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Abstract Objectives: The role of neuropeptides in nervous system function is still in many cases undefined. In
the present study we examined a possible role of the 36—amino acid neuropeptide Y (NPY) with regard
to three functions: axon guidance and attraction/repulsion, adult neurogenesis, and control of food intake.
Methods: Growth cones from embryonic dorsal root ganglion neurons were studied in culture
during asymmetrical gradient application of NPY. Growth cones were monitored over a 60-min
period, and final turning angle and growth rate were recorded. In the second part the NPY Y, and
Y, receptors were studied in the subventricular zone, the rostral migratory stream, and the olfactory
bulb in normal mice and mice with genetically deleted NPY Y, or Y, receptors. In the third part an
anorectic mouse was analyzed with immunohistochemistry.

Results: 1) NPY elicited an attractive turning response and an increase in growth rate, effects
exerted via the NPY Y, receptor. 2) The NPY Y, receptor was expressed in neuroblasts in the
anterior rostral migratory stream. Mice deficient in the Y, or Y, receptor had fewer proliferating
precursor cells and neuroblasts in the subventricular zone and rostral migratory stream and fewer
neurons in the olfactory bulb expressing calbindin, calretinin or tyrosine hydroxylase. 3) In the
anorectic mouse markers for microglia were strongly upregulated in the arcuate nucleus and in
projection areas of the NPY/agouti gene-related protein arcuate system.

Conclusion: NPY participates in several mechanisms involved in the development of the nervous
system and is of importance in the control of food intake. © 2008 Elsevier Inc. All rights reserved.
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Introduction

Neuropeptide Y (NPY), a 36-amino acid peptide discov-
ered by Tatemoto and collaborators [1,2], has been reported
to be involved in a variety of neuronal functions, as pre-
sented e.g. in the Proceedings of the 8th International NPY
Meeting in 2006 [3] and in a book edited by Zukowska and
Feuerstein [4]. In the present report we briefly summarize
the findings from our laboratories in three different areas:
NPY’s role as a trophic and guiding factor, its involvement in
neurogenesis, and some new findings possibly related to an-
orexia.

Growth-promoting and guiding effects of NPY

Studies have shown that peripheral nerve injury induces a
dramatic increase in NPY expression in adult dorsal root gan-
glion (DRG) neurons in the rat [5—8] and mouse [9]. These
findings raised the possibility that NPY may be important for
the survival and regenerative processes. In fact, White and
Mansfield [10] and White [11] demonstrated that NPY pro-
motes growth of DRG neurites in vivo and in vitro.

The observation that NPY is expressed in the ensheath-
ing cells of the peripheral olfactory system in the rat [12]
raised the possibility of a trophic action of these peptides in
the olfactory system. Olfactory neurons are continuously
renewed throughout life [13], and the ensheathing cells
tightly surround and support the growing olfactory axons on
their way from the olfactory mucosa to the glomeruli in the
olfactory bulb [14]. In fact, Hansel et al. [15] demonstrated
that NPY induces proliferation of neurons in the olfactory
mucosa via the Y, receptor (Y1R).

In our laboratory we tested the hypothesis that NPY
released from ensheathing cells could also be important for
guiding the olfactory axons. For this purpose we crossed
NPY-null mice [16] with mice in which a single olfactory
receptor is genetically labeled with a Tau-LacZ construct
[17]. When comparing the wild type with the resulting crossed
mice, there was, disappointingly, no difference with regard to
distribution of labeled glomeruli in the olfactory bulb [18].
Therefore, NPY does not seem to be essential for targeting of
the olfactory axons to reach their proper termination in the
olfactory system. Here, the key function of NPY apparently is
the trophic effect shown by Hansel et al. [15].

More recently, we addressed the same question, but now
in growth cones of DRGs and with an in vitro technique
[19]. This approach is based on the knowledge that, during
development, the advance of axons is controlled by molecules
that affect the rate and direction of growth (see Tessier-
Lavigne and Goodman [20]). Such molecules include nerve
growth factor [21,22], brain-derived neurotrophic factor,
netrin-1, and slit [23].

Individual growth cones of fetal rat DRG neurons were
exposed to asymmetric gradients of NPY (10~° M) and
their final turning angles and growth rates were recorded.

NPY elicited a strong attractive response (final turning an-
gle of 15.1 £ 5.0 degrees, P = 0.05) and exerted a signif-
icant, but moderate, increase in growth rate (65.4 = 5.2
um/h, P = 0.03). A small-molecule non-peptide Y1R an-
tagonist, H409/22 (at 1077 M) [24-26], had no effect by
itself on growth rate. However, when turning assays to NPY
were performed in the presence of H409/22, NPY lost its
ability to elicit an attractive turning response and an increase
in rate of extension (final turning angle from 15.1 = 5.0 to
3.0 = 6.8 degrees, P = 0.02; growth rate from 65.4 = 5.2
to 35.8 = 8.4 um/h, P = 0.002). The “sister” peptide
galanin [27] had a significant effect on growth rate, which
was somewhat stronger than that of NPY (85.5 = 13.1
pm/h, P = 0.008). However, galanin had no effect on
turning angle, that is, it caused neither an attractive nor a
repulsive response. The effect on growth rate is in agree-
ment with extensive studies [28—31], in particular by Hob-
son et al. [31] who showed that galanin promotes neurite
outgrowth, an effect exerted via the galanin receptor-2.

Taken together, these findings indicate that NPY (and
galanin) at the spinal level not only acts as a transmitter-like
molecule but also can exert trophic actions, features similar
to classic growth factors. Thus, NPY promotes growth and
attracts growth cones of embryonic DRG neurons. In fact,
its attractive effect is stronger than those by nerve growth
factor or insulin-like growth factor-1, but less pronounced
than hepatocyte growth factor [19]. The fact that the YIR
antagonist H409/22 completely blocked attraction and its
effect on growth rate strongly suggests that the NPY effects
are mediated via the Y1R, whereas the growth-promoting
effect of galanin on DRG neurons shown in other studies is
mediated via galanin receptor-2 (see above).

An interesting question is, under which circumstances, if
any, are the growth and turning properties of NPY of phys-
iological significance. Under normal circumstances NPY is
not expressed in DRG neurons, but at embryonic day 16 the
NPY-related peptide tyrosine tyrosine [2,32] is transiently
expressed in DRGs [33], and this peptide has an affinity for
the YR [34]. In fact, the Y1R has been detected in trigem-
inal neurons at embryonic day 16.5 [35], and one could
hypothesize that during this window NPY-related peptide
tyrosine tyrosine released from primary afferent neurons
could influence the turning response and growth rate of
growth cones. In contrast to DRG neurons, there is an
abundant expression of NPY in the dorsal horn [36] and
NPY is already present prenatally, at embryonic day 15
[37]. Thus, NPY released from dorsal horn interneurons
could influence how the primary afferents, carrying Y1Rs,
are guided and grow, once they have arrived in the super-
ficial dorsal horn.

It has been shown that the Y1R is virtually always
expressed in neurons that produce the neuropeptide calci-
tonin gene-related peptide [38,39], and at least some of
these neurons are involved in pain processing. The marked
upregulation of NPY in DRG neurons after peripheral nerve
injury mainly occurs in large neurons associated with
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AB/AS fibers [5-8], that is, in non-nociceptive neurons.
Thus, during regeneration NPY released from these large
axons could perhaps promote growth and guide regenerat-
ing Y1R/calcitonin gene-related peptide—positive nocicep-
tive neurons. Because peripheral nerve injury may be asso-
ciated with plasticity changes and wiring in the dorsal horn
[40], it is possible that NPY released from dorsal horn
interneurons may be involved in such plasticity processes.

It may also be mentioned in this context that, in another
project, we studied the outgrowth of embryonic neurons of
wild-type mice transplanted into the hypothalamus of adult
NPY knockout (KO) mice. We found that NPY-positive fibers
innervated normal target areas of the NPY neurons, including
the hypothalamic paraventricular nucleus and amygdala. These
results show that directional cues for NPY neurons are present
in the adult brain, suggesting a possibility of functional remod-
eling of arcuate NPY projections, which can be relevant to the
regulation of feeding [41].

NPY and its receptors in adult neurogenesis

It has been recognized that there is substantial neurogen-
esis also in adulthood [42—-49]. This occurs in particular
brain areas, the subgranular zone of the dentate gyrus in the
hippocampal formation and the subventricular zone (SVZ),
from where neurons migrate via the rostral migratory stream
(RMS) to the olfactory bulb. Thus, it is now accepted that
adult neurogenesis, long thought to exclusively be a char-
acteristic of the olfactory neurons in the nasal mucosa pro-
jecting to the glomeruli of the olfactory bulb [13] (see
above), also occurs in other forebrain areas. Many mole-
cules are involved in the neurogenesis in the SVZ and
subgranular zone, including NPY, as shown in particular by
Howell et al. [S0-52]. Thus, NPY is a potent proliferative
factor acting via the Y1R for neuroblast and nestin-positive
sphere-forming stem cells in hippocampal cultures from
early postnatal rats [50]. Moreover, this Y 1R-mediated pro-
liferative effect occurs on neuroblasts isolated from the
dentate gyrus [51]. Howell et al. [52] also found that NPY
is involved in seizure-induced precursor cell proliferation
not only in the dentate gyrus but also in the caudal SVZ.

We recently studied a possible role of NPY on neuroblast
proliferation, migration and placement in the adult mouse
forebrain [53]. A similar topic was addressed at the 9th
Annual NPY Meeting by another group that reported that
NPY promotes neurogenesis in SVZ cell cultures [54].

Our interest in this topic started with a detailed mapping
of the Y, receptor (Y2R) in the mouse brain by making the
“accidental” observation that Y2R-like immunoreactivity
(LI) was present in a thin band close to the SVZ along the
medial aspects of the lateral ventricle extending toward the
olfactory bulb, which is in the RMS [55]. YIR-LI was also
found in ependymal cells along the third brain ventricle [56].

In a follow-up study [53] we analyzed the expression of
YIR-LI and Y2R-LI in the adult mouse brain by performing

double-labeling with the double-cortin (DCx) antibody.
Most DCx-immunoreactive cells were present on the striatal
side, with lower levels along the septum. Although there
was a close relationship between the NPY system markers
and DCx, we could not detect any coexistence at caudal
levels (Fig. 1A—C). However, in the anterior RMS in the
olfactory bulb, DCx-immunoreactive cells were also labeled
with the Y1R antibody to a high extent (Fig. 1D-L), sug-
gesting a possible involvement of the Y1R in migration.
NPY, YIR, and Y2R did not coexist with glial fibrillary
acidic protein (Fig. IM-0). The extent to which the Y1R is
present in DCx cells also at more caudal levels, but below
the detection level of our methodology, remains to be ana-
lyzed. Nevertheless, the finding suggests increasing Y1R
levels in neuroblasts in the rostral direction.

We then turned to an analysis of mice with one of the
receptors deleted, namely YIR and Y2R KO mice [57].
These adult mice were analyzed for immunohistochemical
expression of DCx and Ki67, the latter a marker for prolif-
erating cells in the adult brain [58]. There was a marked
reduction in the SVZ of Y1R and Y2R KO mice (Fig.
2A-C) and a decrease in DCx-labeled neuroblasts migrating
through the SVZ and RMS (Fig. 2D-F). In fact, neuroblast
assembly appeared disrupted in the Y1R KO mice, in contrast
to the more chain-like appearance in the wild-type mouse.

In the olfactory bulb there was a reduction in several of the
interneuron subtypes originating from the migrating RMS neu-
roblasts (Fig. 2G-I). Thus, fewer calbindin-, calretinin-, and
tyrosine hydroxylase-immunoreactive neurons were seen in
the glomerular layer of the olfactory bulb, and in the granular
layer there was a reduction of calretinin-immunoreactive cells.
Whereas the effect on Ki67-immunoreactive cells in the SVZ
and on DCx cells in the RMS were more pronounced in the
YIR KO mouse, the three populations in the olfactory bulb
were not distinctly different between the two KO transgenes
analyzed. Interestingly, in the same study we also analyzed the
effect of deletion of the cholecystokinin 1(A) receptor, and
these mice also showed reductions very similar to those seen in
the NPY receptor KO mice [53].

Because NPY terminals are comparatively rare in the
RMS, peptide released from nearby nerve endings could
diffuse via so-called volume transmission [59] to reach
the receptor-positive cells. The Y2R is not expressed in
proliferating cells, and we could not establish what type
of cell expresses this receptor. For example, double-
labeling for glial fibrillary acidic protein showed cells
forming tubes along the migrating neuroblasts, but they
were not positive for Y1R or Y2R. Thus, the role of Y2R
remains unclear, but the distinct loss of DCx-immunore-
active cells seen in Y2R KO mice suggests an involve-
ment.

Taken together, genetic modification of mice resulting in
deletion of YIR or Y2R shows a dramatic reduction in
neuroblast proliferation, migration, and placement com-
pared with wild-type mice, suggesting involvement of the
NPY system in the regulation of adult neurogenesis. Our



T. Hokfelt et al. / Nutrition 24 (2008) 860—868 863

Fig. 1. Double-immunolabeling of NPY, Y1R, or Y2R with DCx or GFAP in the wild-type mouse subventricular zone and rostral migratory stream. (A—-C)
Rostral migratory stream. (D-F) Rostral migratory stream at the level of the olfactory bulb: (A, D) NPY (green) and DCx (red), (B, E) YIR (green) and
DCx (red), (C, F) Y2R (green) and DCx (red). (G-I) Confocal images of colocalization (I) between Y1R (G) and DCx (H) in the rostral migratory stream
at the level of the olfactory bulb. (J-L) Rostral migratory stream showing no certain colocalization (L) between the Y2R (J) and DCx (K). (M-O)
Subventricular zone: (M) NPY (green) and GFAP (red), (N) YIR (green) and GFAP (red), (O) Y2R (green) and GFAP (red). Scale bars = 200 um in F
and applies to A-F, 10 um in L and applies to G-L, 100 wm in O and applies to M—O. DCx, double-cortin; GFAP, glial fibrillary acidic protein; NPY,
neuropeptide Y; Y 1R, neuropeptide Y Y, receptor; Y2R, neuropeptide Y Y, receptor.

results thus support previous studies on the role of NPY in
the proliferation of neurons shown in the olfactory and
hippocampal systems [15,50-52,54].

The mechanisms involved include the extracellular signal-
regulated kinase (ERK 1/2) subgroup of mitogen-activated
protein kinases [51], molecules that already have been im-
plicated in the proliferation of neural progenitors [60]. The
Y2R-related effects may involve phosphotyrosine-contain-
ing proteins [61] and protein kinase C—dependent pathways
[62]. Our observation of a change in migration patterns

toward individual cell groups suggests participation of mol-
ecules such as integrins [63], reelin [64], and the transmem-
brane-4 superfamily protein CD63 [65].

There is now evidence for a relationship between neu-
rogenesis and depression. Thus, it has been demonstrated in
many studies that, with a few exceptions, treatment with
antidepressants is associated with increased neurogenesis
[66-70]. Also, NPY is one of many peptides thought to be
involved in mood regulation with an anxiolytic/antidepres-
sive action, as reported earlier [71] and at this meeting by
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Fig. 2. Reduced number of Ki67-, double-cortin-, and calbindin-immunoreactive cells in the subventricular zone, rostral migratory stream, and olfactory bulb
of YIR KO and Y2R KO mice. (A-C) Ki67-like immunoreactivity in the subventricular zone of WT (A), YIR KO (B), and Y2R KO (C) mice. (D-F)
Double-cortin—like immunoreactivity in the rostral migratory stream of WT (D), Y1R KO (E), and Y2R KO (F) mice. (G-I) Calbindin-like immunoreactivity
in the glomerular cell layer of WT (G), Y1R KO (H), and Y2R KO (I) mice. Scale bars = 200 wm in C and applies to A—C, 200 wm in F and applies to
D-F, 100 wm in I and applies to G-I. KO, knockout; WT, wild type; Y1R, neuropeptide Y Y, receptor; Y2R, neuropeptide Y Y, receptor.

Quirion and collaborators, as well as by many other groups.
In general terms, it has been reported that NPY has an
anxiolytic antidepressive behavior profile and that this ac-
tion is exerted, among others, at the hippocampal level. Any
type of derangement in the hippocampal neurogenesis pro-
cess may therefore influence mood regulation and the effi-
cacy of antidepressant treatment. It is possible that these
effects of NPY involve formation of new forebrain neurons.

Arcuate NPY/agouti gene-related protein system in the
anorectic mouse

Almost 25 y ago Maltais et al. [72] described a mouse
with an autosomal recessive mutation, the anx/anx mouse,

which appeared normal at birth but developed growth fail-
ure and neurological abnormalities 3—5 wk postnatally with
an emaciated appearance, resulting in death due to malnu-
trition. Subsequent analysis of these mice revealed in-
creased guanosine triphosphate hydroxylase activity and
tetrahydrobiopterin[73], increased cell proliferation, apo-
ptosis [74], and changes in transmitter systems [75—82]. In
our laboratory we focused on the changes in the hypotha-
lamic arcuate NPY/agouti gene-related protein (AGRP) sys-
tem, which showed strongly increased NPY/AGRP levels in
the arcuate cell bodies and apparent loss of these two im-
munoreactivities in their nerve terminal projections (Fig. 3).
Moreover, there is evidence for neurodegenerative changes not
only in the NPY/AGRP neurons but also in the a-melanocyte—
stimulating hormone (a-MSH) system [76,82]. Mechanisms
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anx/anx, P21

_an_xla_nx, P21

Fig. 3. Immunofluorescence micrographs showing agouti-related protein in anx/anx (A, C) and wt (B, D) mice in the Arc (A, B) and BNST (C, D) at P21.
Arc, arcuate nucleus, BNST, bed nucleus of the stria terminalis; DMH, dorsomedial hypothalamus; ME, median eminence; P21, postnatal day 21; wt,

wild-type. Scale bar = 200 pwm.

underlying these changes and the identity of the spontaneous
mutation have still not been verified.

Even if, initially, the NPY mRNA levels in the arcuate
neurons seemed unchanged [80], a subsequent study in-
dicated increased transcript levels [77]. One possible
explanation is that, during postnatal development, the
NPY neurons in these mice have been stimulated and
increased their NPY/AGRP release, resulting in “empty”
nerve terminals and a compensatory increase in mRNA
levels/synthesis. Another line of thought is involvement of
neurodevelopmental/neurodegenerative changes resulting in
impaired centrifugal transport of the peptides and subse-
quent depletion of NPY in nerve terminals. A hypothetical
feedback system could then activate these neurons and their
peptide synthesis.

Developmental effects are also suggested by the fact that
a similar phenotype concerning body weight and NPY/
AGRP expression has been seen in a contactin-KO mouse
[77]. Contactin is a molecule implicated in axon guidance
processes [83], and neurodegenerative changes could there-
fore be related to deranged development of the NPY/AGRP
projections.

We compared the postnatal development of the NPY/
AGRP system in wild-type and anx/anx mice [84]. We
found a similar development up to postnatal day (P) 12,
after which the increase in AGRP-like immunoreactivity

(LD in fibers started to lag behind that seen in wild-type
mice. At P21 the AGRP fiber density was significantly
reduced versus that at P15, and at P21 strongly AGRP-
positive cell bodies appeared in the anx/anx arcuate nucleus,
which was not seen in wild-type mice. (We studied AGRP
because this peptide is exclusively expressed in arcuate
neurons, whereas NPY also is present in afferent systems,
making it more difficult to dissect the changes specific for
the arcuate system.)

Furthermore, we stained sections with two markers for
microglia activation, the ionized calcium-binding adapter
molecule Ibal and the toll-like receptor-2 (TRL-2). The
results showed that Ibal was diffusely distributed at low
levels throughout the brain in anx/anx and control mice at
P1, with increasing levels up to P10. However, starting at
P12/P15 there were increased numbers and more intensely
stained cells, the latter often having a bushy-shaped mor-
phology. This is indicative of activation, in specific brain
regions, largely overlapping with those areas showing loss
of AGRP-LI in fibers. The bushy-shaped Ibal cells were
often closely apposed to the NPY/AGRP neurons in the
arcuate nucleus and their projection areas (Fig. 4). Incuba-
tion with TRL-2 antiserum revealed a very parallel pattern
of appearance, and in fact TRL-2-LI coexisted with Ibal.

These findings indicate that inflammatory/neurodegen-
erative processes may be involved, because Ibal is ex-
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Fig. 4. Immunofluorescence micrographs showing Ibal in the Arc and LHA of an anx/anx (A) compared with a wt (B) mouse. Arc, arcuate nucleus; LHA,
lateral hypothalamus; ME, median eminence; P21, postnatal day 21; wt, wild-type. Scale bar = 200 wm.

pressed by microglial cells [85] and is an accepted marker
for activated glia in the injured or inflamed nervous system
[86-91]. We have interpreted that the changes in the NPY/
AGRP neurons occur as a result of microglia-associated
inflammation/neurodegeneration. This is supported by the
fact that, as indicated above, the a-MSH neurons, which are
close to the NPY/AGRP neurons in the arcuate nucleus,
show signs of neurodegeneration when stained with anti-
bodies against the Y 1R. In normal rats/wild-type mice these
antibodies decorate the dendritic processes of the a-MSH
neurons [38,92], but in the anx/anx mouse the Y 1R-labeled
dendrites were short/retracted with a degenerative morphol-
ogy [82]. Moreover, the fact that these changes in Ibal and
TRL-2-LI also occur in the regions innervated by AGRP/
NPY nerve terminals suggests processes with a close rela-
tion not only to the cell bodies in the arcuate nucleus but
also to the innervated area.

Concluding remarks

The results summarized above give rise to some specu-
lations concerning the role of the YIR in neurogenesis.
Thus, our work on prenatal DRG neurons suggests that NPY
via the Y1R can affect growth rate and growth angle, that is,
exert trophic and attraction effects. The fact that NPY is
produced in the RMS and that the Y1R, at least at the more
anterior levels of the migratory stream, is expressed by
proliferating neuroblasts suggests the possibility that NPY-
ergic mechanisms may be involved in guidance and neurite
outgrowth in migrating cells, a possibility that should be
pursued in further studies. In general terms, the results
summarized in this report underline the multifaceted roles
of NPY in nervous system functions, not only being an
important transmitter-like mediator in the hypothalamic
feeding circuitry but also playing an important role in neu-
rodevelopmental processes. Interestingly, Kokoeva et al.
[93] reported that new cells are continuously born in the
adult murine hypothalamus, and that ciliary neurotrophic

factor may play an important role in this process. Perhaps
this represents a bridge to the evidence presented above for
a role of NPY in neurogenesis in the olfactory bulb and
hippocampal formation. A derangement of NPY-ergic
mechanisms may hypothetically be involved in various dis-
orders affecting the nervous system.
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