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OWEN, D. B., J. S. MORLEY, D. M. ENSOR, Y. S. ALLEN AND J. B. MILES.Trophic effects of melanotropin-potentiating factor
(MPF) on cultures of cells of the central nervous system.PEPTIDES18(7) 1015–1021, 1997.—MPF is a tetrapeptide (structure
Lys-Lys-Gly-Glu) that elicits a variety of neurotrophic effects in vivo consistent with a role in neuronal regeneration. In support of this
role, we now show that MPF stimulates the proliferation of cultured astrocytes and neurite outgrowth from cultures of neocortical
cholinergic and mesenchephalic dopaminergic neurons. The dose–response relationships are biphasic (‘‘bell shaped’’), maximal
responses being obtained with 1026 M concentrations of MPF. MPF and nerve growth factor seem to act on different receptors, because
their effects on cholinergic neurons are synergistic. © 1997 Elsevier Science Inc.

Melanotropin-potentiating factor (MPF) NGF Neurotrophic effects Astrocytes Neurons

MELANOTROPIN-POTENTIATING Factor (MPF) is theC-ter-
minal tetrapeptide of humanb-lipotropin, of structure Lys-Lys-
Gly-Glu (3). It initiates limb regeneration in hypophysectomized
newts (10) and increases dopamine output from cultures of rat
adrenal medullary strips (4). A metabolically stabilized analogue
of MPF, of structure Ac-Lys-D-Lys-Sar-Glu (11), has profound
long-term neurotrophic effects in rats with unilateral lesions of the
nigrostriatal pathway; starting 6 weeks after injection of the ana-
logue, the characteristic turning behavior of such rats is reduced
(5), and there is a reversal of the mitochondrial and other cytolog-
ical damage to substantia nigra neurons (9), which is mainly of
dopaminergic neurons (2).

The present investigation was undertaken to ascertain if these
neurotrophic effects are also seen in cultures of isolated rat brain
neurons, and if the effect of MPF is mediated by astrocytes or by
a direct action on neurons. Cholinergic neuron-enriched cells from
the basal forebrain region, dopaminergic neuron-enriched cells
from the ventral mesencephalon region of the fetuses of 14-day
pregnant rats, and astrocytes from the ventral neocortical region of
rat neonates were employed. The effects of 1028 to 1024 M
concentrations of MPF on these cells were examined, and possible
interactions of the effects of MPF and nerve growth factor (NGF)
on cholinergic neurons were investigated.

METHOD

MPF and the analogueD-Lys-Lys-Gly-Glu were prepared as
previously described (11) and were assessed as.95% pure by
high performance liquid chromatography and amino acid analysis
of enzymic digests. Recombinant human NGF was obtained from
Genentech, Inc. All experiments took place within the confines of
a laminar flow sterile cabinet with usual sterilization precautions.
Sterile multiwell dishes (Nunclon), plastic tissue culture vessels
(Nunclon), or glass coverslips were coated with either collagen
(type 1 from rat tail, Sigma) or poly-L-lysine (MW 70–150,000,
Sigma). Trypsin solution (0.05%) was prepared immediately prior
to use by dilution of a 0.5% solution (trypsin EDTA, Gibco) (1 ml)
with Basal Medium Eagle (BME) (9 ml) containing 25 mM
HEPES W/Earles salts (Flow Labs). Trypsin inhibitor solutions
(0.05% and 0.1%) were prepared immediately prior to use by
appropriate dilution of a 0.5% solution [dehydrated form of the
trypsin inhibitor (Sigma), in sterile water] with BME containing 25
mM HEPES W/Earles salts and 0.04 mg/ml of deoxyribonuclease
(Sigma). Astrocyte culture medium was Dulbecco’s Modified Ea-
gles Medium (DMEM) (Gibco) containing 10% fetal calf serum
and 1% penicillin-streptomycin solution (Sigma). Chemically De-
fined Medium (CDM) was a mixture of DMEM (75 ml) and Ham’s
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F12 (Flow Labs) (25 ml) containing 100mg/ml transferrin (Sig-
ma), 60mM putrescine (Sigma), 5mg/ml insulin (Sigma), 20 nM
progesterone (Sigma), 30 nM sodium selenite (Sigma), 1 mM
sodium pyruvate (Sigma), 5% fetal calf serum (Gibco), and pen-
icillin-streptomycin (1 ml of Sigma solution per 100 ml). Cells
were removed from culture substrates with 0.1% trypsin solution
[prepared by diluting a 0.5% solution with pH 7.4–7.6 Hanks
Balanced Salt Solution (Ca21 and Mg21 free, Sigma)].

Astrocyte Cultures

Neonatal rats were sacrificed by decapitation and the ventral
neocortical region of the brain was removed and placed in BME.
Sections of the neocortex were then incubated for 20 min at 37°C
with freshly filtered (millipore) 0.05% trpsin solution (1 ml). The
supernatant was decanted off, 0.1% trypsin inhibitor solution (1
ml) was added, and the mixture was triturated 20 times, and then
centrifuged for 3 min at 1000 rpm. The trypsin inhibitor treatment,
trituration, and centrifugation were repeated, and then residual
cells were suspended in astrocyte culture medium (2–3 ml). The
cell suspension was then either (i) plated down (50ml per cover-
slip) on coated coverslips with 500ml culture medium in a 24-well
multidish, or (ii) placed (1 ml) in 25 or 100 ml Nunclon tissue/cell
culture flasks containing, respectively, 5 or 12 ml of culture
medium. The cultures were then incubated (5% CO2) at 37°C for
1–2 h). Cells were removed from the substrate and repeatedly
subcultured until predominantly astrocytes could be seen in mi-
croscopic examination. Optical nerve astrocyte cultures were pre-
pared similarly from optical nerve astrocytes retrieved from neo-
natal rats.

Dopaminergic Neuron-Enriched Cultures

Fourteen-day pregnant rats were sacrificed by IP injection of
pentobarbitone sodium BP, and the embryonic sac was exposed via
a vertical slit through the abdominal wall. The sac was opened and
the crown rump length of the embryo was measured to determine
the exact age. After removal of the amniotic sac and the placenta,
the fetuses were collected and placed in BME. After peeling off
skin and the cranium, the fetal brain was positioned to provide a
good view of the ventral mesencephalon, and all meningeal tissue
was carefully removed. The ventral mesencephalon tissue was
dissected out, placed in BME, repeatedly triturated for 5-min
periods at 37°C, then centrifuged for 3 min at 1000 rpm. The
residual cells were suspended in CDM, plated down (50ml per
coverslip) on collagen-coated coverslips with 500ml CDM in a
24-well multidish, then incubated (10% CO2) at 37°C for 1–2 h.

Cholinergic Neuron-Enriched Cultures

Fetal brain was collected, as described above, from 14-day
pregnant rats, and basal forebrain (E15) tissue was dissected out
and processed by the procedure described for preparing astrocyte
cultures, except that after the trypsin inhibitor treatment the resid-
ual cells were suspended in CDM, and CDM was used in the
subsequent incubations.

Astrocyte-Free Neuron-Enriched Cultures

After the appropriate neuron-enriched culture had been grow-
ing for 48 h in CDM, the medium was removed, and replaced with
one containing 1025 M cytosine arabinoside [Ara-C]3. The incu-
bation was continued for a further 24 h, then the [Ara-C]3-con-
taining medium was removed and replaced by the appropriate
[Ara-C]3-free medium. The absence of astrocytes and other glial
cells was confirmed by microscopic examination.

Effect of MPF on Astrocyte Cultures

Pure astrocytes were allowed to grow to confluence in poly-
lysine- or collagen-coated 200 ml Nunclon flasks (the time re-
quired was usually 2 weeks). The cells were removed from the
substrate using trypsin, suspended in astrocyte culture medium,
and incubated (10% CO2) at 37°C until growth recommenced
(usually 1–3 days). The appropriate concentration of MPF was
added, the mixture was incubated for 24 h, then [3H]thymidine (to
provide 1mCi thymidine/100ml) was added and the incubation
was continued for a further 24 h. The cells were removed by
trypsinization, spun down at 1000 rpm for 5 min, then, after
removal of the supernatant, they were treated with Scintran tissue
solubilizer, left to lyse for 2–3 h, and then transfered to scintilla-
tion vials. The thymidine content of both control and treated cells
was then measured using a Packardb-scintillation counter. In
some experiments the incubations were continued for 14 days, the
medium being replaced on days 3, 7, and 10 either with fresh
medium (control) or with fresh medium containing the appropriate
concentration of MPF or other agent; in these cases, the [3H]thy-
midine was added on day 14.

The Effect of MPF and Other Agents on Neuron Cultures

Unless otherwise stated, the appropriate culture in CDM was
grown for 11 days, alone (control) or in the presence of the
appropriate concentration of MPF, NGF, mixtures of NPF1 NGF,
or D-Lys-Lys-Gly-Glu, replacing the medium with fresh CDM
every 3 days. In some experiments (described in the text as
‘‘multiple dosing’’) the cultures were grown for 14 days, and the
medium was replaced on days 4, 7, and 10 by fresh CDM (control)
or with CDM containing the same concentration of MPF or other
agent (treated). Neurons (usually 60) were then selected randomly
and viewed on a video screen linked with a microscope. The total
neurite outgrowth from each selected neuron was then carefully
traced onto a transparent sheet. Using a digitizing pen, the total
neurite outgrowth in micrometers (mm) for each neuron was de-
termined, and the mean total neurite outgrowth per control or
treatment was calculated.

Statistical Analysis of Results

Unless otherwise stated, results were compared using the un-
paired Student’st-test.

RESULTS

Astrocytes

Using 1–3-day cultures of neocortical astrocytes grown on
DMEM in collagen-coated vessels, single doses of MPF at 1024,
1026, and 1028 M concentrations caused increases, compared with
controls (no MPF), in [3H]thymidine uptake, measured as disinte-
grations per minute (dpm) after correction for quenching (Table 1,
Fig. 1). The effect was maximal with 1026 M MPF, so this
concentration was used in subsequent experiments. In 16 experi-
ments, highly significant, but variable, increases were seen, the
mean increase being 271% (p , 0.43 1027) (Table 1). The mean
increase in 14 experiments where the culturing was extended to 12
days, and the culture medium was removed and replaced by fresh
medium containing the same concentration (1026 M) of MPF on
days 1, 3, 7, and 10 of the culturing, was 197% (p , 0.0001)
(Table 1). Significant increases were also observed when neonatal
opical nerve astrocytes were used, or when the astrocytes were
grown in CDM (Table 2).
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Cholinergic Neurons

The effect of three different concentrations of MPF on cholinergic-
enriched neurons that had been freed of astrocytes by treatment with
[Ara-C]3 is shown in Table 3. At an MPF concentration of 1026 M, there
was a 69% increase in neurite outgrowth of the cultured neurons; the
increase was less (53%) at a concentration of 1028 M, and only 7% at a
concentration of 1024 M. In six repeat experiments using 1026 M MPF,
increases in neurite outgrowth were always observed but the increases
were variable (mean 30.3%) (Table 3, Fig. 1).

The effect of four different concentrations of MPF on cholin-
ergic-enriched neurons that had not been treated with [Ara-C]3 is
shown in Table 4. In two sets of experiments, the effect of MPF
was again maximal (increase in neurite outgrowth, 58% in one
experiment, and 51% in the other) at a concentration of 1026 M,

and reduced to 25% or 21% at 1025 M, 32% or 16% at 1027 M,
and 14% or22% at 1028 M. In five repeat experiments using 1026

M MPF, increases in neurite outgrowth were always observed, but
the increases were variable (mean 40.4%) (Table 4). No significant
increase in the effect was seen when multiple doses of MPF (see
the Method section for definition) were given.

When a biologically inactive analogue of MPF of structure
D-Lys-Lys-Gly-Glu (11) was used in these experiments at a con-
centration of 1026 M, the results were not significantly different
from those of controls. Thus, using [Ara-C]3-treated neurons, the
mean neurite length was 201.26 22 mm and that in the control
was 199.06 36 mm; and using neurons that had not been treated
with [Ara-C]3, the mean neurite length was 181.26 39 mm and
that in the control was 185.96 41 mm.

FIG. 1. Biphasic response of basal forebrain cholinergic neurons (treated or un-
treated with [Ara-C]3) and astrocytes to varying concentrations of MPF. Data from
Tables 1, 3, and 4. Note that the results with astrocytes and neurons treated with
[Ara-C]3 are from single experiments.

TABLE 1
THE EFFECT OF MPF ON THE GROWTH OF NEOCORTICAL ASTROCYTES GROWN ON DMEM

IN COLLAGEN-COATED VESSELS

MPF Conc.
(M) Control (dpm6 SE) Treated (dpm6 SE) Increase (dpm6 SE) p (Sign Test)

1026 238606 8351* 573076 20057* 334476 1170* (271%) ,0.43 1027

1026† 131486 3353‡ 291736 7439‡ 160256 4086‡ (197%) ,0.0001
1024 24572 28754 4182 (17%)
1026 24572 39029 14457 (59%)
1028 24572 34696 10124 (41%)

Cell growth is represented by [3H]thymidine levels given as disintegrations per minute (dpm) after
correction for quenching.

* Mean of 16 experiments.
† In these experiments the culture medium was removed and replaced by fresh medium containing

MPF at the same concentration (1026 M) on days 3, 7, and 10 (‘‘multiple dosing’’).
‡ Mean of 14 experiments. DMEM5 Dulbeccos Modified Eagles Medium containing 10% foetal

calf serum and 1% penicillin-streptomycin solution. The final three entries give the results of a single
experiment in which three different molarities (M) of MPF were compared.
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The effect of astrocytes or lymphocytes on these effects of
MPF is shown in Table 5. In these experiments, [Ara-C]3-treated
cholinergic-enriched neurons were grown either on CDM, astro-
cyte beds, or lymphocyte medium, alone or in the presence of 1026

M MPF. Neurite outgrowth was less in astrocyte beds or lympho-
cyte medium than in CDM. MPF caused significantly increased
outgrowth of 28% or 48% in two experiments when it was added
to the astrocyte medium, but no significant effect when it was
added to the lymphocyte medium.

Table 6 shows the effects of MPF, NGF, and mixtures of
MPF 1 NGF on cholinergic-enriched neurons that had previously
been untreated or treated with [Ara-C]3. Respectively, 1026 M
MPF caused 41% or 47% increases in neurite outgrowth, whereas
1029 M NGF caused 83% or 54% increases; however, a mixture of
1026 M MPF and 1029 M NGF caused 105% or 77% increases.

Dopaminergic Neurons

The effect of MPF on the growth of dopaminergic-enriched
neurons grown on collagen that had previously been treated with
[Ara-C]3 is given in Table 7. In three experiments, 1026 M MPF
caused significant 28–62% (mean 41.5%) increases in neurite
outgrowth.

DISCUSSION

Our results show that MPF, a simple tetrapeptide is a potent
stimulator of the proliferation of pure astrocytes from two distinct
regions (the cortex and optical nerve) of the rat brain (Tables 1 and
2). The maximum effect was seen with an MPF concentration of
1026 M, the effects of weaker and stronger concentrations of MPF
being less (Table 1). In all replicate experiments, 1026 M MPF
caused statistically significant increases (mean 271%) in the
growth of neocortical astrocytes.

The astrocyte cultures we used underwent many passages to
exclude other neurone populations, and microscopic examinations
suggested the presence of only pure astrocytes. Nevertheless, there
was wide variation in their responses to MPF. We suggest that the
most likely explanation of the variable results is (a) that the
starting number of cells in different replicates differed appreciably
(supported in a few cases by haemocytometer work), and/or (b)
that, in different replicates, the astrocytes were in different stages
of cell division, and that MPF acts as a trigger of growth only
at certain stages of division. Multiple applications of MPF in
these experiments had little effect on the degree of proliferation
(Table 1).

MPF also caused highly significant increases in neurite out-

TABLE 2
THE INFLUENCE OF MEDIA AND ASTROCYTE SOURCE ON THE EFFECT OF MPF (1026 M) ON ASTROCYTE PROLIFERATION

Astrocyte Source Medium Control (dpm6 SE) MPF-Treated (dpm6 SE) Increase (dpm6 SE) p (vs. control)

Neocortical CDM 89306 1696 108076 2053 18786 357 (21.0%) ,0.0005
DMEM 82956 2157 88346 2297 5396 140 (6.5%) NS

Optical nerve CDM 41636 1166 46736 1308 5106 143 (12.2%) ,0.01
DMEM 33676 1010 39326 1180 5656 169 (16.8%) ,0.01

Cell growth is represented by [3H]thymidine levels given as disintegrations per minute (dpm) after correction for quenching (all means of five
experiments). CDM, chemically defined medium; DMEM, Dulbecco’s Modified Eagles Medium; NS, not significant. See the Method section for full
descriptions of media. The optical nerve astrocytes were retrieved from neonatal rats and processed as described in the Method section for neocortical
astrocytes. Neocortical CDM vs. DMEM,p , 0.0005; optical CDM vs. DMEM, NS.

TABLE 3
EFFECT OF MPF ON NEURITE OUTGROWTH OF CHOLINERGIC ENRICHED NEURONS

CULTURED (CDM) ON COLLAGEN,
AND TREATED WITH [ARA-C]3

MPF Conc. (M) N Mean Length (mm) Control (mm) p (vs. Control) Increase (mm)

1026 63 158.16 43 93.36 47 ,0.0005 64.8 (69%)
60 26.46 .8 21.86 6 ,0.0005 4.6 (21%)

120 293.66 72 233.26 58 ,0.0005 60.4 (26%)
60 364.36 83 247.66 47 ,0.0005 116.7 (47%)
30 243.16 64 210.46 59 ,0.025 32.7 (16%)
30 226.86 68 201.36 39 ,0.05 25.5 (13%)

120 317.66 72 264.76 66 ,0.0005 52.9 (20%)*
mean (30.3%)

1024 65 100.86 43 93.36 47 NS 7.5 (7%)
1026 63 158.16 43 93.36 47 ,0.0005 64.8 (69%)
1028 62 142.86 36 93.36 47 ,0.0005 49.5 (53%)

N 5 total number of neurites selected in determination of mean length; CDM, chemically defined
medium. The final three entries give the results in one experiment in which three different molarities
(M) of MPF were used.

* Multiple dosing.
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growth from cultures of cholinergic enriched neurons (Tables 3
and 4). The method of preparation of the cultures only permits
use of the term ‘‘cholinergic-enriched neurons,’’ but astrocytes
were excluded in some of the experiments by [Ara-C]3 treat-
ment (Table 3). With both [Ara-C]3-treated and untreated neu-
rons, a maximum response was obtained with 1026 M MPF, and
the responses to weaker or stronger concentrations were signif-
icantly lower (Tables 3 and 4, Fig. 1). As with the effect on
astrocytes, the dose–response relationship was therefore bell
shaped. In replicate experiments, 1026 M MPF caused consis-
tent, but again variable, increases in neurite extension using
astrocyte-free cultures (mean 30.3%) (Table 3), or astrocyte-
contaminated (untreated with [Ara-C]3) cultures (mean 40.4%)
(Table 4). The specificity of this effect of MPF is illustrated by

the results withD-Lys-Lys-Gly-Glu. Only the configuration of
the N-terminal residue is changed in this analogue, yet at 1026

M concentration it was without effect on the growth of cholin-
ergic neurons.

To further explore the effect of astrocytes on MPF’s action on
neurons, [Ara-C]3-treated cholinergic neurons were grown on ei-
ther CDM or astrocyte beds, alone or in the presence of 1026 M
MPF. Neurite outgrowth was less in astrocyte medium than in
CDM (the Controls in Table 5). MPF caused significantly in-
creased outgrowth in both cases, but the increase was significantly
higher when astrocyte medium was employed (Table 5). The
suggestion—from the higher mean outgrowth in [Ara-C]3 un-
treated, compared with treated neurons—that the effect of MPF is
greater in the presence of astrocytes is thus supported. Similar

TABLE 4
EFFECT OF MPF ON NEURITE OUTGROWTH OF CHOLINERGIC NEURONS CULTURED (CDM)

ON COLLAGEN AND UNTREATED WITH [ARA-C]3

MPF Conc. (M) N Mean Length (mm) Control (mm) p (vs. Control) Increase (mm)

1026 60 265.16 74 170.36 37 ,0.0005 94.8 (56%)*
60 254.06 76 164.86 39 ,0.0005 89.2 (54%)*
30 229.16 56 144.66 33 ,0.0005 58.5 (58%)
60 228.16 73 151.46 49 ,0.0005 76.7 (51%)
60 273.96 86 194.86 67 ,0.0005 79.1 (41%)
60 336.36 101 307.36 88 ,0.1 29.0 (9%)
31 243.16 64 213.56 58 ,0.05 29.6 (14%)

mean 40.4%
1025 30 181.46 34 144.66 33 ,0.0005 36.8 (25%)

60 182.66 41 151.46 49 ,0.001 31.2 (21%)
1026 30 229.16 56 144.66 33 ,0.0005 58.5 (58%)

60 228.16 73 151.46 49 ,0.0005 76.7 (51%)
1027 30 190.26 37 144.66 33 ,0.0005 45.6 (32%)

60 175.46 46 151.46 49 ,0.025 24.0 (16%)
1028 30 164.36 35 144.66 33 ,0.025 19.7 (14%)

60 148.26 32 151.46 49 NS 22.8 (22%)

N 5 total number of neurites selected in determination of mean length; CDM, chemically defined
medium. The bottom entries give the results of two experiments when different molarities of MPF
were used; significant statistical differences were found (sign test) in each experiment when the
results at 1026 M were compared with those at 1025, M, 1027, and 1028 M (p , 0.0005), and the
results with 1025 and 1027, M were compared with that at 1028 M (p , 0.001).

* Multiple dosing* v single dosing, NS.

TABLE 5
EFFECTS OF ASTROCYTES OR LYMPHOCYTES ON NEURITE OUTGROWTH OF CHOLINERGIC

ENRICHED NEURONS TREATED WITH ARA-C

MPF Conc. (M) N Medium Mean Length (mm) Control (mm) Increase (mm) Increase (%)

1026 60 astr 327.56 98 255.46 84 ,0.0005 72.1 (28%)
60 CDM 336.36 101 307.36 98 ,0.1 29.0 (9%)

100 astr 237.76 53 160.66 46 ,0.0005 77.1 (48%)
32 CDM 243.16 64 210.46 59 ,0.025 32.7 (16%)

1026 42 lymph 190.26 54 197.96 64 NS 27.7 (24%)
31 CDM 243.16 64 213.56 58 ,0.05 29.6 (14%)
30 lymph 187.76 31 170.56 49 ,0.1 17.2 (10%)
30 CDM 226.86 69 201.36 39 ,0.05 25.5 (13%)

N 5 number of neurites measured in determination of mean length; CDM, chemically defined
medium; astr, astrocyte; lymph, lymphocyte; NS, not significant. See the Method section for
preparation of media. Differences ast vs. CDM,p , 0.005; lymph vs. CDM, NS.
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experiments using lymphocyte medium (Table 5) suggest that the
action of MPF is impeded by the presence of lymphocytes.

Inverted U-shaped or bell-shaped dose–response relationships,
similar to those we found in the responses of astrocytes and
neurons to MPF (Fig. 1), have frequently been reported in inves-
tigations of the neurotrophic effects of melanocortins (6) and the
physiological effects of hormones (8). An explanation of this
phenomenon (8) based on a multisubsite receptor model seems
especially relevant in the case of MPF, because MPF’s molecule is
well-suited to participate in stabilized P4 states (see Fig. 2).

Our finding of synergism in the actions of MPF and NGF on
cholinergic neurons is of particular interest. On a molecular basis,
MPF was about 1000 times less potent than NGF in promoting
neurite outgrowth, but our results (Table 6) show that the effect of
mixtures of MPF and NGF was significantly higher than that of
either given alone. This suggests that MPF and NGF act through
different receptors.

Our finding that MPF also increases neurite outgrowth in
cultures of mesencephalic dopaminergic neurons (Table 7) pro-
vides added support to our interpretation of in vivo experiments in
which dopaminergic anatomy and function is restored by MPF
(2,5,9,11). Based on these cumulative results, clinical investigation
of the potential of MPF in the treatment of Parkinson’s disease has
been approved and is now in progress.

Our results further emphasize the interesting parallelism in the
trophic actions of MPF and the hepatapeptide sequence 4–10 of
ACTH. Thus, ACTH(4–10) has trophic effects on spinal neurons
in vitro similar to those described for MPF (13). Of a large number

of pituitary and other peptides examined, only MPF anda-MSH
(which contains the ACTH sequence) stimulated limb regeneration
in hypophysectomized newts (10) or dopamine output from cul-
tures of adrenal medullary cells (4). In the form of metabolically
stabilized analogues (Ac-Lys-D-Lys-Sar-Glu in the case of MPF;
Org 2766 in the case of the ACTH sequence), both show effects in
vivo suggestive of CNS regeneration (1,2,6,9,12). However, de-
spite this broad parallelism, significant differences in the actions of
the two peptides are emerging. MPF potentiates the pigmenting
action ofa-MSH on melanocytes (hence its name), but has itself
no effect on melancocytes (3). The ACTH(4–10) analogue re-
verses the abnormal turning behavior of rats with unilateral lesions
of their nigrostriatal pathways provided it is injected immediately
after the lesioning, the effect being maximal 2 days after the

TABLE 6
SYNERGISM IN THE EFFECTS OF MPF AND NGF ON CHOLINERGIC ENRICHED NEURONS GROWN IN CDM ON COLLAGEN

MPF (Conc.) NGF (Conc.)* N Mean Length (mm) Control (mm) p (vs. Control) Increase (mm)

Cultures previously untreated with [Ara-C]3

1026 M nil 60 273.96 86 194.86 67 ,0.0005† 79.1 (41%)
nil .1029M 59 356.76 108 194.86 67 ,0.0005‡ 161.9 (83%)
1026 M .1029M 60 404.26 108 194.86 67 ,0.0005 209.4 (106%)

Cultures previously treated with [Ara-C]3

1026 M nil 60 364.36 83 247.66 47 ,0.0005§ 116.7 (47%)
nil 61029M 60 380.96 87 247.66 47 ,0.0005 133.3 (54%)
1026 M 61029M 60 438.36 99 247.66 47 ,0.0005# 190.7 (77%)

CDM, chemically defined medium;N, number of neurites measured in determination of mean length.
* The conc was 20 ng/ml, which based on MW of NGF5 26,000 was calculated as 0.773 1029 M.
† MPF vs. NGF, and MPF vs. MPF1 NGF ,0.0005.
‡ NGF vs. NGF1 MPF ,0.025; §MPF vs. NGF not significant; MPF vs. MPF1 NGF ,0.0005; #NGF vs. NGF1 MPF ,0.005.

TABLE 7
EFFECT OF MPF ON NEURITE OUTGROWTH IN CULTURES OF

DOPAMINERGIC ENRICHED NEURONS (ASTROCYTE FREE)
GROWN IN CDM ON COLLAGEN

MPF Conc. N Mean Length Control p (vs. Control) Increase (mm)

1026 M 30 136.46 37 106.56 25 ,0.0005 29.9 (28%)
60 149.66 39 111.16 30 ,0.0005 38.5 (35%)
50 194.26 37 120.06 29 ,0.0005 74.2 (62%)

mean (30.3%)

N 5 number of neurites measured in determination of mean length.
CDM, chemically defined medium.

FIG. 2. Postulated mechanism (simplified), based on a multisubsite recep-
tor model, to explain the biphasic (bell-shaped) dose–response relation-
ships seen with MPF. MPF is represented as having binding sites located
on its Glu and Lys residues, which interact with specific subsites (S1 and
S2) of the receptor (shown shaded). In the activated state P3, one molecule
of MPF interacts with the receptor via both of its binding sites, a confor-
mational change occurs, and agonism results. It is postulated that another
state P4, where two molecules of MPF interact with the receptor—one via
its Glu site and the other via a Lys site—is stabilized in the case of MPF
because of ionic interactions (represented by arrows) between the unbound
Lys and Glu residues; consequently, formation of the active P3 state is
hindered, and abnormal dose–response relationships are predicted. In ex-
treme cases, when the P4 state is favored to the full exclusion of the P3
state, maximum responses will occur with 50% occupancy of the two
subsites, and thereafter increasing concentrations of MPF will result in
progressively decreased responses, the response being nil when there is
100% occupancy of the subsites.
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lesioning, and decreasing 5 days after the treatment (1); the
MPF analogue has similar behavioral effects in this rat model
even when it is injected 3 weeks after the lesioning, but in
contrast to the ACTH analogue, its effects are first seen 6 weeks
after the lesioning, develop in magnitude over the next 6 weeks,
and are still evident 2 years after the lesioning (5). A compen-
satory mechanistic and neuronal protective role for ACTH(4 –
10) is indicated, whereas the results with MPF suggest that it
may have a more direct role in the initiation of CNS regener-
ation.

Unpublished work in which we are applying an MPF assay
(7) in the analysis of human tissue retrieved at autopsy leaves
no doubt that MPF exists in the human brain, though its specific
distribution is presently uncertain. The MPF sequence, like the
ACTH sequence, is contained within the PMOC gene, but there

is, as yet, no evidence that this gene is the genetic source
of MPF.

The mechanism(s) by which MPF exerts its trophic effects
remain unknown, but the results presented in this and our previous
articles suggest a neurotrophic status for MPF akin to that postu-
lated for the increasingly large number of small neurotrophic
proteins for which receptors have been identified. In the therapeu-
tic application of neurotrophic agents, there are clearly many
possible advantages in the use of a small peptide as distinct from
proteins.
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