass spectrometric process described above is quite
sufficient for analytical measurement of endogenous peptides in most biological tis-
sues and fluids. For example, enkephalin peptides in canine caudate nucleus tissue
extracts are measured at the 200400 ppb level, where the instrument may limit mea-
surement to the 30 ppb level. It is significant to realize that several significant instru-
mental improvements are being made and that an improvement in sensitivity of a
factor of perhaps up to 100 may be expected soon.

The peptide measurements tabulated in Table I include endogenous amounts
of both methionine enkephalin and leucine enkephalin pentapeptides in hypothala-
mus, CSF, anterior and posterior pituitary, caudate nucleus, and tooth pulp (pooled
and electrostimulated). This type of analytical/physiological study is undertaken in
one of our laboratories to ensure quality control over all experimental manipulations,
ranging from the live animal model through exsanguination, tissue procurement,
homogenization, chromatography, mass spectrometry, and data analysis. Inter-ani-
mal biological variations are observed and it is possible to have one animal serve as
its own control.

Finally, as noted above, this type of study aims primarily towards increasing
the molecular specificity of the analytical measurement of endogenous peptide con-
tents of various biological tissues and fluid. Further studies will involve a dynamic



HPLC-MS OF ENKEPHALIN PEPTIDES 259

measurement of both the production of the enkephalins from their precursors and
the inactive metabolites.
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