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Abstract
MIF-1 (Pro-Leu-Gly-NH2) has potent therapeutic effects in depression and Parkinson’s disease,
but its CNS sites of production are not yet clear. In this study, the concentration of MIF-1 in
different brain regions was measured by the multiple reaction monitoring technique on a 4000
QTRAP mass spectrometer. The limit of quantification was 300 fg of MIF-1, and limit of
detection was 60 fg. The low molecular weight fractions of tissue homogenates from different
regions of mouse brain were analyzed. The concentration of MIF-1 ranged from 22 ± 3 fg/μg
protein in cerebral cortex to 930 ± 60 fg/μg protein in the hypothalamus. Moderate concentrations
were also detected in all other regions tested, including the striatum, thalamus, and hippocampus.
By incubation of stable isotope-labeled oxytocin with tissue preparations, it was also confirmed
that oxytocin at least partially contributed to the production of MIF-1 in the hypothalamus by
action of peptidases. Regional differences were also found. The results are the first to show the
ultrasensitive quantification of MIF-1 in different brain regions, and support the neuromodulatory
actions of MIF-1 in the striatum.
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1. Introduction
MIF-1, Pro-Leu-Gly-NH2, was the first hypothalamic peptide shown to act on higher centers
in the brain. It is effective in animal models of mental depression and Parkinson’s disease, as
well as in some patients suffering from these disorders. These studies have been reviewed
recently [34].

The isolation of MIF-1 from brain tissue was reported almost four decades ago. Five
thousand bovine hypothalami were used. The tissue fractions were concentrated 11,000-fold
and analyzed by thin layer chromatography (TLC), before the common use of mass
spectrometry [32,44]. Functional assays further showed that the extracts of cerebral cortex
were less active than those from the hypothalamus in inhibiting the release of melanocyte
stimulating hormone (MSH). With the advent of highly sensitive and specific mass
spectrometric techniques, we are now able to measure the concentration of MIF-1 in
different regions of mouse brain.
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We hypothesize that MIF-1 is synthesized not only by the hypothalamus but also by extra-
hypothalamic regions of the brain, and that MIF-1 can be differentially derived from
oxytocin or other precursors depending upon the region. The C-terminal tail of oxytocin
contains Pro-Leu-Gly-NH2, connected to cysteine in the ring structure. The evidence
suggesting that MIF-1 is a breakdown product of oxytocin came from studies on
microsomal/mitochondrial fractions; an extract from the hypothalamus contained an
exopeptidase that released MIF-1, whereas an extract from the cerebral cortex failed to show
this exopeptidase activity and MIF-1 production [9,10,52]. The evidence against the
oxytocin-origin of MIF-1 arises from studies with synaptosomal membrane preparations
from combined hippocampal, septal, and hypothalamic tissue. In these synapsomal
membrane preparations, the authors failed to find MIF-1 from proteolytic conversion of
oxytocin even though aminopeptidase and C-terminal cleaving peptidase activities were
highest in the hypothalamus [4-7,50]. In the present study, we used stable isotope-labeled
oxytocin to examine the origin of MIF-1 in mouse brain tissue.

2. Materials and methods
2.1. Reagents and chemicals

Chemically synthesized MIF-1 was purchased from Phoenix Pharmaceuticals, Inc.
(Burlingame, CA). All reagents including water were HPLC grade. Oxytocin was uniformly
labeled (Keck Biotechnology Center, Yale University) with the stable isotopes 13C and 15N
on the leucine residue of the C-terminal tripeptide chain that is MIF-1. Therefore, when
oxytocin is proteolyzed to generate MIF-1, the molecular mass of heavy isotope-labeled
MIF-1 is 7 Da greater than that of endogenous MIF-1. Stock solutions of MIF-1 (1 mg/mL)
and oxytocin (10 μg/mL) were prepared in water. Working solutions for calibration and
quality control were prepared from stock solution by adequate dilution with 2% acetonitrile
in 0.1% formic acid. A Pierce protease inhibitor cocktail (Cat 78429, Thermo Fisher
Scientific Products, Rockford, IL) was added before tissue homogenization. The
components of the cocktail include 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride
(AEBSF), aprotinin, bestatin, E-64, leupeptin, and pepstatin A that was added immediately
before the assay.

2.2. Animals and tissue processing
2.2.1. Detection of endogenous MIF-1—Mouse processing followed animal protocols
approved by the Institutional Animal Care and Use Committee. Brain tissues from four adult
female B6 mice (Jackson Laboratory, Bar Harbor ME) were obtained after anesthesia with
intraperitoneal (ip) injection of ketamine/xylazine and decapitation. Pooled tissues were
homogenized in dH2O in the presence of the protease inhibitor cocktail, passed through a 30
gauge needle, and centrifuged at 15,000 × g for 30 min at 4 °C. The low molecular weight
fraction (less than 3 kD) was obtained by use of Microcon centrifugal filter units (Millipore,
Billerica, MA) with a MW cutoff of 3 kDa and centrifugation at 15,000 × g for 2 h at 4 °C.
The samples were frozen at −80 °C, and lyophilized to about 0.1 ml of volume overnight.
The protein concentration was determined by the bicinchoninic acid assay (Pierce,
Rockford, IL). Tissue extracts were reconstituted in water to equivalent protein
concentration of 3 mg/ml. Samples were further diluted five-fold in 0.1% formic acid and
2% acetonitrile.

2.2.2. Degradation profiles of stable isotope-labeled oxytocin—Hypothalamus
from two mice were pooled for each sample and homogenized in 250 μl of phosphate
buffered saline (PBS) by passage through 22 and 30 gauge needles in the presence or
absence of protease inhibitor cocktail. Cortex from two mice were pooled for each sample
and first homogenized in 2 ml PBS with a glass tissue homogenizer in the presence and

Kheterpal et al. Page 2

Peptides. Author manuscript; available in PMC 2012 December 13.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



absence of protease inhibitor cocktail. Afterwards, 250 μl of cortical homogenate was
transferred to a 1.5 ml microcentrifuge tube and further homogenized by passing through 22
and 30 gauge needles. Ten μg/ml of labeled oxytocin was added to the homogenates and
incubated at 37 °C for 30 min. All homogenates were centrifuged at 15,000 × g for 30 min at
4 °C. Low molecular weight species (<3 kDa) from the supernatant were concentrated to a
final volume of 30–50 μL as described above in Section 2.2.1. Cortex and hypothalamus
extracts were reconstituted in water to equivalent protein concentration of 4.5 mg/mL and
1.5 mg/mL, respectively.

2.3. Equipment
All samples were analyzed by reverse phase liquid chromatography/mass spectrometry
(rpHPLC–MS/MS) with multiple reaction monitoring (MRM) for quantification of MIF-1.
Experiments were performed on a hybrid triple quadrupole linear ion trap mass spectrometer
(4000 QTRAP®, Applied Biosystems). MRM experiments may be performed on a variety of
instruments; however, triple quadrupoles are preferred as they offer a linear response with
low noise, high sensitivity and high selectivity. MRM on the 4000 Q TRAP® instrument
uses the first quadrupole to resolve the precursor ion mass with radio-frequency (RF) and
direct current (DC) voltages applied, therefore allowing only ions with specific mass-to-
charge ratio (m/z) to pass. Ions from the first quadrupole (Q1) are accelerated into the
collision cell (in the RF only mode). Here ions undergo collision-activated dissociation
(CAD) and the resultant fragment/product ions are accelerated to the third quadrupole (Q3)
which selectively monitors pre-selected product ions (Fig. 1). A signal is detected if a
selected precursor mass in Q1 results in the fragment ion monitored in Q3. Subsequently,
once an MRM signal is detected, the Q3 can then be switched to a linear ion trap mode to
obtain full MS/MS spectra for identity verification. The 4000 QTRAP® was operated in the
triple quadrupole mass spectrometer mode using an electrospray ionization (ESI) source in
the experiments presented here.

Chromatography was performed on a Shimadzu LC system (Shimadzu Corp.) with 0.1%
formic acid as solvent A and 100% acetonitrile in 0.1% formic acid as solvent B. Samples
(50 μL) were injected on an Aquasil C18 column (2.1 × 150 mm) and eluted at 400 μL/min
with a gradient of 0–60% Solvent B in 8 min. Samples eluted from the chromatographic
column were ionized by the ESI source and analyzed by the 4000 QTRAP® mass analyzer.
The various parameters of the mass spectrometer were optimized for maximum sensitivity.

To determine endogenous concentration of MIF-1 in various brain regions, the precursor ion
of MIF-1 at m/z 285.1 was mass selected by the Q1 operating to transmit ions within a
narrow window (0.7 Da) and three major product ions; 183.1, 211.2 and 188.1, were
sequentially transmitted through the Q3 mass window of 0.7 Da. Thus, three MRM
transitions (precursor-to-fragment ion transitions) 285.1/183.1, 285.1/211.2 and 285.1/ 188.1
were monitored and the cycle (dwell time of 150 ms for each MRM transition) was repeated
for the entire chromatographic gradient.

To measure formation of MIF-1 from labeled oxytocin, two precursor ions at m/z 285.1
(unlabeled MIF-1) and at m/z 292.1 (labeled MIF-1 as a proteolytic degradant from labeled
oxytocin) were sequentially selected by the first quadrupole. Thus, six MRM transitions
285.1/183.1, 285.1/211.2, 285.1/188.1, 292.1/189.0, 292.1/218.2 and 292.1/195.1 were
monitored and the cycle was repeated for the entire chromatographic gradient.
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3. Results
3.1. Method development

We used the MRM signal to quantify MIF-1 levels in mouse brain samples (Fig. 1). The
MRM assay included two stages of mass selection resulting in high specificity and
selectivity for targeted detection of analytes. Both Q1 and Q3 quadrupoles were used as
static mass filters to monitor particular fragment ions of the selected precursor ion resulting
in increased sensitivity. This assay was first optimized and validated with chemically
synthesized MIF-1 as described below.

The product ion spectrum of MIF-1 in positive ionization mode is presented in Fig. 2. The
predominant [M + H]+ ion at 285.1 was used as the precursor ion to obtain the product ion
spectra of MIF-1. Three most sensitive and reproducible precursors to fragment transitions
from m/z 285.1 to m/z 183.1, from m/z 285.1 to m/z 211.2 and from m/z 285.1 to m/z 188.1
were optimized and monitored in all samples for quantification of MIF-1.

Fig. 3A presents representative extracted ion chromatograms of all three MRMs obtained
from a sample containing 10 pg of chemically synthesized MIF-1. Extracted ion
chromatograms for all three MRM transitions of MIF-1 overlap. This provides additional
confirmation and validation of its presence.

3.2. Assay validation
To determine the limit of quantification, detection and linear response of MIF-1 in the MRM
assay, 100 fg to 10 ng of MIF-1 was analyzed. The calibration curve was linear over four
orders of magnitude (Fig. 3B). The limits of quantification and detection were determined to
be 300 fg (signal-to-noise ratio of 10) and 60 fg (signal-to-noise ratio of 3), respectively.
Fig. 3B shows the calibration curve for the MRM transition 285.1/183.1. The calibration
curve presented in Fig. 3B was performed with chemically synthesized MIF-1 dissolved in
2% acetonitrile in 0.1% formic acid.

3.3. Detection of endogenous MIF-1 from different brain regions by MRM assay
Fig. 4 (A–E) presents extracted ion chromatograms (285.1/183.1) obtained for samples from
various regions of the brain. MIF-1 was detected in all samples, which were reconstituted to
the equivalent total protein concentration of 3 mg/mL. All analyses were performed in
triplicate. The concentration of MIF-1 in various regions of the brain was determined with
the calibration curve presented in Fig. 3B. The hypothalamus had the highest concentration
of MIF-1, whereas the hippocampus had the lowest (Fig. 4F).

3.4. Is MIF-1 a proteolytic product of oxytocin?
To determine whether MIF-1 is derived from oxytocin in the brain, we added stable isotope-
labeled oxytocin to homogenized samples from different brain regions. Since stable isotope-
labeled oxytocin was synthesized with leucine at position eight uniformly labeled with C13
and N15, if oxytocin is proteolyzed to generate MIF-1, the molecular mass of labeled MIF-1
would be 7 Da more than endogenous MIF-1. Levels of both labeled and unlabeled MIF-1
were measured simultaneously by monitoring three MRM transitions 285.1/183.1,
285.1/211.2, 285.1/188.1 for endogenous MIF-1, and three MRM transitions 292.1/189.0,
292.1/218.2 and 292.1/195.1 for stable isotope-labeled MIF-1 released as a proteolytic
product of oxytocin. The dwell time for each MRM is 150 ms, and six transitions were
monitored over a 6 s wide peak (Fig. 5). The chromatographic properties of both labeled and
unlabeled MIF-1 were similar. Fig. 5 presents extracted ion chromatograms for MRM
transitions 285.1/183.1 (unlabeled MIF-1) and 292.1/189.0 (labeled MIF-1) obtained after
injection of 15 μg of the protein sample extracted from the hypothalamic region of the brain.
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Since the most MIF-1 was measured in the hypothalamus, the assay facilitates determination
of whether oxytocin was proteolyzed to MIF-1 in the hypothalamus.

The hypothalamus and cortex from mice were isolated and homogenized in phosphate buffer
in the presence or absence of the protease inhibitor cocktail, and incubated with more
isotope-labeled MIF-1 (10 μg/ml) as described in Section 2.2.2. In the absence of the
protease inhibitor cocktail, there was heavier isotope-labeled MIF-1 in the hypothalamus
than in the cerebral cortex. The presence of the protease inhibitor cocktail significantly
reduced the amount of 13C15N-MIF-1 in the hypothalamus (Fig. 6). Since the degradation of
heavy isotope-labeled oxytocin was at least partially inhibited by the protease inhibitors, the
result indicates that hypothalamic MIF-1 could be derived from oxytocin. In the cerebral
cortex, however, the amount of 13C15N-MIF-1 was not decreased by addition of the protease
inhibitor cocktail, but rather was increased. This suggests that proteolysis of oxytocin might
not play a major role in the production of endogenous MIF-1 in the cortex.

4. Discussion
The tripeptide MIF-1 is a representative member of the Tyr-MIF-1 family of peptides,
including the endormorphins [53]. Unlike the endormorphins that act selectively on μ-opiate
receptors and are present in areas with high receptor density [54], the receptor for MIF-1 has
not been definitively identified, although non-opiate binding sites have been reported
[11,12,29]. Nonetheless, the therapeutic effects of MIF-1 on Parkinson’s disease and
depression [34] indicate that MIF-1 is an important neuromodulator. Most recently, we have
shown that MIF-1 treatment induces immediate early gene c-Fos activation in specific brain
regions and a unique profile of intracellular signaling (Khan et al., unpublished
observations). These recent preliminary results reignited the quest to learn more about
MIF-1. Here, we quantified the endogenous concentration of MIF-1 and examined whether
oxytocin is a precursor for MIF-1 in different brain regions.

MRM technology was used to measure trace amounts of MIF-1 in mouse brain. The high
specificity of MRM assay lies in the constraint that the analyte must meet two m/z
requirements. The first is for the precursor ion of the analyte in the first quadrupole. The
second is for the specific fragment ion from the precursor, induced by collisional excitation
with a neutral gas in a pressurized collision cell in the second quadrupole, and specific
diagnostic fragment ions (transitions) from that precursor in the third quadrupole. The two
stages of mass selection in the MRM assay filters out co-eluting background ions and
provides enhanced selectivity. In addition, several transitions (precursor and fragment ion
pairs) can be monitored in a single experiment further enhancing the selectivity and
specificity of the assay. The non-scanning nature of this technique (rapid and continuous
monitoring of specific ions of interest) results in increased sensitivity by several orders of
magnitude compared with that obtained by acquisition of full product ion scans (MS/MS
spectra). With this sensitive technique, we were able to detect as little as 0.025 ng/ml of
MIF-1 from the hippocampus.

Consistent with binding assays of tritiated MIF-1 in rat [12] and human [11] brain
homogenates, MIF-1 was present in the striatum and thalamus, areas involved in movement
disorders. After injection of tritiated MIF-1 into the lateral ventricle of rats, autoradiography
has revealed specific accumulation of large amounts in the cells of the putamen and globus
pallidus of the striatum [35]. The location by specific mass spectrometry of relatively high
amounts of endogenous MIF-1 in the striatum is consistent with the activity of MIF-1 in
animal models of Parkinson’s disease [3,8,13,23,37-41,51], including MPTP [30,47], as well
as in clinical studies in patients with this disorder [2,18-20,45,48]. The striatum is also
involved in mental depression [28,31,43,46], and known antidepressants are effective in
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some of the animal tests for Parkinson’s disease in which MIF-1 is active [22,23,37-41,51].
MIF-1 is also effective in more specific models of depression [21,24,26,27,33,36,42] and
has shown great promise in clinical trials of depression, characterized by an early onset of
improvement [15-17,49].

Besides areas involved in extrapyramidal movement disorders and mental depression, we
also showed that MIF-1 has its highest concentration in the hypothalamus and can be
detected in the hippocampus and cerebral cortex. This indicates a wide spectrum of actions
of endogenous MIF-1. Further, it is known that the site of production and site of action of a
peptide in the brain may differ greatly. Many peptides may be transported along with axonal
projections to distal areas where receptors are located. Hypothalamic hormones may also
exit the brain by the portal circulation and reach the CNS again by permeating the blood-
brain barrier (BBB). Once present in the peripheral circulation, MIF-1 crosses the BBB
rapidly to reach the CNS and tends to be retained there [1]. These factors can probably
explain why the concentration of MIF-1 was highest in the hypothalamus in this study,
whereas the binding of MIF-1 was higher in the striatum than in the hypothalamus [11,12].

Since the primary amino acid structure of oxytocin contains the sequence of MIF-1, it is
reasonable to speculate that oxytocin may be the precursor for MIF-1, although previous
studies have shown opposing findings as discussed in the introduction. Oxytocin is produced
by neurosecretory cells in the supraoptic and paraventricular nuclei of the hypothalamus and
transported to the posterior pituitary. It provides neuroendocrine regulation related mainly to
reproductive behavior, and has a saturable transport system across the BBB that is not
affected by MIF-1 [14]. The concentration of endogenous MIF-1 in the hypothalamus was
shown by MRM to be more than 17-times higher than elsewhere in the brain. After
incubation with 13C15N-Leu8- oxytocin, there was more 13C15N-MIF-1 formed from
oxytocin in the hypothalamus than cortex. This suggests that peptidase activity generating
MIF-1 from oxytocin may be much higher in the hypothalamus than in the cortex. This is
further supported by results in the presence of the protease inhibitor cocktail, which at least
partially blocked the enzymatic degradation. In the hypothalamus, enzyme inhibitors
reduced the amount of 13C15N-MIF-1 in comparison with the group without enzyme
inhibitors, suggesting that hypothalamic MIF-1 may be derived from oxytocin. In the cortex,
opposite results were found. It is possible that oxytocin may not be the major source of
MIF-1 there, since endogenous oxytocin is much less prevalent in the cortex than in the
hypothalamus, and enzymatic activity converting oxytocin to MIF-1 is rather weak in the
cerebral cortex. Nonetheless, there might be parallel pathways from alternative precursors
producing MIF-1; if these pathways were blocked with less native MIF-1, there would be
less feedback inhibition of the 13C15N-Leu8- oxytocin-produced 13C15N-MIF-1. Moreover,
the larger cortical tissue might release more proteolytic enzymes during ex-vivo processing,
thus explaining the regional difference of 13C15N-MIF-1 production in the presence of
protease inhibitor cocktail which probably only provides partial inhibition. Although
homogenization may release enzymes not inhibited by the cocktail added, the combined
results suggest different routes of formation of MIF-1 in different areas of the brain.

The discrepant results in the literature concerning oxytocin generation of MIF-1 may be
because synapsomal preparations do not contain as much enzymatic activity as intracellular
sites shown with microsomal exopeptidases. A similar situation may occur with the
formation of MIF-1 from Tyr-MIF-1; MIF-1 can arise from Tyr-MIF-1 by incubation with
brain mitochondria but not by incubation with brain homogenates [25]. Moreover, the
tyrosyl residue in the ring of oxytocin is not adjacent to the tripeptide tail representing
MIF-1. Another explanation may lie in the cerebral location from which the tissue was taken
for digestion by synaptomal preparations. Burbach et al. found that for conversion of
oxytocin, both the C-terminal cleaving peptidase activity and the more active
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aminopeptidase activity are needed; in synaptomal fractions from eight areas of rat brain, the
highest aminopeptidase activity occurs in the medial basal hypothalamus whereas the lowest
is in the parietal cortex [7]. Thus, if MIF-1 was formed from oxytocin, this is more likely to
occur in the hypothalamus than in the cortex.

In summary, this is the first report that MIF-1 concentration can be directly measured in the
striatum, thalamus, hypothalamus, hippocampus, and cerebral cortex. The extreme
sensitivity of MRM in comparison with other methods available indicates the importance
and novelty of the study. Incubation of oxytocin with extracts from hypothalamus and cortex
shows differential formation of MIF-1. The application of the latest isolation techniques to
measure MIF-1 in brain regions besides its primary location in the hypothalamus reveals
concentration-functional correlations. Thus, the MRM technique with a 4000 QTRAP® has
great potential in neuropeptide research.
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Fig. 1.
Schematic presentation of the MRM process in a triple quadrupole mass spectrometer.
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Fig. 2.
Characteristic electrospray ionization–tandem mass spectrum (ESI-MS/MS) of MIF-1. The
peptide structure and the corresponding fragment ions are shown on the top. Fragment ions
observed in the spectrum are labeled. These results were used to design and optimize the
LC–MS/MS experiment. Three precursor-to-fragment transitions 285.1/183.1, 285.1/211.2
and 285.1/188.1 were monitored for all MIF-1 samples.
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Fig. 3.
Validation of MRM. (A) Representative extracted ion chromatograms for three transitions
285.1/183.1, 285.1/211.2 and 285.1/188.1 obtained from a sample containing 1 pg of
chemically synthesized MIF-1. MIF-1 (100 fg–10 ng) was loaded onto the chromatography
column followed by MRM analysis to determine the limit of quantification, limit of
detection, and linearity response of the assay. (B) The assay was linear over four orders of
magnitude and the limits of quantification and detection were determined to be 300 fg and
60 fg, respectively. The error bars in (B) represent the standard deviation of the mean and in
some cases are equal to or smaller than the size of the symbol.
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Fig. 4.
Endogenous concentrations of MIF-1. (A–E) extracted ion chromatograms (285.1/183.1)
obtained for samples from various regions of the brain. MIF-1 was detected in all samples.
All runs were performed in triplicate. (F) The bar graph shows that the hypothalamus had
the highest concentration of MIF-1 whereas the hippocampus had the lowest.
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Fig. 5.
MRM monitoring of heavy isotope-labeled oxytocin. Extracted ion chromatograms showing
(A) MRM transitions 285.1/183.1 (unlabeled MIF-1) and (B) 292.1/189.0 (labeled MIF-1)
after injection of 15 μg of the hypothalamic protein sample.
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Fig. 6.
Stable isotope-labeled oxytocin was incubated with protein samples from either
hypothalamus or cerebral cortex in the presence or absence of the protease inhibitor cocktail.
The protease inhibitors reduced the amount of labeled MIF-1 formed from the labeled
oxytocin in the hypothalamus but not in the cortex.
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