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Abstract

Background: Calcitonin gene-related peptide plasma levels have frequently been determined as a biomarker for
primary headaches. However, published data is often inconsistent resulting from different methods that are not precisely
described in most studies.

Methods: We applied a well-proven enzyme-linked immunosorbent assay to measure calcitonin gene-related peptide
concentrations in human blood plasma, we modified parameters of plasma preparation and protein purification and used
calcitonin gene-related peptide-free plasma for standard solutions, which are described in detail.

Results: Calcitonin gene-related peptide levels are stable in plasma with peptidase inhibitors and after deep-freezing.
Calcitonin gene-related peptide standard solutions based on synthetic intercellular fluid or pooled plasma with pre-
absorbed calcitonin gene-related peptide influenced the measurements but yielded both comprehensible results. In a
sample of 56 healthy subjects the calcitonin gene-related peptide plasma levels varied considerably from low
(<50 pg/mL) to very high (>500 pg/mL) values. After a |12-hour exposure of these subjects to normobaric hypoxia
the individual calcitonin gene-related peptide levels remained stable.

Conclusion: Buffering with peptidase inhibitors and immediate freezing or processing of plasma samples is essential to
achieve reliable measurements. Individuals show considerable differences and partly high calcitonin gene-related peptide
plasma levels without detectable pathological reason. Thus plasma measurements are suited particularly to follow
calcitonin gene-related peptide levels in longitudinal studies.

The use of data for this study was approved by the Ethics Committee of the Medical

University of Innsbruck (https://www.i-med.ac.at/ethikkommission/; EK Nr: 1242/2017).
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Introduction

The 37 amino acid calcitonin gene-related peptide
(CGRP) with its two subtypes, «- and S-CGRP, is
mainly expressed in neurons of the central and periph-
eral nervous system (1) but has also been suggested to
occur in non-neuronal cells like lymphocytes, mononu-
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clear cells, adipocytes as well as endothelial and epithe-
lial cells (2). Apart from motor endplates (3), CGRP is
present in a main fraction of primary afferent neurons,
o-CGRP primarily in the somatosensory and the tri-
geminal system and f-CGRP in gastrointestinal affer-
ents (1). In rodents, all CGRP producing afferents, the
majority of which form C-fibres but a minor
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proportion also AJd-fibres, have nociceptive functions
and are usually co-expressing transient receptor poten-
tial (TRP) cation channels of the vanilloid 1 and
ankyrin type (TRPVI and TRPAI) (4-6). Upon acti-
vation of these nociceptors CGRP is released into the
innervated tissues, where it contributes to neurogenic
inflammatory responses, particularly arterial vasodila-
tation (1). Subsequently it is likely absorbed by post-
capillary vessels and finally appears in the circulation
(7), where it is regarded as a biomarker for disorders
that typically come along with strong activation of
nociceptive primary afferents and hence pain (8).
However, to date only in migraine pain and cluster
headache the concentration of CGRP in venous
blood drained from the head has been associated with
the severity of these diseases (9), although this is not
without conflicting results, especially when the blood
was taken from the cubital veins (10,11). One reason
for this inconsistency may be that only a minor fraction
of CGRP appears in blood samples taken from body
veins, especially if these are far away from the sites of
CGREP release. Because CGRP is degraded by pepti-
dases in the blood plasma with a half-life of about 7-10
minutes (12), only a fraction of the original concentra-
tion will appear at the site of blood sampling like the
cubital veins.

However, more relevant for the differing data on
CGRP plasma concentrations in the literature may be
the different performance of analysis methods, even if
same techniques like enzyme-linked immunosorbent
assays (ELISAs) are used. The handling of these
assays is variable and has not been described precisely
enough in most papers, so that it is hardly possible for
other groups to repeat the respective measurements.
Therefore, it is not astonishing that inconsistent data
about the CGRP levels in human blood has been pub-
lished, even in same disorders like migraine and other
severe headache disorders, where increased CGRP
levels have been found in the venous outflow from
the head (13-16).

This problem has initiated the present experimental
survey. We have used human blood plasma from vol-
unteers including a previous study with hypoxic expo-
sure (17) and explain step by step the procedures,
imponderables and pitfalls of plasma CGRP measure-
ments with an approved enzyme-linked immunosor-
bent assay (ELISA).

Methods

Participants

For the preparatory experiments some of the authors
were involved in the study. For the applied experiments
the participants consisted of a subset of healthy

volunteers that participated in a previous prospective
trial, in which headache occurrence during experimen-
tal hypoxia was studied (17). The present study con-
formed with the ethical standards of the Declaration of
Helsinki from 2008, adhered to the principles and
guidelines of the CONSORT statement (18) and was
approved by the Ethics Committee of the Medical
University of Innsbruck (EK Nr: 1242/2017). All par-
ticipants gave their written informed consent to the
procedures and the analysis of their blood samples.

In brief, the participants did not suffer from any car-
diovascular, respiratory, neurological or psychiatric dis-
eases including migraine or other forms of headaches.
They did not smoke and had abstained from all anti-
inflammatory medication, nutritional supplements or
alcohol for two weeks prior to the experiments. All 56
volunteers (33/23 m/f) of this previous study providing
blood for the present examination were exposed to nor-
mobaric hypoxia for 12 hours in a hypoxic chamber at
Innsbruck simulating an altitude hypoxia of 4500 m
with a partial pressure of inspired oxygen of 83.9
mmHg and constant temperature and humidity (17).
During hypoxia exposure they were allowed to eat the
same food and take non-alcoholic drinks as desired, and
they could sit or move around slowly but did not sleep.
Blood was taken twice, before entering the hypoxic
chamber and after finishing the 12 hr exposure to nor-
mobaric hypoxia.

Blood collection and separation of plasma

Blood was taken from a cubital vein using EDTA-K
tubes (S-Monovetten, Sarstedt, Niimbrecht, Germany)
and centrifuged at 4°C for ca. 5 min with 3000 rpm/
5000 g, if not stated otherwise. The plasma fraction was
taken off with an Eppendorff pipette, transferred to
cryovials (Nunc CryoTubes, Merck, Darmstadt,
Germany), some of them were buffered (see below),
and all were frozen in liquid nitrogen and stored at
80°C within 10—12 min after blood sampling.

Sample processing and principle of the CGRP
enzyme-linked immunosorbent assay

The persons who analysed the plasma were blinded
regarding the preceding experimental procedures and
the allocation of plasma samples. Frozen plasma sam-
ples were defrosted at room temperature and gently
mixed by tilting. From each tube 100 uL were taken
with an Eppendorff pipette for processing with the
enzyme-linked immunosorbent assay (ELISA) for
human CGRP (CGRP Enzyme Immunoassay
#A05481, shortly also named CGRP EIA, Bertin
Bioreagent, Montigny-le-Bretonneux, France).
The ELISA is based on a double-antibody sandwich
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technique and has 100% cross-reactivity for human o-
and S-CGRP but<0.01% cross-reactivity for amylin,
calcitonin and substance P according to the manufac-
turer’s information. The wells of a 96 well plate are
coated with mouse monoclonal antibodies capturing
the N-terminal (6-7 amino acids) of CGRP molecules
(Figure 1). The CGRP tracer contains monoclonal anti-
bodies that bind the C-terminal (67 amino acids) of
CGRP molecules. They are conjugated with acetylcho-
line esterase (AchE), which converts Ellman’s reagent
(DTNB; 5,5’-dithio-bis-2-nitrobenzoic acid) to the ion-
ized form of 2-nitro-5-thiobenzoate (TNB?") that has a
spectrophotometrically detectable yellow colour. The
assay shows the same sensitivity for - and f-CGRP,
the lower detection limit is 2 pg CGRP/mL according
to the manufacturer’s information.

Preparation of solutions

Synthetic interstitial solution (SIF) was prepared by dis-
solving (in mM) 108 NaCl, 3.48 KCl, 3.69 MgSO4, 26
NaHCO3, 11.67 NaH2PO4, 1.5 CaCl,, 9.6 Na-
gluconate, 5.55 glucose and 7.6 sucrose in ultrapure
water adjusted to pH 7.4. All following substances
were obtained from Bertin Bioreagent. EIA Buffer sup-
plied as powder containing protease inhibitors was
reconstituted at room temperature (20°C) with 10 mL
ultrapure water for concentrated EIA buffer. Standard
buffer was made by diluting 1 volume part of concen-
trated buffer with 4 parts of SIF. In the following, the
phrase “buffered” always means that protease inhibitors
are contained in the buffer solution. Human CGRP
Standard supplied as powder was reconstituted with
ImL standard buffer to a final concentration of
Ing/mL. From the dissolved CGRP standard, serial
dilutions of 500, 250, 125, 62.5, 31.25, 15.63 and
7.81 pg/mL CGRP were prepared in propylene tubes
with 500pL standard buffer. Alternatively, blood
plasma (usually freed from CGRP) was used to dissolve
the same series of CGRP concentrations (see below).
Standard buffer (or CGRP-free plasma) was used as
lowest (0pg/mL) CGRP standard. CGRP Tracer sup-
plied as powder was reconstituted with 11.5mL stan-
dard buffer. 1mL concentrated wash buffer was
diluted with 400mL ultrapure water, and 200pL
Tween 20 was added. Finally, Ellman’s reagent
(powder) was reconstituted with 49 mL ultrapure water
and 1 mL wash buffer solution.

Assay processing

The 96 well plate was rinsed 5 times with wash buffer
solution. To produce the reference curve, 100 uL of
each of the 8 CGRP standard solutions was transferred
to wells and 100 pL CGRP tracer solution was added.

(AchED
Tracer antibody

Figure |. Schematic representation of the sandwich ELISA
technique used. CGRP molecules in buffered plasma are bound
by the capture antibodies that are fixed to the well. Other CGRP
epitopes bind tracer antibodies conjugated with acetyl choline
esterase (AchE), which converts Ellman’s reagent (DTNB) to
TNB that gets ionized and appears yellow. Not CGRP- bound
tracer antibodies are washed away. The amount of TNB?™ is
proportional to the amount of AchE-conjugated antibodies and
hence CGRP molecules.

W(Capture antibody

Similarly, 100 pL of the buffered samples were trans-
ferred to wells and 100 uL CGRP tracer antibody solu-
tion was added. One well was filled with 100 uL SIF
without CGRP as a zero control. The plate was cov-
ered and incubated for 16-20 hrs at 4°C. Then the wells
were emptied and rinsed 5 times with wash buffer solu-
tion. 200 uL Ellman’s reagent was filled in each well,
the plate covered and incubated in the dark at room
temperature on an orbital shaker. Subsequently, the
plate was analysed with a plate reader (Dynex Opsys
MR, Aspect Scientific Ltd; Cheshire, UK) at a wave-
length of 405 nm every 30 minutes until the absorbance
approached a maximum, which was usually the case at
60 minutes. The reference curve was fitted to the speci-
fied CGRP values (Figure 2) and the CGRP concen-
tration of each sample was determined based on the
reference curve. The final CGRP concentration was
calculated considering the dilution of samples with
EIA buffer (usually 1.25 times, if not specifically men-
tioned). Reference curves specified in the software
(Revelation, Langenau, Germany) were based on
linear regression (Figure 3a) or the Akima interpola-
tion (Figure 3b), which is built from piecewise third
order polynomials, point for point connecting the
standard values (19). CGRP values are given as
pg/mL. If values extended the upper standard of 500
or 1000 pg/mL, the measurements were repeated using
the same samples, again undiluted and additionally
diluted 1:5 or 1:10 with standard buffer.

Purification of plasma by extraction

Extraction is recommended prior to the CGRP assay
to purify heterogenous fluids containing high
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Figure 2. Original reference curve fitted linearly to the absorbance at 405 nm wavelength of the CGRP standards 7.81, 15.63, 31.25,

62.5, 125, 250, 500 and 1000 pg/mL.
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Figure 3. Original reference curves fitted linearly (a) and

by Akima interpolation (b) to the absorbance at 405 nm wave-
length of the CGRP standards 7.81, 15.63, 31.25, 62.5, 125 and
250 pg/mL.

concentrations of different proteins. Blood plasma
(1mL) was 1:4 diluted with 4% acetic acid and
passed through a 1 mL C-18 reverse phase cartridge
(Bertin Pharma), which beforehand was cleaned by
methanol (SmL) and ultrapure water (10mL). Then
the cartridge was washed with 4% acetic acid
(10mL), and 3mL of a solution of methanol and 4%
acetic acid (9:1) was passed through the cartridge (3
times 1 mL). The elution was dried in a vacuum desic-
cator at room temperature overnight and reconstituted
with 1 mL standard buffer.

Preparation of CGRP-free plasma

Blood plasma of one subject or pooled plasma freed
from CGRP (see Results) was prepared for the stan-
dard solutions in plasma. 400 pL plasma and 50 puL
CGRP Affinity Sorbent (Bertin Bioreagent, A19482)
were mixed in a plastic tube and incubated
overnight at 4°C on a tilting shaker, then passed
through a column with a filter paper at the
bottom (Bertin Bioreagent). The sorbent is bound on
a matrix resin and contains the same mouse anti-
CGRP monoclonal antibody as that coating the
wells. According to the manufacturer, 1 mL of the
sorbent can free up to 20mL sample volume
from CGRP. The eluate was collected and used
for producing the CGRP standard solutions as
described above.
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Data analysis

Excel software 2013 (Microsoft Corporation, USA)
and Statistica 7.0 (StatSoft, Tulsa, OK, USA) was
used for calculation and statistical analysis of data.
Distribution of values was approved for normality
and compared using two-tailed Student’s t-test or anal-
ysis of variance (ANOVA). Differences were consid-
ered significant at p<0.05. Values are given as
mean =+ standard error of the mean (SEM).

Results

Preparatory experiments

Role of buffering and freezing. Plasma was obtained by
centrifugation (5000 rpm for 3 min at 5740 g) of fresh
venous blood of one male individual. From this plasma
12 aliquots of 100 uL each were buffered with EIA
buffer (4:1) containing peptidase inhibitors, the other
4 remained unbuffered. Eight samples (6 buffered, 2
unbuffered) were spiked with 50 uL of the CGRP stan-
dard containing 50pg CGRP before freezing, the
remaining 8 samples (6 buffered, 2 unbuffered) were
spiked with the same amount of CGRP after freezing
and thawing one week later. Two additional aliquots
were not spiked with CGRP but with same volumes of
normal buffer as a control. The immunoassay was run
as described and CGRP values were determined using
the standard buffer solutions as reference (see below).
Recalculated CGRP concentrations (compensating
buffer volumes) were 75.1 8.6 pg/mL in the samples
spiked with CGRP before freezing and 63.6 +5.1pg/
mL in the samples spiked after freezing and thawing.
Among these, the 4 unbuffered samples yielded 42.5 +
1.4 pg/mL. The control samples without CGRP spiking
yielded 11.5 and 10.1pg/mL. The statistical analysis
(factorial ANOVA) indicated a significant difference
between buffered and not buffered samples
(F112=32.98, p<0.001) but not between samples
spiked before or after freezing with CGRP
(F1.12=0.96, p=0.35). We concluded that buffering
of plasma samples with peptidase inhibitors is impor-
tant to maintain the CGRP concentration, whereas
deep-freezing for some days (<1 week) causes no sig-
nificant loss of CGRP in the samples. Therefore, imme-
diate deep-freezing of plasma samples was applied for
all following experiments.

Role of plasma extraction. Plasma of the same subject as
above was subjected to extraction as described in the
Methods. 16 aliquots of 100 uLL each of the plasma as
mentioned in the previous paragraph were treated in
exactly the same way and analysed with the CGRP
immunoassay. Recalculated CGRP concentrations

(compensating buffer volumes) were 140.4+5.6 pg/
mL in the samples spiked with 50 pg CGRP before
freezing and 114.1+5.4 pg/mL in the samples spiked
after freezing and thawing. The calculated CGRP con-
centration in the 4 control samples without buffering
was 148.2 £10.7 pg/mL.

We concluded that the CGRP assay after plasma
extraction does not reproduce the actual CGRP concen-
tration but rather produces unrealistic high values, and
therefore, extraction was not used for further studies.

Mutual use of standard solutions. To find the best solvent
for the CGRP standard solutions to reproduce CGRP
concentrations in plasma samples, we used three differ-
ent solutions: (A) buffered SIF (standard buffer); (B)
buffered plasma (from same subject as above) stored
deep-frozen; and (C) deep-frozen plasma buffered after
defrosting. Each of these solutions was used to produce
the graded CGRP standards, containing 250, 125, 62.5,
31.25, 15.63, 7.81 and Opg/mL CGRP. The actual
CGRP concentrations contained in the three standard
solution series were calculated using alternately each of
the graded solutions for establishing the reference curve.
The results are shown in Table la. Calculated CGRP
concentrations in the plasma analysed with Standard A
(buffered SIF) are similar, irrespective if samples were
buffered before or after freezing (Table 1a, compare 2nd
and 3rd column measured with Standard A), however,
concentrations >20pg/mL are underestimated, while
lower concentrations cannot reliably be discriminated.
CGRP concentrations based on the references made
from plasma, irrespective if buffered before or after
freezing (Standards B and C) represent one another
best (Table 1, compare Sth and 7th column), whereas
the higher CGRP concentrations in buffered SIF
(Standard A) are overestimated by about 2-fold com-
pared to the expected values when measured with any
of the plasma Standards B or C (see 4th and 6th
column).

We concluded that standard solutions based on differ-
ent media like SIF and plasma are crucially influencing
the CGRP measurements.

Application of different reference curves. The discrepancies
between the values of the different standard solutions
and the deviation of lower and higher values from the
expected CGRP concentrations are partly due to the
reference curves fitting the reference values of the stan-
dard CGRP solutions. This is especially conspicuous
when CGRP standards in plasma are used. The most
frequently used method is a linear fit, which nicely rep-
resents the standard values in SIF but not in plasma.
Table 1b as an extreme example shows the difference
of results when mutually compared standard curves
were analysed with linear regression and Akima
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Table 1. Comparison of graded CGRP concentrations in different standard solutions (a) and as the result of two reference curve
fittings (b). The first column shows the prepared (and expected) CGRP concentrations in the standard solutions. Standard A: standard
buffer (buffered SIF); Standard B: buffered plasma stored deep-frozen; Standard C: deep-frozen plasma, buffered after thawing; n.d.:

not determined, levels below lowest standard value.

la. Comparison of standard solutions

Standard B Standard C Standard A Standard C Standard A Standard B
measured with
Expected
CGRP (pg/mL) Standard A Standard B Standard C
250 193.2 197.6 555.1 3387 5455 327.9
125 77.0 723 250.6 116.9 249.0 127.1
62.5 41.6 374 110.5 55.7 112.4 66.6
31.25 25.8 24.6 52.3 32,6 55.1 39.0
15.63 19.2 16.7 24.1 19.3 28.0 27.6
7.8 17.3 15.7 15.7 16.4 20.0 232
0 16.0 13.1 8.1 10.2 12.8 224
Ib. Comparison of linear regression and Akima interpolation.
Standard A Standard C
CGRP (pg/mL) measured with Standard B
CGRP (pg/mL) Linear Akima Linear Akima
250 555.1 454.9 3387 317.1
125 250.6 259.5 116.9 145.8
62.5 110.5 138.3 55.7 68.1
31.25 523 63.6 32,6 355
15.63 24.1 21.0 19.3 10.9
78 15.7 n.d. 16.4 n.d
0 8.1 n.d. 10.2 n.d.

interpolation. Figure 3 shows the underlying reference
curves. Akima represents most values slightly better,
however, very low values are not detected, because
they are below the apparent value of the lowest stan-
dard. Conversely, this means that very low values
detected with the linear read-out are not representing
the true CGRP concentrations. Keeping this in mind,
we used mostly the linear fit to avoid loss of data.

Use of different standard solutions for sample testing. In
addition to the mutual use of the three CGRP standard
solution series as reference, we tested which of the sol-
utions represents a low given CGRP concentration in
plasma best. We spiked buffered SIF and plasma of the
same individual with CGRP 50 pg/mL prior to freezing
or after freezing and thawing as explained above and
subjected two samples of each treatment to the assay.
The results of the final calculation of the CGRP con-
tent are shown in Table 2. The two samples of each
preparation (Ist and 2nd) revealed very similar CGRP
values indicating that repeatability of measurements
was good. When CGRP was added to SIF (1st row),
values were best represented in the CGRP standard

series made of buffer (Standard A) but were quite
above 50 pg/mL when they were measured in CGRP
standard series made of plasma, regardless if they were
buffered before or after freezing (Standards B and C).
One could assume that the surplus CGRP content of
about 30 pg/mL was originally contained in the plasma
before spiking, however, the CGRP content in the
(unspiked) plasma samples (Control, 4th and 6th
row) was low and close to the detection level of 5 pg/
mL CGRP, regardless of its treatment. The calculated
CGRP concentrations in spiked plasma (3rd and 5Sth
row) were closest to 50 pg/mL when they were mea-
sured in graded CGRP concentrations dissolved in
plasma (Standards B and C), whereby buffering
before freezing yielded slightly better values.
However, when the plasma samples were measured in
the SIF standard (Standard A), they revealed only
about half of the expected value of 50pg/mL.
Finally, unbuffered plasma samples spiked with
CGRP (7th row) and measured in plasma
standards (B and C) represented the expected CGRP
concentration of 50 pg/mL best, if very low pre-existing
levels of CGRP in the plasma were assumed.
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Table 2. Comparison of CGRP concentrations in SIF and plasma differently treated and measured with standard A (buffered SIF),
standard B (buffered plasma stored deep-frozen) and standard C (deep-frozen plasma, buffered after thawing); n.d., not detectable.

CGRP (pg/mL) measured with

Standard A Standard B Standard C
Treatment Ist 2nd Ist 2nd Ist 2nd
CGRP 50 pg/mL in SIF buffered before freezing 45.7 46.7 78.9 80.6 778 79.6
Control (SIF buffered before freezing) 1.2 1.3 0.2 n.d. 1.0 1.2
CGRP 50 pg/mL in plasma buffered before freezing 27.7 264 47.1 448 46.8 44.7
Control (plasma buffered before freezing) 4.4 4.7 5.9 6.4 6.6 72
CGRP 50 pg/mL in plasma buffered after freezing 249 243 422 41.1 42.1 41.0
Control (plasma buffered after freezing) 4.7 5.0 6.3 6.8 7.0 73
CGRP 50 pg/mL in plasma without buffering 31.0 31.3 52.9 534 525 53.0
Plasma frozen but not buffered 17.5 17.8 29.0 29.6 29.2 29.7

On the other hand, unbuffered plasma (last row)
measured with the plasma standards B and C
yielded about 30 pg/mL CGRP, equalling the surplus
of the Ist row.

We concluded that unbuffered plasma samples can
also be used for fairly reliable measurements of CGRP
concentrations if they are quickly deep-frozen, but they
should be measured in CGRP standards made of plasma.

Stability of high CGRP concentrations in frozen plasma. From
the results of the preparatory experiments we have con-
cluded that in deep-frozen plasma the CGRP content is
fairly stable for at least one week. To test whether
unbuffered deep-frozen plasma with high CGRP con-
centrations keeps its CGRP content for a longer time,
we repeated the CGRP measurements of 7-9 plasma
samples of 3 individuals with high CGRP levels after
8 months. For CGRP measurements we used standard
solutions in buffered SIF. The mean CGRP concentra-
tions of the first measurement were 623.2+11.2,
838.6 84 and 1926.3+17.0pg/mL, the repeated
measurements after 8§ months yielded 224.445.6,
758.8+9.7 and 1261.8 +7.4pg/mL, which is 36.7 +
1.3, 90.5+0.8 and 65.5+0.6% of the firstly measured
concentration. The difference is highly significant
(t-test, p<0.0001). The plasma samples with the high-
est loss (65.5%) appeared cloudy after thawing.

We concluded that the loss of CGRP in plasma frozen
for several weeks is substantial, so that frozen samples
should be measured as quickly as possible.

Applied experiments

CGRP absorption for standard solutions. When plasma with
unknown CGRP content is used to establish the CGRP
standard solutions, it is recommended to free the plasma
from CGRP beforehand. To probe the effect of CGRP
absorption on the CGRP standard solutions dissolved in
plasma, plasma samples from 17 (10/7 m/f) healthy

volunteers prior to their exposure to hypoxia were
taken. From these, 13 samples with ample volume were
selected and 0.5 mL of each sample was used for pooling.
Half of the pooled plasma was treated with Affinity
Sorbent (see Methods), the other half was not treated.
Then the actual CGRP concentrations contained in the
CGRP standard solution series made from buffered SIF
(Standard I), from untreated plasma (Standard II) and
from plasma after CGRP absorption (Standard III) were
calculated using mutually each of the graded solutions as
reference ranging from the lowest (standard buffer or
CGRP-free plasma) of virtually 0 pg/mL CGRP to the
highest with 1000 pg/mL. The results are shown in Table
3. The reference standard solutions based on SIF
(Standard 1) and plasma with absorbed CGRP
(Standard IIT) mutually represent the prepared CGRP
concentrations in pre-absorbed plasma or SIF, respec-
tively, best (compare 3rd and 6th column); although
high CGRP values (>100pg/mL) in pre-absorbed
plasma (Standard III) measured in the SIF standard
(Standard I) are underestimated by about 10% and
lower values are overestimated (3rd column), as illustrat-
ed in Figure 4. In untreated pooled plasma measured
with Standard I or III (2nd and last column) all CGRP
concentrations are about 400 pg/mL above the expected
values, which was likely due to the actual CGRP con-
centration in the pooled plasma without CGRP absorp-
tion. Expectedly, the standard curve based on the
untreated pooled plasma (Standard 3) displayed no mea-
surable values (4th and 5th column), likely because the
high pre-existing CGRP values led to a reference curve
that reduced all CGRP values of the other standard
solutions.

Therefore, we conclude that pre-absorption of CGRP
is necessary if plasma is used for the CGRP standard
solutions, whereas graded standard solutions based on
extracellular fluid like SIF yield also reasonable meas-
urements of CGRP in plasma.
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Table 3. Mutual application of standard solutions. The first column shows the prepared (and expected) CGRP concentrations in the
standard solutions. Standard I: standard buffer (buffered SIF); Standard II: pooled plasma without CGRP absorption; Standard llI:
pooled plasma with CGRP absorption; n.d., not determined, levels below lowest standard value.

Standard Il Standard Il Standard | Standard Il Standard | Standard Il
Measured with
Expected CGRP (pg/mL) Standard | Standard Il Standard Il
1000 1269.0 9153 7633 618.3 1155.2 1412.2
500 841.9 474.6 86.5 126.2 469.9 924.7
250 463.5 221.1 n.d. n.d. 180.8 498.6
125 462.5 106.0 n.d. n.d. 89.2 497.1
62.5 439.8 70.8 n.d. n.d. 454 470.9
31.25 412.0 52.9 n.d. n.d. 26.2 440.1
15.63 398.8 45.6 n.d. n.d. 18.1 425.0
7.8 389.9 43.8 n.d. n.d. 14.9 4147
0 363.9 43.0 n.d. n.d. 13.1 385.7
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Figure 4. Mutual comparison of standard curves. Prepared
CGRP solutions of Standard lll (made of pooled plasma after
CGRP absorption) were measured with the reference curve
based on Standard | (buffered SIF) and vice versa. Low CGRP
values of Standard Ill appear higher related to the reference
curve based on SIF and values > 500 pg/mL of Standard | are
overestimated in relation to the reference curve made in plasma.

Application of two different standard solutions for sample
testing. The CGRP concentration in plasma samples
of the 17 subjects was determined based on the
CGRP standard solutions in buffered SIF (Standard
I, see above) and plasma after CGRP absorption
(Standard III). The finally calculated CGRP concen-
trations in the samples are listed in Table 4 in ascen-
dant order. The CGRP values determined with the two
standard solutions are similar in the order of CGRP
concentrations. However, low values (below 100 pg/
mL) are displayed significantly higher in the SIF stan-
dard in comparison with the plasma standard, while
very high values (above 1000 pg/mL) appear about

10% lower in the SIF standard. It seems as low
CGRP values measured in the SIF standard had an
“offset” of about 25pg/mL. The pooled plasma was
sampled from subjects # 24, 6, 8-12 and 15-17 and
measured afterwards based on the SIF and the pre-
absorbed plasma standards I and II. The mean
CGRP concentration of these pooled plasma samples
was 506.6 pg/mL measured with the SIF standard
(Standard 1) and 486.8 pg/mL measured with the
plasma standard solutions (Standard II); the high
mean value was due to three very high individual
values in the pool.

We conclude that CGRP concentrations at least up to
about 500 pg/mL can be removed with the CGRP
Affinity Sorbent, and this pre-absorbed plasma can be
used for establishing the CGRP standards of the
CGRP enzyme immunoassay. Second, unusually high
CGRP concentrations in the plasma are probably not
an artefact of pooled plasma used for preparing the stan-
dard solutions.

Repeated CGRP measurements. The deep-frozen plasma
samples of the 56 subjects taken before and after expo-
sure to normobaric hypoxia were defrosted and
inspected; all samples appeared clear. Their CGRP
content was determined with the enzyme immunoassay
using the standard solutions made from buffered SIF
(Standard I) and from pooled pre-absorbed plasma
(Standard TIII) as explained above. The calculated
CGRP concentrations varied considerably between
subjects but intra-individual values were quite consis-
tent, as repeated measurements showed high conformi-
ty (Table 5). In 10 samples (7 from male subjects) we
found CGRP concentrations of > 100 < 600 pg/mL and
in 7 samples (5 from male subjects) CGRP levels
exceeded 500 pg/mL. Again, low CGRP values were
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Table 4. CGRP concentrations in the plasma of 17 individuals determined with CGRP standards prepared in SIF (Standard ) and in

pooled plasma after pre-absorption of CGRP (Standard IlI).

CGRP (pg/mL) measured with

Subject # Standard | Standard lll Difference % difference
| 39.8 12.5 27.3 —68.7
2 41.6 14.4 27.2 —65.4
3 43.7 16.7 27.0 —61.8
4 44.0 17.1 26.9 —61.1
5 44.1 17.3 26.8 —60.8
6 455 18.7 26.8 —58.9
7 49.7 235 26.2 —-52.7
8 49.8 239 259 -52.0
9 50.4 24.3 26.1 —51.8
10 50.2 24.6 25.6 —51.0
Il 54.0 28.5 255 —47.2
12 64.6 40.4 24.2 -375
13 91.1 70.3 20.8 —22.8
14 1389.9 1530.8 —140.9 10.1
15 1412.3 1555.2 —142.9 10.1
16 1926.6 2126.0 —199.4 10.3
17 2059.5 2189.1 —129.6 6.3

lower when determined with the pooled plasma stan-
dard (Standard III) compared to the SIF standard
(Standard T), while high values (<500pg/mL) were
overestimated in the plasma standard (Figure 5). The
difference between the values measured with the two
standards before and after hypoxic exposure was sig-
nificant (t-test for dependent samples, p=0.038 and
p =0.026, respectively). In contrast, the CGRP concen-
tration in the plasma samples taken before and after
hypoxic exposure, regardless if measured with
Standard 1 (97.2% +1.9%) or Standard 3 (99.1% +
0.9%) were very similar (Figure 6). The difference is
clearly not significant (t-test for dependent samples,
p=0.69 and p=0.57, respectively).

We conclude that repeated measurement of CGRP in
plasma samples reveals nearly identical results if the same
procedure is applied, although the actual values differ indi-
vidually and considerably. Second, CGRP levels in plasma
can also be analysed with standard solutions based on
buffered physiological solutions, if they are compared
within this method. Third, a 12-hour exposure of healthy
volunteers to normobaric hypoxia obviously had no influ-
ence on the CGRP level in circulating venous blood,
although the majority of subjects had developed headache,
some even migraine-like headache (17). There were no
statistically significant differences between the subjects
developing headaches and those that did not.

Discussion

CGREP is the most hyped biomarker for some primary
headaches like migraine and cluster headache and a

specific target of preventative therapies in migraine
(20,21). CGRP has been found to be released upon
stimulation of primary meningeal afferents in animal
experiments (22-25) and appears during provoked, as
well as, spontaneous migraine and cluster headache
attacks at elevated concentrations in the jugular
plasma (14,26-30), possibly also in the plasma of the
cubital veins (9). Elevations of blood CGRP have also
been reported interictally in cluster headache (31) and
in chronic migraine (15).

The present project was performed to optimize meth-
ods for measuring CGRP in human plasma with an
enzyme-linked immunosorbent assay (ELISA), to clarify
difficulties and pitfalls of this procedure and provide
practical solutions. Since in most published papers the
method of CGRP detection is not or insufficiently
reported, we presented highly detailed instructions in
the Methods section of this manuscript. The whole pro-
cess as recommended for CGRP measurements in plasma
samples is summarized by the flow chart shown in Figure
7. Second, using plasma samples of a previous project
with healthy volunteers exposed to hypoxic conditions
we aimed to evaluate how reliable repetitive measure-
ments of CGRP in same plasma are. Finally, the previous
project was a longitudinal study, which provided the pos-
sibility to compare plasma samples of same subjects
drawn under identical conditions and to test if repeated
measurements yield identical results.

Important conclusions from our survey are that
either immediate buffering with peptidase inhibitors
or rapid subsequent deep-freezing of plasma samples
is necessary to maintain the CGRP content, that



1368

Cephalalgia 41(13)

Table 5. CGRP concentrations in the plasma of 56 individuals before (Pre) and after 12 hr exposure (Post) to isobaric hypoxia,
determined with CGRP standards prepared in SIF (Standard I) and in pooled plasma after pre-absorption of CGRP (Standard Ill). Pre-
post, difference between pre and post. Post-pre, relative rate between post and pre.

CGRP (pg/mL) Standard |

CGRP (pg/mL)

% CGRP post/pre

CGRP (pg/mL) Standard Il

CGRP (pg/mL)

% CGRP post/pre

# Pre Post Pre-post Post-pre Pre Post Pre-post Post-pre
| 39.83 39.88 —0.05 100.12 12.48 12.42 0.06 99.55
2 41.57 40.62 0.95 97.72 14.43 13.58 0.85 94.10
3 4371 43.86 —0.15 100.33 16.67 17.16 —0.49 102.93
4 43.97 42.19 1.78 95.95 17.05 15.24 1.81 89.40
5 44.11 4231 1.81 95.90 17.29 15.20 2.09 87.90
6 45.53 44.76 0.77 98.31 18.75 18.09 0.66 96.48
7 45.53 44.76 0.77 98.31 18.75 18.09 0.66 96.48
8 49.76 49.92 —0.16 100.32 23.94 23.72 0.22 99.07
9 50.21 48.58 1.63 96.75 24.56 22.17 239 90.26
10 50.42 51.82 —1.40 102.78 2432 26.32 —2.00 108.22
11 53.00 53.87 —0.88 101.65 6.25 6.41 —0.16 102.54
12 5331 55.95 —2.64 104.95 6.41 8.28 —1.88 129.30
13 53.34 52.55 0.79 9851 6.87 5.64 1.22 82.20
14 53.48 52.89 0.59 98.90 6.42 5.94 0.48 92.50
15 53.72 53.01 0.71 98.68 751 6.33 1.18 84.28
16 53.75 55.76 —2.01 103.73 7.59 9.40 —1.81 123.89
17 53.86 52.87 0.99 98.17 7.66 6.82 0.85 88.97
18 54.00 53.65 0.35 99.35 28.49 28.04 0.45 98.41
19 54.06 52.56 1.50 97.23 7.32 5.60 1.72 76.54
20 54.26 52.87 1.38 97.45 6.73 5.90 0.83 87.68
2| 5469 54.87 —-0.18 100.32 7.83 822 —0.38 104.89
22 54.94 53.11 1.82 96.68 7.68 5.52 2.16 71.85
23 55.06 53.52 1.54 97.21 8.59 6.50 2.09 75.67
24 55.28 56.31 —1.03 101.86 8.07 10.43 —2.36 129.24
25 55.72 57.31 —1.59 102.84 9.10 10.87 —1.78 119.53
26 55.80 54.96 0.85 98.48 9.39 8.29 1.10 88.26
27 56.21 56.96 —0.75 101.33 10.09 10.46 -0.37 103.66
28 56.32 55.23 1.09 98.06 9.77 8.42 1.34 86.24
29 56.43 56.88 —0.45 100.79 9.99 10.36 -0.37 103.66
30 56.69 58.20 —1.51 102.67 10.09 11.84 —1.75 117.30
31 61.24 57.75 3.50 94.29 15.72 11.98 3.74 76.21
32 64.59 63.26 1.33 97.94 40.41 39.03 1.39 96.57
33 68.23 70.77 —2.54 103.72 2329 25.60 -2.30 109.89
34 71.47 73.05 —1.58 102.22 26.73 27.52 —0.79 102.94
35 77.85 75.50 2.35 96.98 33.14 31.45 —1.69 94.89
36 86.86 86.41 0.45 99.48 44.32 43.53 0.79 98.22
37 9l.11 92.41 —1.31 101.43 7031 71.74 —1.43 102.03
38 114.43 79.63 34.80 69.59 7461 35.88 38.74 48.08
39 160.90 144.52 16.38 89.82 127.11 108.70 18.41 85.52
40 194.22 208.98 —14.76 107.60 164.49 180.94 —16.45 110.00
41 195.26 177.73 17.54 91.02 165.84 146.01 19.83 88.04
42 207.68 201.67 6.01 97.11 179.56 172.84 6.72 96.26
43 248.66 234.87 13.79 94.46 225.00 210.22 14.78 93.43
44 270.62 294.63 —2401 108.87 249.85 277.21 —27.36 110.95
45 310.68 352.05 —41.37 113.32 295.19 341.67 —46.47 115.74
46 388.73 353.29 35.44 90.88 381.68 342.21 39.47 89.66
47 390.62 42291 —32.28 108.26 384.55 420.87 —36.32 109.44
48 554.58 624.93 —70.35 112.69 568.89 647.33 —78.44 113.79
49 1287.02 1318.09 -31.07 102.41 1368.45 1379.83 —11.37 100.83
50 1389.88 1192.87 197.01 85.83 1530.75 1315.27 215.49 85.92
51 1412.31 1360.89 51.43 96.36 1555.22 1501.66 53.57 96.56
52 1525.71 1580.31 —54.60 103.58 1533.05 1606.97 -7391 104.82
53 1548.00 1596.75 —48.75 103.15 1651.07 1617.64 33.43 97.98
54 1601.04 1645.01 —43.98 102.75 1583.57 1627.50 —43.93 102.77
55 1926.59 1916.01 10.58 99.45 212597 211645 9.52 99.55
56 2059.48 1988.68 70.80 96.56 2189.10 2163.21 25.90 98.82
Mean  318.94 317.06 1.88 99.06 303.26 300.45 2.75 97.20
SEM 72.63 72.04 4.65 0.87 79.21 78.35 4.87 1.94
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Figure 5. Comparison of plasma CGRP concentrations of subjects 1-56 measured with the reference curve based on Standard |
(buffered SIF) and with the reference curve of Standard Il (pooled plasma after CGRP absorption). Low CGRP values are higher when
determined with the SIF standard curve but values > 500 pg/mL are lower.
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Figure 6. CGRP Plasma concentrations of 56 individuals mea-
sured before (0 h) and after exposition to hypoxic conditions (12
h) depicted on a logarithmic scale ranging from 35-2500 pg/mL.

same standard solutions should be used as reference for
the CGRP measurements and that pre-absorption of
CGRP is necessary if plasma is used for the CGRP
standard solutions. Using these precautions, repeated
measurements of CGRP levels reveal nearly identical
results, whereas the actual CGRP levels differ individ-
ually and considerably. Therefore, measurements of
plasma CGRP are highly reliable within same individ-
uals and best suitable for longitudinal experiments.
Finally, exposure of healthy subjects to hypoxia in

our sample did not change the individual CGRP level
in circulating cubital venous blood.

Standard solutions for reference

The standard solutions, on which the reference curves
are based, is decisive for the resulting CGRP concentra-
tion. For aqueous solutions with low peptide content
such as SIF or cerebrospinal fluid the standard curve is
usually made from graded concentrations in buffer,
which has been approved repeatedly in animal experi-
ments (32-34). For solutions with high peptide content
such as blood plasma, standard curves made from the
same medium like plasma are recommended. We have
tried different modes of standardizing the quantitative
CGRP analysis in plasma and came to the conclusion
that a standard curve with graded concentrations of
CGRP based on CGRP-free plasma may represent
given CGRP plasma levels best. However, if the absolute
CGRP concentration is less important than higher repro-
ducibility, a reference curve based on standards made
from buffered extracellular fluid (SIF) is preferable,
because plasma is highly variable and may contain sub-
stances that cross-react with the assay. Another advan-
tage of SIF is that it can be exactly reproduced and can
be used to analyse samples from different subjects col-
lected at different days, whereas pooled plasma must be
stored frozen when it is used more than once for the
standards. For the repeated analysis of plasma from sub-
jects exposed to hypoxia we have compared CGRP
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Figure 7. Flow chart illustrating all steps of a longitudinal experiment from plasma sampling to the final calculation of CGRP
concentrations. Instead of pooled plasma and CGRP absorption, buffer can be used for the CGRP standard solutions without
significant deviation. Incubation steps in the wells are depicted within the hemicycle.

values of same samples calculated with CGRP standard problem causing this variance but repeated measures
solutions made with SIF and with pooled plasma and without and with dilution revealed consistent results.
found no significant differences. According to the manufacturer, the ELISA is highly
specific for CGRP and does not cross-react with
other neuropeptides of the CGRP family like amylin
or adrenomedullin, however, we cannot fully exclude
The high individual variance of CGRP plasma levels that other rare proteins that are individually contained
are remarkable. First, we tested if there was a technical in human plasma show cross-reaction with the ELISA.

Variance of CGRP plasma levels
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A strong argument to assume that it is really CGRP,
which has been recognized by the ELISA, is that the
pooled plasma of 13 subjects contained around 500 pg/
mL CGRP according to the measurements with both
the pre-absorbed plasma and the SIF standards. This
amount of CGRP was obviously fully removed by
pre-absorption, so that this plasma could be used for
measuring the CGRP content in the individual plasma
samples. Human plasma may contain high levels of
CGRP due to other reasons of very different patholo-
gies, for example sepsis (35), endocrine tumors (36),
acute psoriasis (37) or severe pain states (38,39) other
than headaches. Nerve regeneration is accompanied by
a high expression of CGRP (40), which could possibly
contribute to elevated plasma levels. There is currently
no evidence for such pathological reasons, as none of
the volunteers included in this study did suffer from
any of those disorders. Thus the reason for the high
differences in CGRP levels remains open; it would be
interesting to know if other groups have similar expe-
riences with their measurements.

Guidance for optimal analysis of plasma
CGRP with an ELISA

e Collect sufficient amounts of fresh blood in EDTA
vials, separate it by centrifugation, not longer than 4
minutes.

e Separate clear plasma and immediately add 20%
buffer containing peptidase inhibitors. Freeze and
store buffered plasma samples at < —20°C, better
—80°C; alternatively, plasma samples may be buff-
ered immediately after defrosting.

e Analyse samples belonging to the same experiment
together with the same assay batch; if possible, ana-
lyse all samples on the same plate; keep plasma from
each subject for repeating the analysis.

e Use CGRP-free pooled plasma or plasma of the
same source as that to be analysed for establishing
the CGRP standards and hence the reference curve.
CGRP can be removed by pre-absorption based on
the same CGRP-binding antibodies as for the assay;
note that pre-absorption retains at least half of the
original plasma volume.

e If pre-absorbed plasma is not available, CGRP-free
physiological solutions can be used instead, but do
not mix data analysed with different standards.

e For absolute values re-calculate the CGRP concen-
tration according to the added buffer volume.

e [f values exceed the highest CGRP standard, dilute
the plasma with buffered physiological solution and
repeat the assay.

e For reliable comparison of plasma samples, all steps
should be made in exactly the same way.

Key findings

purification of the plasma.

e CGRP in human plasma can easily be analysed using an enzyme-linked immunosorbent assay without

e Immediate buffering of plasma samples with peptidase inhibitors is recommended but immediate freezing
is more important; identical treatment of samples is most important to guarantee comparability.

o After storage of deep-frozen plasma for weeks or months the CGRP content seems to decrease significantly.

e There are considerable inter-individual differences in CGRP plasma levels without detectable pathological
reason but intra-individual values are consistent and highly reproducible.

e Plasma CGRP measurements are not suitable to differentiate pathological states between different sub-
jects, they are rather suitable to follow changes in CGRP levels in same subjects.
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