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The Ontogeny of Galanin in the Mouse Embryo: Galanin-like
immunoreactivity in the developing mouse embryo fiom Embryonic
Day 10 to 15
Galanin is a highly conserved, 29-30 amino acid long putative neuropeptide widely
dktributed tbroughout the central and peripheral nervous systems of several adult species.
This protein has k e n shown to affect the secretion of several hormones and the
proliferation of some small cell lung cancer and lactotroph ceil lines. Gdanin is also
expressed by certain types of neuroendocrine tumors. These hdings suggest that galanin
could be a rnitogen. Mitogens cause ce11 proliferation in the normal development in the
ernbryo for growth of tissues. Therefore, galanin may be expressed during development
of the embryo. The purpose of this study was to determine the ontogeny of gaianin in the
mouse ernbryo fiom embryonic day 10 (E 10) to embryonic day 15 (E 15). We
hypothesize that galanin-like immunoreactivity (GAL-LI) is present d u ~ this
g stage of
development. when organogenesis is occurrhg. Using immunohistochemistry, GAL-LI
was detected on sections of pamffïn-embedded CD mouse embryos. At E 10, GAL-LI was

obsemed very abundantly in the outflow tract and endocardial cushions of the heart as
well as in the mesenchyme nrrrounding the neural tube.

From E12. GAL-LI could also be

detected in the tissue associated with several bones, including the vertebrae, nasal
capsule, and hioccipital and basisphenoid bones. It is of interest that in the aduit bone,
there is no expression of galanin, indicating the importance of galanin to the developing
bone. GAL-IR c e k are also located ni the gastrointestinal tract, including the esophagus
and rnidguî, by E 13. From E 13, the genitourinary syaem, including the ovary and

metanephros (dennitive kidney), also contain G a - L I . These resdts suggest that galanin
is expressed in tissues derived fiom mesoderm and neural crest sources and is involved in

the developrnent of the hem, skeletoa gut, and genitourinary system of the mouse. These
data dong with the high degree of conservation of galanin arnong species, imply that
galanin is an important mudukitor of embryonic development.
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1.0

Introduction

1.1

Galanin and its properties
Galanin was discovered in 1983 by the Swedish group of Dr. V. Mutt while

isolating a broad spectnim of proteins fkom porcine intestine that had the common
attribute of C-terminal amidation. It was named for its N-terminal glycine and its Cterminal aianine (Tatemoto et d. l 983). Only the 3O amino acid long human galanin
protein is not amidated at its C-temiinal end (Bersani et ai 1991a, Evans et al 1991.
Schmidt et ai 1991).

The rat gaianin gene has 6 exons and 5 introus and encodes a 123- 124 arnino acid
preprohormone containhg the gaianin protein (Kaplan et al 1991). The mRNA of this
precursor is arranged in a similar manner among species such as the cow. rat, h u m a and
pig, such that the preprogalanin protein begins with a hydrophobie sequence of about 20
amino acids that is likely a signal sequence used to direct transport of the precursor to the
endoplasmic reticulum. Amino acids 33 through 62 of preprogaianin correspond to
gaianin, which is flanked by lysine-arginine residues. The 1 s t 59 amino acids make up
the galanin message-associatecl peptide (GMAP) (Vrontakis et ai 1987. Rokaeus et al
1988, Kaplan et al 1988a, RBkaeus et ai 1986). Galanin and GMAP are therefore
theoretically produced in a 1:1 ratio.

Thus fa&the galanin amino acid sequences of nine species have been determined
(Bedecs et al 1995). The f h t 15 amino acids are M y conserved and the rest of the

protein has up to six amino acid substitutions. Though 24 out of 36 arnino acids of
GMAP are conserved, overall, it is l e s conserved than galania However. the overali
acidic nature of this protein is co~l~erved,
suggesting that its function is conserved as weli

(Bedecs et al. 1995). For example, the amino acid sequence of the galanin protein (and its
signal sequence) of the rat is completely homologous to that of the mouse, and the
nucleotide sequence of the galanin gene of the mouse has only one substitution when
compared to the sequence of the rat. The mouse GMAP has only 5 amino acid
substkuiions when compared to the rat GMAP protein (Lundkvist et al 1995).
Because the first 15 amino acids of the mature galanin protein are conserved in al1

the species studied so far, it is possible that this part may interact with a receptor that is
also conserved. In many cases, the fist 16 amino acids have been shown to be sufficient
for full agonist activity, binding to the galanin receptor with an affiity comparable to
that of full-length galani-(Amiranoff et al 1989, Crawley 1990. Fisone et al 1989. Land

et al 1991, Xu et al 1990). Even shorter hgments of galanin c m be sufficient to mimic
the effect of the peptide. For example. the fïrst 10 amino acids of galanin have k e n

shown to cause contractions in rat smooth muscle preparations (Ekblad et al 1985). Any
s m d fhgments of galaain would probably be less stable than the full-length molecule
since the full-length peptide adopts a horseshoe-like conformation, forming a B-tum
around the proline13.This arrangement protects the N-terminal portion Eom proteolytic
degradation (Bedecs et al 1995, K u h k i et al 1992, Rigler et al 1991).

Ln addition to fragments of full-length galanin. variant forms of galanin have been
discovered that are also possible ligands for the galanin receptors (Bauer et al 1986ab.
M chener et a1 1990. Bersani et ai 199 1ab, McDonald et ai 1992, Sillard et al 1992).

These variant f o m include elongated forms, such as gai(-9-29) and gd(-7-29) that were
found in the adrenal meduila of the pig (Bersani et ai 1991b). In the porcine brain. gd(-929) was found together with a truncated form of the protein, gai(5-29) (Bedecs et al.

1 994). Thus, altemate fonns of galanin do exist that can potentially mimic (an agonist) or
block (an antagonist) the known eEects of galanin.
Proteins with partial homology to galanin may also interact with the receptors of
galanin and have similar bio logical effects. Gaianin has k e n considered a unique

peptide, showing no homology to other peptides. However, recently, Mas-MIP I and II

(nine amino acids long) were discovered in the ventral nerve COrd of the tobacco
homworm, Maoducta sexta Their arnino acid sequences resemble the sequence of the

f ~ seven
a amino acids of galauin (see below). The h c t i o n of these peptides may be
similar to galanin since they affect geai peristalsis in Manducta sexe whereas in

vertebrates galanin affects srnooth muscle contractions in various ways, depending on the
tissue king studied (Blackburn et al. 1995).

Mas-MIPI

AWQDLNSAW-amide

Mas-MIP II

G W Q D L N S A W-amide

Galanin

GWT

L N S A ...

Another protein that may be related to galanin was extracted fiom a pool of

porcine hypothalarnic tissue. Amino acids 9 to 2 1 of galanin-like peptide (GALP) match
the kst 13 amino acids of the galanin proteh The C-terminus of this protein is not

arnidated. GALP proteins were also deduced for the human and rat. Interesthgly, this
new protein binds to the second subtype of the galanin receptor, GAL-N (Ohtaki et al.

1999). Since this proteia as well as the synthetic galanin antagonists, have the fkst 13
amino acids of g a l a it is possible tbat they dso adopt a horseshoe-like conformation

and bind to the galanin receptors in a manner similar to galanin. It may be that galanin.

including truncated and elongated forms, GALP, and Mas I and II are ail members of the

same himily of proteins. It is aIso possible that each member of this f d y binds to the

various subtypes of the galanin receptor to exert effects that have, so far, only k e n

attributed to galanin.

1.2 Galanin receptors
The galanin receptors characterized so far are coupled to G-proteins fiom a Gi 1

Go-nibfamily of trarisducing G proteins. The G-proteins mediate the effects of the
effectors coupled to the palanin receptor. such as adenylate cyclase, phospholipase C, anil
potassium and calcium channels. Binding afnnity of galanin is influenced by the presence

of GTP and pertussis toxin. However, the mitogenic effect of galanin on srnall ce11 lung
cancer (SCLC)ceb, and the effect of galanin on intracellular levels in these cells. is
insensitive to pemissis toxin and therefore may be mediated by a gaianin receptor
independent of pertussis toxin sensitive G proteins (Sethi et al. 1991. Sed3'erlei.n et ai.
1996).

Through functional binding audies, three subtypes of the galanin receptor have
been found in the adult rat and man. Each subtype is highly conserved across species. and
yet, within each species, the receptor subtypes are less homologous. The distribution
throughout the central and peripheral nervous system has not been found to perfectly
overlap between the species (Kask ef al. 1997. Wang et al. 1997, Kolakowski et al. 1998).

Also,galanin receptors have a h been detected in the embryo. For example. Xu et al
found GAL-RI receptors in the rat embryo fiom as early as E l 7 (Xuet al 1996).

1.3

Distribution of galanin in the duit
Galanin is present in the central and peripheral nervous systerns of all of the

species studied so far. Galanin expression is particularly strong in the arcuate.
paraventicular. and supraoptic nuclei of the hypothalamus. in the median erninence. and

in the posterior pituitary. The meddla, pons. and midbrain &O express galanin. as do the
superficial laminae of the spinal cord. The protein has also k e n localued to the nerve
fibers of the respiratory ûact, gastrointestinal tract, and genitourinary tract. Galanin is
also present in non-neural tissues, such as in the anterior pituitq when under the

innuence of estrogen The chromaffin cells of the adrenal gland also contain galanin
(Vrontakis et al 1991), although the levei of expression varies considerably between
species. For example, most of the chromaffin ceiis of the &enal gland of the chicken
express galanin, but it is dificult to detect it in the rat adrenal gland (Zentel et al 1990).

(For a detailed description of galanin distribution in the adult, please see table 1 .)

t-t
pituiîary

txain

spinal cord
dasal
root

Kaplan ad.(li8&bXFkiier ad.(1986a),W t et
aL(t992), Bistiop efal,(19w), Rdoias(l!w), Ncrbq

O

ad(1491X
&&(193Q
Tdoerd(1992)
~aplw
b a l . ~ p e m m m w tetr a l . ( l i ~ ) ) .
Tabarsky ad.(1449)

Table 1:Distribution of galanin in the adult.
The presence of galanin &A

a d o r GAL-LI in the adult of several species using

various methods of detection, i.e. RIA= radioimmuwassay, IH= immunohistochemistry,

NB= Northem blot, ISHH= in situ hybridization histochemisLry, O= other. A (-) next to
the method of detection denotes negative results for the presence of gaianin.

1.4

Galanin expression
The most distinctive feature of galanin gene expression is its dramatic

upregdation by estrogen, primarily in the rat anterior pituitary. Although galanin is
expressed in somatotrophs and thyrotrophs of the rat pituitary, estmgen treatment
dramatically increases galanin protein and mRNA levels in lactotrophs (Steel et ai 1990.
Vrontakis et al 1989). Conversely, the removal of the ovaries in fernale rats decreases
galanin levels in the pituitary (Kaplan et al 1988%O'Hdoran et al 1990). Also, during
the 4 day long estrus cycle of the rat. galanin expression in the pituitary changes with

fluctuating estrogen levels in the blood (Kaplan et al 1988a, 1991). Galanin expression in
the hypothalamus of the rat is less dramatically affected by estradio1. showing that the
magnitude of changes in galanin expression in response to the same steroid c m dSer
depending on the tissue king considered (Kaplan et al 1991). The effect of a steroid can
also depend on the species since galanin is only expressed in the corticotrophs of the

hurnan pituitary. with or without estrogen treatment (Vrontakis et al. 1990).
The glucocorticoid dexamethasone also causes an increase in galanin mRNA
levels within the anterior pituitary of the rat, but its effects are othexwise different fiom
those of estmgen its effects are more sustained in the pituitary than those of estrogen and
are not accompanied by an increase in galanin-like immunoreactivity (GAL-LI).

Dexarnethasone also causes an increase in galanin mRNA levels in the uterus (Vrontakis
et al. 1996). Therefore. estrogen and dexamethasone Iikely exert similar effects on

galanin expression through different mechanism.

Thyroid hormone infiuences galanin expression as well. Hypothyroidism in the
rat results in decreased galanin mRNA levels in the pituitary and a decreased ability of
estrogen to induce galanin expression (Hooi etal. 1997).

In the adrenal gland, forskolin and 12-O-tetradecanoylphorbo1-13-acetate (TPA)
both cause increased mRNA levels in bovine chrodn

cells (RGkaeus et ai 1990), and a

TPA responsive element was found associated with the galanin gene (Anouar et a/.
1994).

hotorny of sympathetic, sensory. and motor neurons &ers expression of galanin
dramatically. For example, although the s m d cells of the DRG of the rat n o d l y
express low levels of galanin, axotomy or cnishing of the sciatic nerve leads to strong
expression in the medium and large ceiis within the DRG as well (Hokfelt et al. 1987,

Nahin et ai. 1994). It was detennined tha. of those DRG cells that upregulate galanin
expression after axotomy, most have unmyelinated axons, while only a small
subpopulation have myelinated axons (Noguchi et al. 1993). Axotomy of the sciatic nerve

also leads to increased galanin expression in the dorsal and ventral h o m of the spinal
cord on the af3ected side, at the level corresponding to the sciatic nerve (Villar et al 1989.

Zhang et al. 1993). Transection of the vagus nerve results in increases in galanin mRNA
levels in the corresponding motor neurons (Rutherfurd er al. 1992). A similar
phenornenon is observed when certain central processes are damaged. For example,

increased galanin levels are seen in the paraventricular and supraoptic nuclei of the
hypothalamus after hypophysectomy (Merchenthaler et al 1993).
N o d l y , gdanin is expressed only in low levels in the chromanùi cells of the rat

adrenal meduIla. However, after administration of insulin, the redting splanchnic nerve

stimulation and hypoglycemic condition lead to strong galanin expression in these cells
without affecthg expression in the hypothalamus or pituitary (Anouar et ai. 1995).

1.5

Functions and effects of galanin
The physiological ~ i ~ c a nofc galanin
e
remains to be determined, but ches are

given fiom its biological eEects and its widespread distribution. (More detailed
discussions of the possible functions of galanin are given in reviews (Kask et al 1997,
Bedecs et al 1995, Vrontakis 1991, Merchenthalter et al 1993, Bardai et al 1993.)

In the pituitary, galanin increases secretion of GH, PRL. and LH and decreased
secretion of TSH and ACTH (Merchenthalter et al 1993). Galanin also inhibits the release

of insulin fiom LI-cek of the pancreas (Bartfai et al 1993). Gaianin injection into the
medial hypothalamus of rats causes an increase in food consumption with a switch to
preference for kt over carbohydrates (Bedecs et al 1995). Galanin impairs cognitive
performance, and so may be important for memory and learning. A h ,in the basal
forebrain, those acetylcholine-containingneurons that degenerate during the progression
of Alzheimer's disease have increased levels of GAL-LI (Merchenthalter et al 1993.

Kask et al 1997). Its upregulation during nerve injury (Merchenthalter et al 1993)
suggests that the protein is aiso involved in nerve regeneration (Xu et al 1996). There is

some evidence that galanin increases the pain threshold as weil (Kask et al 1997).

1.6

Galanin and pregnancy
During the early stages of pregnancy in the rat, hi& levels of galanin are detected

in the senun staaing at about day 7 and peaking at &y 11- 12. Galanin protein and

mRNA are also detected in the decidual cells of the conceptus Gtom day 7 and to E l 7

(Vrontakis et al. 1992). h

g this time period, these cells are both dividing and

differentiating. In contrast to the conceptus and senim, the level of galanin expression in
the pituitary is high fiom &y 3 of pregnancy, and continues to remain hi& particularly
throughout the latter haif of pregaancy. Decidual cells of the full t e m human placenta
also contain GAL-LI

(Grafet

1996). Thus, the function of galanin during pregnancy

may be conserved arnong species, and may be related to p w t h of both the placenta as

well as the embryo.
The function of galanin during pregnancy is to regdate the secretion of placental
hormones. Alternatively, decidual cells may use the galanin they express as a growth or
differentiation Eictor. Galanin may aiso be secreted hto the s e m to act on distant
tissues (Vrontakis et al. 1992).

In the rat hypothalamus, the degree of CO-localizationof galanin in a subset of

LHRH neurons depends on estrogen. However, during pregnancy and lactation when
progesterone levels are high, the pattern of expression in these neurons resembles that of
the male rat. These dflerences might be due to the presence of progesterone. It could also
explain why the galanin mRNA levels in the anterior pituitaries of intact cycling rats is

higher than in those of pregnant rats (Merchenthaier et al. 1993, Vrontakis et

1.7

1992).

Galanin and cancer: galanin as a possible mitogen
in humans, gaianin expression has been detected m p i t u h y tumors involving

somatotrophs and lactotrophs, but especidy in those tumors involving corticotrophs
(Sano et aL 199 1, Hsu et al. 199 1) which n o d l y express the peptide (Vrontakis et al

1990, Hsu et al 1991). Adrenal pheochromocytomas were one of the few types of tumors
outside the pituitary that ofien expressed galanin (Sano et al. 1991).

In the rat, where galanin is w d y expressed in somatotrophs, estmgen
treatment c m not only lead to h e a s e d galanin levels in lactotrophs (Vrontakis et al
1989, Steel et al 1990). but also to the formation of prolactin-secreting tumos (Vrontakis
et ai 1987). Lactotroph numbers increased in the pitufies of fernale transgenic rnice in
which over-expression of the galanin gene was directed to these cells (Cai et al. 1999).

Also. galanin increases the proliferation rate of the rat clonal lactotroph ceil line, 235- 1.
while antibodies againçt galanin have the opposite effect (Wynick e t d . 1993). Galanin
may therefore act as a growth factor for lactotrophs.
Galanin appears to be a growth factor for two dce11 lung cancer (SCLC)cell

lines. It was also determined that galanin causes the kind of transient increase in
intracellular calcium in these celis that is associated with early mitogenic signaiing (Sethi
et al. 1991). These effects are probably mediated through the activation of a pemissis

toxin-insensitive receptor. This, in tum, leads to the activation of a mitogen-activated
protein kinase (MAPK),which activates enymes and transcription factors that affect cell
proliferation (Seufferlein et al. 1996). Galanin did not, however, &ect the proliferation
rate of the insulin-producing cell line RINmSF (SjBhoh erd 1995). Some human breast

cancer tumors and ceii lines contain more than two copies of the gdanin gene. but there
was only limited expression of the gene in these cells (Ormandy et al. 1998).

Galanin is a 29-30 amino acid long putative neuropepetide. Very few proteins are

homologous to galanin. Those few that do have some homology to galanin resemble the
N-terminal portion of the protein. The first 16 amino acids of galanin are fully conserved
among the species studied so far. Ln the aduit, galanin expression is found mainly in
nervous rissue, pmticularly the hypothalamus, median eminence, and posterior pituitary.
A distinctive feature of galanin is its dramatic upregulat ion by estrogen and fo ilowing

nerve injury. Nerves of the gastrointestinal tract, genitourinary tract, and respiratory
systern also contain GAL-LI. Galanin has k e n shown to influence the secretion of
piniitary hormones and insulin. It also affects food consumptioa cognitive functions. and
pain thresholds.Galanin is also expressed in many piniitary tumors and is a mitogen for
lactotroph and two small cell lung cancer ceil lines.

During development, mitogens are required to facilitate the proMerat ion of cells

needed for growth. Galanin is expressed in some tumors, particularly those of the anterior
pituitary. Galanin is also expressed in andlor affect the proliferation of certain ceil hes.

In such cases, galanin may be considered a mitogen. Therefore, this protein rnay also act
as a mitogen duruig development of the embryo.

Galanin is up-regulated durhg nerve injury, suggesting that it is involved in nente
regeneration. It is possible that this up-regulation represents the reactivation of an
embryonic program useci in the development of the corresponding m e s .

Galanin is highly conserved among the species studied so iàr. It is expressed
throughout the central and peripheral nervous systems, and is also fouod in the pituitary

and the adrend gland. Proteins that are widely expressed and well conserved often have a
universal function (or functions) and are therefore termed housekeeping genes. Many
housekeeping genes are involved in embryonic development. Therefore, galanin rnay also

be involved in development.
Galanin expression is plastic. It changes with alterations in steroid and hormone
levels. It is up-regulated in injured nerves. It is possible that galanin expression is also
plastic during development. That is, it is up-regulated during growth of the embryo, and
down-regdated once it has served its purpose.

The mouse was chosen for this study because of its conveniently short gestation
period of 17-19 days. Also many of the snidies involving galanin expression are done in

mice (or rats), and this study could be easily compared with those others. To assure that

this study would be comparable to those using human embryos, the time period of mouse
development between El0 and E l 5 was chosen. This is a penod of rapid organogenesis.
requiring rapid proliferation of cells. Galanin might be one of the mitogens expressed

during this tirne. The period before E 10 must also require rapid ceil proliferation.
However, the mouse embryo is in the process of tuming at this stage. Therefore, mitogen
expression in the mouse More E l 0 is not as comparable in the human

Since this project involves galanin and its potential role in developrnent of the
embryo, a brief summary of embryonic development of the mouse is included bebw. The
description given below combines those given by Rugh (1 968), KauI5na.n (1999), and
Hogan et ai (1994).

1.10 Early development of the mouse embryo
M e r the egg is feriilized, it divides repeatedly. The blastocyst cavity f o m
within one end of the baii of cells. The outer ceii layer of the blastocyst facilitates
implantation of the embryo on the latter half of the fourth day of pregnancy. In the
mouse, each blastocyst implants fiorn the end containhg the blastocyst cavity, in contrast
to the human.
The remaining cells will becorne the embryo proper. As implantation proceeds.

the primitive endodem forms on the d a c e of the inner ceii mass. now termed the
primitive ectodem facing the blastocyst cavity, so that the embryo is bilaminar. On day
6 %, the primitive streak forms in a posterior region of the ectoderm and eventually

elongates tu the tip of the egg cyhder. From the primitive streak, the mesoderm grows
between the ectodem and endodem Therefore, by day 7, the embryo is considered to be

trilaminar. Please refer to figure 1 for a tist of those tissues derived fiom each of the germ
iayers.
Starting at day 7. the embryo folds to assume the shape of an embryo. This causes
the gut to become tubuiar and the hem, developing in the mesoderm cranial to the future

brain region, to lie in the region of the future chest. The tissue that will form the
notochord and the definitive b

g of the gut appear at this time as weU.

Also starting at day 7, the ectoderm above the developing notochord thickens.

Neural fol& appear at &y 8 and fùse, beginning at day 9. Cellular difTerentiation of the
central nervous systern begins at about the t h e the neural foids fuse, at E8-8.5. From a
population of proliferathg cells lining the neural canai, first neuroblasts, and then glial
ceils, migrate outward, forming the h t u r e gray (made) and white (marginal) layers,
respectively. The remaining celis remain in place to line the canai. becoming the

ependymal layer. At about the time the neural folds fuse,the neural crest ceiis separate
fiom the neuroepithelium and migrate to form, arnong other things, the cranial. dorsal

mot, and sympathetic ganglia of the peripheral nemous system. The f'uture dorsal homs
of the gray matter form connections with the nearby DRG. By day 9. ali sense primordia

and some cranial ganglia are dready formed. By &y 9% the mesencephalic and
prosencephdic vesicles and the metencephalic and myelencephalic areas of the brain are
al1 recognizable. The cranial neutopore closes by about day 9 and the caudal neuropore
closes by day 10-10.5 (Hogan et al 1994).
By day 7 ? ?the
, nrst pair of somites forxn, and each new pair is added caudaiIy. By
El 546.65 pairs of somites will have developed in the mouse embryo. Starting at day 9
% and continuhg in a craniocaudal sequence, each somite dserentiates into myotome,

dermatome, and sclerotome, each part contributing to the formation of various muxdar

and skeletal elements. The precartilage primordium of each vertebra later f o m when the
caudal (dense) part of each sclerotome fuses with the cranial (loose) part of the
sclerotome caudal to it. Sclerotomal cells remaining between the vertebrae form the

annulus fibrosus of the intervertehl discs.

Beginning at day 8, as the embryo is folding, the mouse embryo rotates, or
"tum." Thus, by &y 9%, the endodem initiaily located on the outside of the conceptus

is inside, as in other vertebrates, and the embryo becomes surrounded by its
extraembryonic membranes.

By day 9, the pituitary and forelimb buds are forming and the h a r t is k a th g
regularly. The forelimbs begin to develop at this t h e , with the hindlimbs appearing
stightly Iater, at day 9 %, which are therefore slightly behind in their development
cornpared to the forelimbs. By this tirne, the pronepbnc ducts and nephnc primordium
appear in intermediate rnesoderm and the primitive streak has degenerated. Also at this

tirne, the caudal-most portion of the spinal cord and its associated neural crest cells form
fiom the tail bud. a remnant of the regressing primitive streak.

1.1 1 Summary of development fiom E10 to E 15
1.1 1.1 Day 10 (30-39 pairs o f somites)
On this day of development, Rathke's pouch and the hfhdibulum. the future
anterior and postenor parts of the pituitary, respectively, begin to form The horseshoe-

shaped nasal processes that appear on the fiontonasai prominence begi.to approach each
other. The media1 nasal processes will fuse and become the philtnim of the Lip, the

premaxillary area of the maxilla and the associated gums, and the primary palate. The
lateral processes of the nasal placodes will develop into the sides of the nose. By &y 10
of embryonic development, the fourth pair of branchial arches develops in the fiiture neck
region. In the gut, the thyroid and cystic primordia are recognizable, the stomach region
becomes identifiable as it dilates, and the umbilical hernia is observed as the midgut

elongates so much as to extend outside the body. The caudal neuropore closes and the
neural crest-denved ganglia (cranial, dorsal root, sympathetic) are present, but very

srnall, at this stage. Mesonephric vesicles and tubules are present in the intermediate
rnesodenn, but, in the mouse, they will never develop into glomeruli. In the heart, the
spiral aorticopuhonary septum (that will divide the outfiow tract into the aorta and

pulmonary tnink) and the endocardial cushions ( b t will divide the atrioventricular canal

into right and left charnels) begin to develop.

1.112Day 1 1 (40-44 pairs of somites)
The second branchial arch overgrows the thkd and fourth as the neck continues to
develop. The very first evidence of palatal shelves is detected dong the inner nuface of
the maxillary prominence of the first arch. The first and second arch cartilages are present

in the form of precartilage. The foreiimb develops distinct regions, including girdle. a m
and handplate, during this stage. The stomach has rotated so that it is to the left of the

midline and horizontdy situated. The tongue begins to form. The centrai nervous system
begins to dflerentiate as the ependyrnal, mantle, and marginal layers are recognizable.
The 6rs-tindications of a definitive kidney are seen as the uteric bud grows fiom the
mesonephric duct, &tes,

and is surrounded by the metanephric blastemal tissue. The

urorectai septum begins to divide the cloaca into anterior bladder and posterior hindgut

regions. The gonad primordia are seen near the mesonephros.

1.11.3Day 12 (48-52 pairs of somites)
At this stage, the otic capsule surrouding the developing b e r ear is precartilage.

Rathke's pouch detaches fiom the oropharaynx, and it and the infundibulum proMerate.
In the heart, the ndges of spiral septum fuse, the septum primum (dividing the primitive
atrium of the heart into lefi and right sides) fuses with endocardiai cushions, and the

ostiwn secundum can be seen in the septum primum. The stomach has a distinct thick.

glandular part and the liver is well differentiated. The forebrain, especially thalamus and
hypothalamus, expands and differentiates and the ependymal layer in the spinal cord is

less pronounced. The mesonephros begins to regress, but the metanephros has developed
vesicles and tubules. The mammary gland primordia are seen at this stage as weU.

1.11ADay 13 (52-56 pairs of somites)
The future olfactory lobe of the brah begins to expand fonvard to overlie the
n a d cavity and oifactory (I
nerves
) pierce the precartilage ethmoid bone to approach this

part of the brain. The primordia of hair follicles begin to f o m on the face. In the heart. ail

valves can be recognized and the ridges of the spiral septum of the outflow tract are
completely fused. The muscular part of interventricular septum begins to form at this
stage as well. Most of the esophagus is not patent due to the prouerat ion of the
endodermal lining of gut. The mesenchyme surrounding the gastrointestinal and
respiratory systems begins to condense. The formation of the diaphragm is complete.

The pancreatic primordia begin to differentiate. In the spinal cord. the ependymal layer

thins as the marginal and m a d e layers thickea The dorsal and ventral homs of spinai
cord are recognized. The mesonephros has regressed and the cloaca is divided into

anterior and posterior parts. The gonads have begun to Merentiate so the ovary appears
spotty and the testis appears striped. Also at this stage, the metanephos enlarges and

differentiates M e r and begins to "ascend" as the lower body elongates. The splenic
primordium f o m in dorsal mesentery of stomch region. The primordium of the cortex
of the adrenal gland, derived fiom the ceolomic mesoderrn, begins to develop at this stage

as weil. The îïrst arch cartilage is Observed in the mandible, and tooth primordia are
recognizable. Some bones are condensations (the girdles), some are precartilage @trous
temporal bone. exoccipital bone, basioccipital bone), and others are cartilage Iate in this
stage (vertebrae and long bones of limbs).

1.1 1.5 Day 14 (60 pairs of somites)
The palatal shelved that have formed on the internal surface of the rnaxillary
prominence have graduaily elongated. and, at this stage, begin to elevate. so that their
edges approach each other at the midline. The nasal septum, which grows downward

60m the fiontonasal prominence, fuses with the primary palate. In the heart, the caudal
part of the fused ridges of the outflow tract fuses with the muscular part of the
interventncular septum A h , the septum secundum forms between the left and right
atrk The urnbilical hemia reaches its maximum size. The esophagus begins to canalize.

The adrend gland is more defined, and, by this stage, sympathetic fibers p a s fiom the
rneduiia (derived fiom the sympathetic nerve ceils) to the sympathetic tninks. The kidney

has glomedi and collecting tubules. The testes and their drainage systems develop. The
middle parts of the long bones are cartilage, as are the base of the sktd, the nasal capsule
and septum, the arch cartilage derivatives, the vertebrae and nïs, and clavicle and pelvis.

The distal regions of the limbs are pre~artilage~
as are the stemebrae and the skeletal
elements m u n d i n g the upper respiratory tract. The webbing between the forelimb
digits has disappeared by the end of this stage, but is present to some degree in the

hindlimb at E 15.

1. l l.6Day 15 (60-65 pairs of somites)
At this stage, the eyelids grow. The pituitary differentiates. The skin becomes
wrinkled and the development of hair follicles becomes more widespread. The palatal
shelves fuse at the midline, but the primary palate and nasal septum do not fuse with

them until next &y or so. The hart and circulatory system are now weii formed and will
not develop much further until d e r birth. The esophagus is mounded by muscle. and

the duodenun and the rnidgut of the umbilical hernia develop villi and glands.
The splenic prirnordiurn becomes enlarged and elongated. The cerebellurn and olfaftory
lobe differentiates and the marginal layer in spinal cord thickens. The gonads increase
size. The first ossification centers are found in cartilage of the base of the skuIL long
bones of limbs, girdles, ribs, dorsal arches of vertebrae. as wefl as in the membrane bones
of lateral palatal shelves, periorbtial region of fice, mandible, fiontal and parietal bones.

The skeletal elements of respiratory system, most of pelvic girdle, and the sternum are
cartilage. Intervertebral dises are also recognized at ùiis stage.

1.12 Molecular control of embryonic development
During embryonic development of an organisa proliferation, differentiation, and
programmed ceII death are occurring to create new tissues and remodel and increase the

size of existing tissues. These events require c e k of the developing ernbryo and the
mother to interact appropriately with each other and the extracellular mat*

At each

stage of development, each cell expresses a particular combination of genes in order to be
able to Live, produce the proper matrix components and sigoals, and respond to the
environment. Therefore, gene expression affects the pro Meration rate, histology,
migration ability and path, and t h e of death of a population of cells. Theoretically,
signals &omother cells could change any of the above mentioned properties of a cell by
signaling it to change which genes are tumed on or o E Cells may affect each other, for

example, through direct interaction of their surfaces, by secreting signal proteins, or by
the extracellular matrix components they secrete. Furthermore. as one population of cells

is induced to change, those changes cm induce other cells to change which genes they
express, thereby causing a chah reaction. One population of progenitor cells could
difTerentiate into several difFerent cell types, depending on which signals they were
exposed to. It is not always clear when exactly a cell has k e n committed to a particular
fate. Understanding how and whea cells are induced to differentiate is a big part of
understanding embryonic development.
The timing of gene expression within a ce11 is critical to the development of the
embryo. Pleuripotent cells of the early embryo become increasingly restricted in what

kind of tissue they can become. A h , the window of time in which a ce11 is able to
respond to particular environmental signals is ofien small. Therefore, the timing of gene
expression must be synchronized to fead to proper development. It is probably pa-dy for

this reason that, for one cell type to affect another, they must be in close proximity to

each other. Thus, the ability of one tissue to induce expression in another is limited by
time and space.
The HOX gene family is an example of a group of genes king expressed in a
particular combination to give rise to a particular effect. This fàmily of genes is present in
some form in mammals and in DmsophzYk. The various members of the f h i l y are turned

on or offdepending on the segmentai level as defined by the positions of the somites.
These combinations of gene expression are thought to affect how segmentally arranged
structures develop, such as spinal nerves, certain sûiated musculature, blood supply, and
the initial sclerotomal vertebrae. The expression of certain members of this family may,
in tum, be sensitive to other signals, such as retinoic acid (Larsen 1998).

Signals, or combinations of signais are used to designate which tissues wiil
become dorsal structures versus ventral ooes and which will become proximal rather than
distal. For example. the mnic hedgehog (Shh) protein causes tissue to differentiate into a
type of ceil more typical for the ventral part of the neural tube. Similar dorsalizing signals

help induce the ventromedial aspect of each somite to disperse as a scierotome. Also, via

extniceiiular rnatrix proteins as fiom the Wnt gene family. dorsalizing signals cause the
dorsohteral somite to form a dermomyotome.
Many of the factors involved in development also bave functions in the adult. For
example, insulin and IGF-1 fiom the somites and other midline structures signal the
lateral plate mesodermal core of a developiag limb bud to establish a proximodistal a i s .

Sorne members of the fibroblastic growth factor M

y help to maintainthe outgrowth of

the h b buci, so that the wmng combination of expression of FGF family members can

lead to the growth of extra h b s . Alsu, BMPs (bone morphogenic proteins), including

BMP-2, are involved in mesenchymal condensation, chondrogenesis, and osteogenesis.
In summary, development progresses by dBerent ceil types inducing each other
to differentiate ki a particular way. This induction signal is limited in the distance it cm
travel and by the s m d window of time the responding tissue is receptive to such a signal.
Each tissue present in the embryo is a r e d of a complex sequence of these signals, some

of which are in the fonn of fktors that also have firnctions in adult tissues.

Galanin could act as a signal. e.g. for proliferation of certain ceIl types, during
development. The function and distribution of the protein may be different in the embryo

as cornpared to the adult.

1.1 3 Hypothesis
Our hypothesis is that galanin is expressed during development of the mouse
embryo. between E 10 and E 15.

1.14 Objective
The objective of this study is to detemiine the ontogeny of galanin-like
immunoreactivity (GAL-LI) in the developing mouse embryo, fiom E 10 to E 15.

2.0

Methods

2.1

Mouse genetic background, housin& and breeding
Mice of the CD strain supplied by Central Animal Care at the University of

Manitoba were used for this study. Animais were kept according to the University of

Manitoba animal protocol # .Temperature and the timing of light: dark cycles in the
facility in which the mice were housed were kept constant.
Timed pregnancies were achieved by placing females and males in the same cage
overnight. The following morning, ifa mucous piug or other evidence of breeding was
apparent, the female was separated and her future ofipring considered to be at
embryonic day 1, E 1. Since the actuai t h e of conception could have theoretically k e n

any t h e during the dark cycle, and embryos were not aecessarily collected at a particular
t h e of day,the possible error in stagh g the embryos in this way was 12 ho urs.

2.2

Tissue collection
At lest two littas were coUected at E 10, E 11, E 12. E 13, E 14. and E1 5. Ether was

used to anesthetize the pregaant mouse. A cut was made through the abdomen and chea

to expose the uterus aad hem. Using a 23G1 needle inserted into the heart. blood was
collected. It was allowed to d o t at room temperature for at Ieast 30 minutes and then was
cenuifuged at 6000g for 10 minutes. The plasma was collected and stored at -20°C.

The right and lefi horns of the uterus were cut out and rinsed in COld saline (0.9%
NaCI (wlv)). The utem was removed fkom the saline and the embryos were dissected
out A dissecting microscope was useful for helping to recover the srnaller embryos. i.e.
El0 and EI 1. intact.

2.3

Tissue M o n and handling
Embryos were k e d in 4% paraformaldehyde (wh) in PBS,pH7 (2X= 0.021M

Na2HP04e 7 H 2 0 (F.W.=268.07), 6.23rnM NaH2P04.H20 (F. W.=l37.W), 0.246M NaCl

(F.W.=58.44)) for 3 to 16 hours. Embryos were then rinsed ovemight or longer in PBS.

Embryos were dehydrated through a graded series of ethanol solutions, cleared
with two changes of chloroform and infiltrated and embedded in p a r f i . Duration of

fixation and dehydration varied with tissue size. P&m

blocks were stored at m m

temperature.

2.4

Crown-Rump measurements
M e r fixation. the crown-rump length of each embryo was measured using a d e r

matked with millimeter divisions. The length of each embryo was measured ro the
waren tenth or quarter of a millimeter. Accuracy of measurements were assisted by the
use of a dissecting microscope when measuring the embryos.

2.5

Para& sectionhg
P a d E n sectioning was performed using a 'Teather" stainless steel microtome

blade (Fischer Scientinc cat. No. 12-631R no.R35). Thickness for sagittal sections was

4pm for E l 0 embryos, 5 p for E l 2 embryos and 7 p for E13-15 ernbryos. Crosssections were cut at 7 p n for E l 2 and E l 3 and 1 0 p for E l 4 and El5 embryos.

Ribbons of sections were placed on a 40-42OC waterbath. The sections were
separateci and picked up onto "Fisher brand supert?ost/plus" slides (Fischer Scientinc cat.

-

No. 12-550- 15). Slides were drained and dried ovemight on a slidewarmer at 42°C.
SLides were stored at room temperature in slide boxes.

Some slides were stained using a routine H&E procedure to show general
histology. Slides were covered with 60mmX20mm coverslips (Fisher Scientific, cat. No.
12-MM) using Permount mounting medium (Fisher Scientific cat. No. SP 15-500).

2.7

Immunohistochemistry
All seps for immunohistochemistry were perfomed at room temperature unless

otheMrise stated. Except for steps in tris buEer, ethanols, or xylol d steps were done in a
humid c h b e r on a benchtop orbital shaker. AU solutions used were stored at 4°C until
just before use. Paraflïu sections were fist depataffmized (2x5minutes xylol) and

rehydrated (100% ethano1(2x5minutes), 95% ethanul (5minutes), ddHzO (5 minutes)).
Siides were then placed in 0.1 M tris b a e r ( 1OX= 1M Tris-HCI, pH7.6) for 10
minutes. Each slide was then removed fkom the buffer and rings drawn around two
sections using a hydrophobie PAP pen (Ted Pella, Inc., cat No. 22303 and 22304). The
sections were then covered with tridtriton solution (0.3% (v/v) triton X-100 in 0.1 M tris
buffer, pH7.6) for 10 minutes. Next, a solution of tris/&iton/BSA solution (0.1% BSA
(w/v) in 0.3% (v/v) triton X-100 m 0.1M tris buffer, pH7.6) covered the sections for 15

minutes. A universal blocker O A K 0 diagnostics Canada,Inc.. cat. No. CD3 10082) was
added to the sections for 30 minutes, and then normal goat serum for 15 minutes. (Note:

The go& se-

anti-rabbit biotiaylated antibody, and streptavidin-beta-galactosidase

(used below) are £koma commercial kit, i.e. KBkegaard & Perry Laboratories, cat. No.
71-00-58.)

The anti-galanin antibody used in this study was raised in rabbit against the rat
galaain protein and the IgG fiaction was isolated kom whole serum using a protein A

agarose column (Peninsula Laboratories, Inc., code RGG-7141). The testh g by
manufacturer showed that the antibody has about a 6% cross-reactivity with porcine
galanin, and a 0% cross-reactivity with porcine sectretin, human, porcine, and rat VIP,

the porcine amide form of GMAP(1-4 l), the human and rat f o m of NPY.substance P.
and human PHM-27. The primary antibody was used at a 1 :300dilution using a

commercial antibody dilutent (DAKO Diagnostics Canada Inc.. cat. No. D2000S-2501111).

On each slide. the goat senun was removed fiom one section and the primary
antibody solution added. The goat senun remained on the second section as a negative
control. Previous experiments in our laboratory established that preabsorption of the
antibody with galanh peptide abolished staining. The slides were then placed in the

humid chamber at 4OC for two days.

The slides were then rinsed with trîs/ûiton/BSA solution using a plastic pipette.
and the sections covered with the same solution for 30 minutes. At this point. slides were
gently rinsed with tris bufZer and immersed in a fresh change of tris for 5 minutes. The
goat anti-rabbi biotinylated antibody was then added to cover each section 1 hour.
Afterwards, the slides were rinsed in tris buffer again and the sections were covered with

streptandh-beta-galactosidasefor 1 hour. The slides were then N w d in tris buffer.

The ka-galactosidase substtate solution was made fiom a kit (Kirkegaard &
Perry Laboratories, cat. No. 54-13-00.) The solution covered each section and the siides
placed in a humid chamber, protected fiom the Light, at 37OC for 30 minutes.

The slides were then rinsed in ddH20, quickly dehydrated. passed through two
changes of xylol and coverslipped.

2.8

Pictures
Immunostained and H&E stained sections were scanned. Brightness and contrast

were aitered to show staining to the best possible effect using Abode Photoshop 4.0.

Images were inserted into a word '97 and printed on glossy photo quality papa using a
photo700 printer.

The average crown-rump length of each fixed embryo was measured. Table 2
compares the average lengths of embryos fkom the-impregnated CD mice fkom each
stage as well as those listed in Rugh ( 1968) for the inbred CR-S strain.

(Thisstrain is

considered representative of mo st mice. ) For each stage studied except E 15, the average
crown-nimp length of the CFI-S strain fàlls within plus or minus two standard deviations
of the average crown-nunp length for our CD muse embryos. The average crown-rump

length of El4.S embryos of the CF14 stram f d s within plus or minus two standard
deviations of the average crown-nimp length of our "E15" embryos.

L

age (days)
9.50

CD mice

CH-S rnice
2.80

Table 2: Average crown-rump lengths.
The average crown-nimp lengths, in millimeters, of CD ernbryos fiom each stage are
compared to results Eom Rugh ( 1 968) using the inbred CR-S strain of mice. In making
any comparisons, it should be kept in mind that rate of development cm Vary with the

strain. SD= standard deviation, n= number of individual CD embryos used to caiculate
the average crown-nimp length at each stage.

3.2

bunohistochemistry
See table 3 for a summary of the results. More details are given below. At least

two embryos lÎom each of two liners were stained using irnmunohistochemistry for
gaianin except for E 1O, where ody one embryo was examined per litter.

3.2.1 E l 0
At embryonic &y 10, galanin-like immunoreactivity (GAL-LI) is present in the

mesenchyme around the neural tube (figure 3). There is also clear aaining indicated the
mesenchymal spiral ridges of the outflow tract of the heart (figure 2b). Another
immunostained section shows that the endocardial cushions stain for galanin as well
(figure 2a).

At embryonic day 12, GAL-LI continues to be detected in the mesenchyme (of

varying ceil density) surrounding the developing neural tube. GAL-IR tissue in this

region includes the dense and diffuse portions of the mesenchymal sclerotomes, which
are the precursors O f the vertebrae, and mesenchyme surmuuding the dorsal aorta and the
cardinal and nibcardinal veins (figure 43, and 6). The maxillary component of the tira

branchial arch (the precursor of the upper jaw) (figure4) and the medial and laterai nasal
processes (that will form the nose) contain GAL-LI as welI (figure 6).

The spiral septum of the outfiow tract and the endocardial cushions of the hem
continue to stain as it did at El 0 (figure 4 and 6).The trabeculae of the ventncle wall of
the ventricle and the septum prirnum appear to stain as weil (figure 6).

Figure 1 : Schematic drawing illustrating the derivatives of the three germ layers:
ectoderm, endoderm, and mesoderm. Cells fkom these layers make
contn'butions to the foundation of different tissues and organs; for
example, the endoderm f o m the epithelial h g of the
gastrointestmal tract and the mesoderm gives rise to connective tissues
and muscles (Moore and Persaud 1998).
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Figure 2 : Sections of mouse embryo at E 1Oc, imrnunostained for galanin..
(A) Parasagittal section, (B) Mid-sagittal section
1.
2.
3,
4.

Tekncephalic vesicle
Mesencephalic vesicle
Hindbrain
Second branchial artery
5. Third branchial artery
6. Septum primum
7. Atrium

8.
9.
10.
11.

Endocardial cushion
Ventricle
Peritoneal cavity
Truncus arteriosus

1 2. Bulbus cordis
1 3. Sept un] transversum
14. Dorsal aorta

t 5.
1 6,
1 7.
1 8.

Sinus vcnosus
Outflow Tract
Neural tube
Mandibular process

1 9. Mesenchyme

Figure 3 : High magnificat ion o f head o f ernbryo at E 1O irnrnunostained for galanin, fiom figure 28. Note that the
cephalic mesenchyme (a) is strongly immunotreact ive for galanin, while the neuroepitheliurn (b) has not
stained.

Cc-

O EO

The dorsal mesentery is also GAL-IR (figure S), as is the abdominal wall (figure 5
and 6). The tissue immediately surrounding the esophagus also stains for galanin

(figure 6).

3.2.3 El3
Diffuse mesenchyme associated with the developing brain and spinal cord which
is the funw subarachnoid space, stains at El3 (figure 7,8,and 10). The roof of the
oropharynx, including the cartilage primordia of the basioccipital and basisphenoid

bones, the otic capsule, the nasal capsule and septum, and the p r h x y palate stain at this
time as wel1 (figure 9). Also in the facial area, tissue in the lower jaw and proximal
tongue also contain GAL-LI (figure 7 and 8).

The ventricie and the atrioventricuiar bulbar and endocardial cushion tissue
(figure 7, 8, and 9) of the heart continues to stain for galanin at this stage. The abdominal
wall also continues to stain for galanin (figure 7 and 8). Tissue surrounding the

developing ribs is GAL-IRat this aage. The cartilage vertebrae of the proximal tail
region, as weii as the precartilage of the vertebrae of the distal tail region and interzones
between them stain for galanin (figure 7 and 8). Also in the tail, mesenchymal tissue
surrounding the segmental nerves stains for galanin at this stage, as illustrated in figure 9

and 10. The cent-

of the more rostal vertebrae contains GAL-LI (figure 10). The

mesothelial lining of the pleural cavity and the layer of the midgut beneath the epithelia
contain GAL-IR (figure 7). The mesenchyme at the tip of the genital tubercle stains for
galanin at E13.The paramesonephros (the fùture female reproductive organs), not

Figure 7 : Parasagittal sections of mouse embryo at E 1 3.
(A) H & E stained, (B) Immunostained for galanin.
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including the paramesonephnc duct that runs dong its side, stains for galanin at this stage

as well (figure 7).

The site between the entrantes of the esophagus and larynx also stains for galanin.

In the lower body, the tissue immediately surrounding the head of the femur also
appears to stah, similar to that seen at E l 4 (see also figure 13 and 18).

3.2.4 El4
The distribution of GAL-LI seen at E 14 is very sllnilar to the distribution
observed at E 1 3. Mesenchyme of the frime subarachnoid space surrounding the central

nervous system and the mesenchyme surrounding the cartilage primordia of the
vertebrae, basioccipital bone, and basisphenoid bone stain for galanin. The cartilage of
the nasal capsule (figure 1 1 and 12) and the mesenchyme surrounding the turbinate bones

(supporting the conchae of the nasal cavities) (figure 1 3) also contain GAL-LI at this
stage. The palate aise nains for galanin (figure 1 1 and 13). Parts of the lower jaw and the
put including the esophagus (figure 13) and midgut (figure 1 1 ), stain at E 14 as wel.The
petrous region of the temporal bow contains GAL-LI(figure 1 1 and 14). The primordia

of the middle ear ossicles do not stain for galanin, but are surrounded by GAL-IR
rnesenchyme (figure 14).

The bulbar ridges of the outnow tract forming the membranous part of the
interventricular septum continue to stain (figure 13). The skin of the developing limbs
clearly stains at this stage as weK as illustrateci in the hindlimb in figure 13. The

' P h
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Figure 1 4 : Cranial cross-sections of mouse embryo at E 1 4.
(A) H & E stained, (R) Immunostained for galalwin.

1 , Lateral ventricle
2. Future subarachnoid space
3. Trigeminal ganglion
4. Pituitary
5. Primordia of iniddle ear ossicles

6. Dorsal root ganglion
7. Cartilage primordium o f exoccipital bone
8. Cartilage primordium of basioccipital bone
9. Neural tube
10. Ossification within parachordal plaie

1 1 . Otic capsule
12. Pinna
1 3. Neural arcli o f vertebra

Figure 16 : Caudal cross-sections of mouse embryo at E 14.
(A) H & E stained, (R) Immunostained for galanin.

1, Neural tube

5 . Notochord

2. Nerve trunk
3. Cartilage primordiuiii of verirhra
4. Feiiioral vçin

6. Dorsal root ganglion
7. Muscle mass
8. Future subarachnoid space

mesenchyme surrounding the head of the cartilage primordia of the femur also stains for
gaianin (figure 13).

The vertebrae of the tail and the ribs stain for galanin in a sirnilar manner as at
E13 (figure 11, 12, and 16), though the interzones between the caudal vertebrae stain Iess

intensely at this stage. However, the more rosial vertebrae contain much more GAL-LI at
their borders, where intervertebral discs and comective tissue are developing, and near

the notochord (figure 13 and 15). The tissue surrounding the segmental nerves in the tail
also stains for galanin (figure 15 and 16).
Within the metanephros (definitive kidney), diffuse mesenchy me stains for
galanin (figure 1 1 and 12). The abdominal wall, including developing muscle and skh,

contains GAL-LI (figure 1 1. 12. 13, and 15). The ovary and dorsal mesentery (figure 15 )
sain at this stage, as does the stomach (figure 15) and the midgut (figure 1 1, 12. 13,

and 15).

3.2.5 E l 5
The distribution of GAL-LI at embryonic &y 15 is similar to the distribution at
&y 14 in the boaes. head, gut, and hem (figure 17, 18, and 19). Staining is Observed in

the proximal part of the ni (figure 18) but not the in their distal tips (as they approach the
sternum) in the chest w d (figure 17). The ventricle and atrium shown staining for

galanin (figure 17) as in some embryos of previous stages (figure 4,6,5' and 12).

Mesenchyme packed around the optic nerve and in the developing eyelid contains GAL-

LI at E l 5 as well (figure 19).

Gut

Urogenital

System

Heart

Centrai
Nervous
Svstem

liiesenchyme
;urrounding
htflow tract,
ndocardial cushions leural tube

;claotomes.
a t m 1 and
nedial nasal
)rocesses
3asioccipital
me,
msisphenoid

Mesenchyme
sunoundhg
esophagus,
dorsal mesentery,
abdominal wall

htflow tract.
ndocardial
,ushions,
entricle.
eptum primum

Mesenchyme

jmoünding
neural tube

>one,
]tic capsule,
iasal capsule
md sepm.
xirnary palate,
ibs and
vertebrae.
lead of femur

v

Mesenchyme

Mesenchyme
beneath
epithetiurn of
midgut

htflow tract,
nidocardial
whions.

surrounding
neural tube (future
subarachnoid

rentricle

mace)

me.
xisisphenoid
me,
P O U

temporal bone,
nasal capsule
md septum,
palate,
ribs and
vertebrae.
head of femur,
turbinate bones

Mesenchyme
beneath
epitheliurn of
rnidgut
(including
stomach)
and esophagus,
abdominal wall

[Distribution
(Distribution
similar to E 14.) similar to E14.)

tract
ncluding
surrounding
nembranous part of neural tube (future
nterventncular
subarachnoid
;eptum
space)
Distribution
similar to E 14,
iv

3w9
nesenchyme of

netanephros

listribution similar mesenchyme
:O Ei4, but includes
itria and ventricle optic nerve and
evelid
Natls

4.0

Discussion

4.1

Crown-Rump Lengths
Average crown-nimp lengths of the CD embryos used in this study match those

for the CR-Sstain of mice obtained by Rugh (1968) for El0 to E14.Assuming these two
strains develop at comparable rates. these results support that the predicted embryonic

ages are accurate. The average crown-rump length for the Litter representing "E15" is
more consistent with embryos at E 14.5. When mice are mated overnight, there can be as
much as a 16 hour variation in the gestational ages of the resuhing offspring. In addition,
the mice were not collected at a set time on the required day. For these reasons. we

*

accepted a possible error of 12 hours in our estimation of the gestation ages of the
embryos. This is relevant because knowing at which stages galanin is expressed can help
determine which processes in which it is involved. e.g. pmliferation versus
dif5ereatiatiorz

4 -2.1 General considerations when interpreting imrnunohistochemistry
When interpreting results, it is important to remember that when using

immunohiaochemical procedures like the one used here. "galanui-like
immunoreactivity" (GAL-LI) is detected. The polyclonal antibody will not ody interact
with rat gaianin, but any other proteins that are sufficiently similar in structure. ïhough

very few proteins have k e n discovered that are homologous to galanin, there may be
more gaianin-like proteins tbat have yet to be discovered. Thus, any GAL-LI detected in

ihis study may be galanin or some other as yet unknown protein. A concentration of the

antibody has k e n chosen to maximize the chances of detecting gdanin-like proteins
while miniminng the chances of background due to non-specific interactions. Future

studies using in situ hybridhtion will help c0dk-m the presence of galanin by localizing
the conespondhg mRNA.
When staining is observed at E10, it is possible that staining first appeared at an
even earlier stage. Similady, distribution of the staining seen at E 15 could continue
beyond this stage. Future studies will be required to determine when galanin fustappears

and when it finally disappears.
In cases where previous studies do not appear to agree with the results obtained
here, it is possible that this can be due to the differences in technique used. Fixative

choice and timing of fixation, handling of tissue, and the methods used to make the tissue
sections more permeable to antibodies and blocking agents are among those variations in
procedure that cm make the difference in sensitivity.

4.2.2 Heart
From the few E 10 saginal sections available, immunostainkg locaiized GAL-LI

in the endocardial cushions and the spkally arranged aorticopulmonary septum
developing in the outflow tract of the heart. These tissues continued to stain on E 12. On
sections of El4 embryos, GAL-LI was detected in the membranous part of the
interventncular sep-

which is composed pady of the most caudal portion of the fked

aorticopulmonary septum The endocardid cushions begh to f o m at about E9.5.
growing between the primitive atrium and primitive ventncle to divide this region into
nght and Ieft atrioventricular canais. The ridges of the aorticopulmonaryseptum fuse,and

the two resuiting channels separate to form the aorta and pulmonary trunk. By E 15. the
w a k of the heart are GAL-IRas well.

No previous studies have dealt with the expression of galanin development of the
embryonic heart, and o d y a few have addresseci the ro le of galanin in the function of the
adult heart. Using RIA, GAL-LI was found in the adult hearts of the rat, mouse. guinea
pig, rabbit, cat, and dog, but not the pig (Bretherton-Watt et al. 1990).
Immunohistochernistry of the rat heart indicated that there are scattered GAL-IR,
presumably neuronal, fibers throughout the heart (Xu et al. 1995). In this study. the GAL-

LI observed in the embryonic heart is not restricted to fibers. The histology of GAL-IR
cells in the endocarddial cushions and spiral septum is similar to mesenchymal cells, Le.
srnail cells with large intercellular spaces. The staining of the atrium and ventricle is less
defhed. The identity of these GAL-IR cells could be determined in double-staining
techniques using antibodies against galanin and various cell marken. S ince neural crest
cells contribute greatly to the formation of the aorticopulmonary septum and other parts
of the heart. it is possible that some of the GAL-IR ceils of the heart are derived fÏom the

neural crest as weii as the cardiac mesoderm. The spiral aorticopulmonary septum is
actively growing at the stages GAL-LI was present, so galanui may be a mitogen for
those cells.

4.2.3 Bone
This study showed that GAL-LI was detected f?om the eariiest stages of bone
formation. GAL-LI is present during the formation of the vertebrae, fkom E 12. when the
dense and diffuse potions of the sclerotomes are combining to form the precartilage

models of these bones. A similar distribution pattern is seen later in the more caudal

vertebrae, and this is expected since they develop in a craniocaudal sequence. GAL-LI is
also present in the region of the nose, fiom as early as E 12 when the media1 and lateral

nasal processes are still approaching each other to become circular olfàctory pits. The
mesenchyme that will become the bones of the base of the

start exhibithg GAL-LI

at E 12 as well. As the precartilage and cartilage models of each bone are formed, GAL-

LI becomes more restncted to the mesenchyme surrounding it. This phenomenon is also
observed in the development of the hioccipital and basisphenoid bones, the ribs, and

the femur.

The bones mentioned above develop using endochondral ossification since they
form fiom cartilage models. Thus, galanin may be involved in the early stages of

endochondral ossification. In the ribs. by El 5, GAL-LI is detected within the bone. not
just in the tissue nirrounding the cartilage, when ossification is occurring. Thus. galanin

could be involved throughout this process. fiom when the mesenchyme condenses to
when the bony matrix is laid down. Galanin may also be involved in membranous
ossification since the petrous part of the temporal bone, or otic capsule. which develops
by this process. also contains GAL-LI from E 13.

The ficial bones. those bones encasing the sensory organs, the paiate, and the
basiospenoid bone are thought to be at Ieast partly derived fiom the neural crest (Couly
1993), while other bones are derived fiom the sclerotomes. Thus. galanin may be

involved throughout both processes of bone formation. Because GAL-LI is present
throughout these processes, t is not possible to determine, fiom the timing of its
appearance and its distribution, exactly what the fùnction of the protein is. Galanin could

be involved in, for example, the condensation of mesenchyme or the differentiation of
mesenchyme ceiis into chondroblasts and/or osteoblasts. The source of the mesenchyme
does not appear to be a predictor of which tissues will contain GAL-LI since the
mesenchyme is derived fiom both the somites and the neural crest. Galanin may also
have some function in the development. e.g. proMeration. dflerentiation, or
condensation of other tissues derived fiom mesenchymal progenitor cells. These tissues

include fibroblasts, muscle cells, stromal cells of the bone rnarrow, and other connective

tissue such as adipocytes (fat ceiis) and dermai cells of the skin
As in the heart, very little work has been done to determine if galanin plays a role

in bone developrnent before birth or &er binh. Therefore. there is littie data wRh which
we can compare our results. In one such study using oligonucleotides. galanin mRNA
was fia detected in large cells. presumably osteoclasts. of developing bone of E 19 rat

ernbryos (Xu et al. 1996). We detect GAL-LI relat ively earlier in a pattern that suggests
that galanin is not only involved in osteoclast function. If we had extended our snidy to

stages later than El5 in mouse, we also may have detected GAL-LIin the osteoclasts of

new bone. Another study found that exogenous galanin uihibited DNA synthesis in
cultured ovine growth plate chondrocytes and reduced the ability of gastrin-releasing
peptide (GRP)to increase DNA synthesis of these cens (Hill et al. 1993). Those hndings
wouid contradict the idea that gaianin is a mitogen, but a protein could act differently in
vivo versus in culture. Some growth factors require interactions with mo lecules in the

extracellular ma*

including those not produced by chondrocytes, in order to produce

the proper effect (Hall 1994). Also, those cells may already be produchg the protein, and
thmefore react to exogenous sources of galanin in a way udike the in vivo response.

Finally, subpopulations w i t h a population of cultured chondrocytes may respond

dZferent to galanin, but only the overd response is the one king measured. Thus,
galanin may be a mitogen for mesenchymal cells, chondrocytes, or osteoblasts at any

particular stage in their development.
There has k e n no report of galanh expression in intact adult boue or the
surroundhg tissues, nor has it k e n implicated in the process of bone repair. Bone repair

is thought to hvo ive similar molecular and cellular events as bone development. The
repair of an unstable and stable k t u r e s are thought to involve processes similar to
endochondral ossifiait ion and membranous ossifïcation. respect ively. Length-wise
growth of bones also uses endochondral ossification. Thus. galanin may be involved in

development, growth, and repair of bones.
[n summary. GAL-LI

is present throughout development of various bones that are

constnicted using mesenchyme fiom both neural crest and sumitic sources. It could be
involved in one or more aspects of bone development. including chondrocyte W o r
osteoblast proliferation or differentiation manipulation of the blood çupply (Le. repeiiing
the blood supply eom cartilage or atûacting it at the beginning of bone formation), or
osteoclast (and osteoclast-me) activity or proliferation Future studies may show that
galanin has roles in bone development, growth, and repair.

4.2.4 GUI
From E 10 in the mouse. the layer of mesenchyme beneath and mounding the
neural tube contains GAL-LI. The dorsal mesentery and esophagus begin to express

GAL-LI at E 12, and the rnidgut also contains GAL-LI fiorn E 13. At this t h e , the gut is

elongating and the spianchnic rnesoderm surroundhg it is condensing and wiii evenhially
dflerentiate into the connective tissue a d smooth muscle layers of the GI tract. During
E 13, as the gut continues to elongate, the endodem pro Merates to obiiterate the lumen,
and then recanalizes and differentiates. Galanin could be involved in any of these
processes. Alternatively, galanin could influence the development of other tissue types
within the gut, including nervous elements, cartilage, i.e. near the esophagus and trachea,
and blood vessels.

It should also be noted that although the location and histology of this tissue
suggest that it is indeed of mesodermal o r i g h double stalliing with the appropriate
neuronal and mesenchymal ce11 rnarkea wiil need to be performed to detemine the
ident* of these GAL-IR cells. Several studies have been done on galanin in relation to
the development of the g u monly
~
in relation to the enteric nervous system Day 14 of

gestation is the earliest point in development in which galanin (and GAL-Rl) was
detected in the gut of the rat (Xu et al. 1996), confirming an earlier RIA study that found

GAL-Li in the GI tract of the rat at E 15 (Gabriel et

1989). Other snidies found GAL-

LI in the nervous elernents of the hurnan gut, including the esophagus. starting at the 13'
week of gestation (Hitchcock et al. 1992, Larsson et al. 1987). The appearance of GALLI is therefore well af€erthe 8h week when the neuroblasts f
k
tamive fkom the neural
crest. In the chicken, on the other han& GAL-LI is found in these cells shortly after they
arrive at the developing gut fiom the neural crest. starting at incubation &y 4. Such early
expression suggests that galanin is a growth or Merentiation factor for these cells. By
E 15. the distriiution of the peptide has become aduit-like in this species, present in
wrvous elements of the muscuIar Iayers and the lamina propria, often right up to the

epithelium (Sdvi et al. 1998, 1999, Garcia-Ar&

et al. 1999). In the rabbit. GAL-LIis

detected in the duodenum only in small arnounts just before birth at E30 (Wikstr6m et al.
1993), though such a difference in the appearance of GAL-LIin the gut may partly be
due to the ciifferences in antibody sensitivities or otha technical factors. It could be that
the GAL-i.R c e k of the gut in the muse obsewed in this study are neurons. Again,
double-labeling with the appropriate neuronal markers should distinguish between

wrvous and mesodermal tissue in this region

4.2.5 Spinal Cord, Brain, Trigeminal and Dorsal Root Ganglia
With the techniques used in this study, we did not detect GAL-LI in the cenaal

nervous system of the mouse Born E 10 to E 15. However. intense GAL-LI was found in
the mesenchyme surrounding the developing neural tube at least fiom E 10. the earliest
tirne studied. This tissue is likely mostly derived fkom the mesodenn but neural aest
cels, which may also be present in this region as they migrate to their various
destinations. may also be in this location. Double staining using the appropriate ceil
markers would help determine which c d types in this region contain GAL-LI.Galanin
derived fiom this mesenchyme could therefore affect the development of the central
nervous system. In addition, this protein codd affect the development of stnictures in this
region including bows (e.g. vertebrae, skulI), blood vessels, and ganglia. Sorne of this
GAL-IR tissue closest to the central nervous system will develop into the subarachnoid
space of the meninges. which are thought to be paaly derived ftom the neural crest. Thus,

galanin may be involved in the development of the meninges as weU. Therefore. as with

the development of the bones, galanin may be involveci in the development of tissue

derived fiom both the mesoderm and neural crest.

Brain
We did not detect GAL-LI within the brain of the developing mouse, but others

have studied the appearance of GAL-LIin the rat brain. Sizer et al first detected GAL-LI

in the brain starting at P2. and it increased io adult levels and distribution in the first
postnatal month They concluded the appearance of galanin in the brain (and spinal cord)
to be entirely postnatal (Sizer etal. 1989), but othen used R[A to detect GAL-LI in the

rat brain from E 15. durlig a period of rapid neurogenesis (Gabriel et al. 1989). Using in
situ hybridization, weak signais for galanin mRNA were found in the future
hypothalamus at El7 (Giorgi et al. 1995). Another study found galanin (and GAL-RI)
signals in the developing rat brain as early as E 14 (Xu et al. 1996). Thus, even within the
same species. results are contradictory. These discrepancies are probably due to the

sensitivity of the methods employed, including proper tissue fixation and preventing

protein (and the rnRNA) degradation. It seems clear that galanin expression in the brain
of the rat (and pro bably of the mouse) is not entirely postnatal and, with sensitive enough
techniques. we would expect to detect GAL-LIby E 13 in the mouse brain. Also, it is
important to be aware that low levels of expression of galanin at one stage of
development (prenatal or postnatal) does not necessarily mean that it expression is not
up-reguiated a . other stages, i.e. that the protein is transiently expressed.
The central nervous systems of other species have also been investigated for

galanin expression during development. In the chicken (incubation 20-2 1 days), GAL-LI

is detected in extrahypothalmictissues at incubation day 4, and within the fhture
hypothalamus by day 6. By day 16, the diçtribution and levels of GAL-LI approach that

of the aduh. This is in contrast to the rat, where detectable levels of GAL-LI are present
in several regions of the brain during the Iate embryonic stages of development, which
decrease up to birth and increase again postnatally (Jbzsa et al. 1994).
Galanin expression in the pig (gestation 1 14 days, cellular level gonadal

dserentiation E26) brain has also been detected at least as early as E30. but alrnost
exclusively in hypothalamic structures. Generally, the number and distribution of GAL-

IR ceU bodies and fibers seem to increase prenatally, and then decrease in the early
postnatal period to adult levels (Pearson et al. 1996).

In Bazilian opossum, s e d differentiation, differentiation, and neurogenesis
progress more slowly, so that the brain of the newbom is quite immature compared to the
brains of newboms of other species. Galanin already appears in the brain at P 1 in this

species. while neurogenesis is occurring and before rnany of the regions in the brain can

be identifid morphologically. The number and distribution of CAL-IR neuronal
elements increases gradually to adult levels. No transient expression is observed with the
exception of a small number of celis that contain GAL-LIin the hippocampus at P25,but
not at P 10,16, or 60 (Elmquist et al. 1992).
Since galanin expression has k e n observed in the brain during prenatal
development of the rat, chicken. and pig, and during the early postnatal development of
the B W a n opossum, galanin probabIy is expresseci in the developing brain of the muse
as well. Our fàilure to detect GAL-LI in the mouse brain at least from E 13 when others
detected t in the rat at an equivalent stages in development suggests that our techniques

(tissue handling, immunohistochemistry, etc.) were l e s sensitive than those of Xu et ai.
For example, it is possible that the primary antibody did not penetrate certain types of
tissue in the sections, including the brain and spinal cord. The use of a dserent fixative,
or microwaving or autoclaving the sections may d o w us to detect GAL-LI in the brain
of the developing mouse.

There are no other reports of GAL-LI in the mesenchyme associated with the
nervous system or any other system Since we obtained negative results where others had
positive results, Le. in the nervous s y a e a it would appear that our techniques were less
sensitive than those of other investigators. On the other hand, we obtained positive results
with respect to rnesenchymal tissues. suggesting our techniques were more sensitive. One

possible expianation is that our results were not suited to detect GAL-LI in nervous

tissue. but were appropriate for detection of the protein in rnesenchyrnal tissues.

Spinai Cord

Other investigators have detected GAL-LI first in the spinal cord at E 15 in the rat

(ventral hom). fetal week 6 in the human (ventral hom), and incubation day 2 in the
chicken (Marti et al. 1987, Jozsa et al. 1994). GAL-LI was not detected in the relatively

immature spinal cords of the newbom dog (Bontànti et al. 1991), although it was not
determined whether or not galanin was transiently expressed earlier in this species. GAL-

IR fiben were also identified in the autonomie portion of the spinal cord, the
intermediolateraicolumns, at E21 of the rat and fiom the 20' fetai week of the human
(Marti etal. 1987).

GAL-RI mRNA also appears during the prenatai development of the rat spinal
cord. It is detected in the ventral hom beginning at E17 (where GAL-LI was detected in
this region at E l 6 of the rat and in the 8" week in the development of the human fetus

(Marti et al. 1987)) and in the dorsal hom at E 19 (Xuet al. 1996).

Thus, it is reasonable that GAL-LI would be detected in the developing spinal
cord during prenatal development. It rnay be that the reason we could not demonstrate
GAL-LI in the mouse spinai cord is that it is not expressed in detectable arnounts in this
species untii afler E 15, the latest stage investigated in this study.

Trioeminal Ganglia and Dorsal Root Gaunlia
We did not detect the protein in either the trigeminal or dorsal root ganglia in this
audy. However, our p r e h ~ a r ystudies showed that galanin mRNA is present in these
g q l i a Nso, in other studies. galanin mRNA and protein were detected in the rat

trigeminal ganglia and DRG at E 15 and GAL-RI rnRNA was detected in these ganglia at

E 17 and E2 1. respectively. The protein was detected in both central and p e r i p h d
processes, suggesting that it is transported both centraily and peripherally (Xu et al.
1996). GAL-LI was also detected in the DRG of the human relatively later in
developmem, at the 14" week of gestation (Marti et al. 1987). In the case of nervous
tissues, it rnay be that our method. including the choice of antibdy, contributed to o u .

diniculty in confinning the results of others. The protein may have k e n degraded or the

antibody was unable to penetrate the nervous tissue. It seems clear f?om the above

reports, however, that the mRNA is translated and that the protein is not transported out
of the celI tw quickly or rnasked in such a way that no d ' b o d y could possibly detect it.

Katz et al could not detect CAL-LI in the trigeminal and dorsal root ganglia of the
rat at E 11.5- 13S. a point in development when some of the neurons are still dividing

(Katz et al. 1992), supporthg the idea that the protein may not be expressed until later in
development of these tissues in the mouse. If galanin is expressed after E 15 in the mouse,

this would suggest galanin is not a mitogen for these particular cells since most of them
have exited mitosis by -E 15.5 (Katz et al. 1992).

If galanin is present in the neurons of these gangiia during embryonic
development of the mouse. there are several possibilities as to its function It could be a
growth or differentiation factor for the ceiis that produce it. The protein could also

influence the development of cells nearby the neuronal ce11 bodies or their processes.
such as oiigodendrocytes or Schwann cells or fibroblasts in nearby conwctive tissue. We
did detect GAL-LIin the mesenchyme surrounding the DRG and trigeminal ganglia
Therefore, the protein may affect the development of the gangiia when it is surrounding
the corresponding neurons.

4.2.6 Adrenal Gland
The developing adrenal gland of the mouse did not contain GAL-LI at the stages

studied here. However, the timing, distribution, and the level of expression of gaianin
depend on the species king considered. in the chicken, ail or most of the future
meddary ceus?derived fiom the neural crest, contain GAL-LI beginning when they
penetrate the fùture adrenal cortex at incubation &y 4 and continuhg at least up to
hatching. This expression is also present in the chromaffin c e k of adult adrenal rnedulla
(Sanchez-Montesinos et al. 1996). In contrast, in the rat, only insignificant numbets of

chromanin cells stained for galanin in the postnatal period and in the nervous tissue of
the adrenai at P2 (Holgert et al. 1994), when the adrenal nervous elements are nearly
mature. In the rabbit, the level of gaianin expression is low in the chrodn

cells at E28

but increases to adult levels during the postnatal period (Wikstrom et al 1993). Thus,
although galanin does not appear to be expressed at E 14 or E 15 in the mouse, it may be

expressed at later stages.

4.2.7 Other peripheral tissues
Galanin appears to be expressed in tissues associated with the developing eye. We
found that GAL-LI is present in the mesenchyme surroundhg the optic nerve and in the
tissue immediately surrounding the vitreous body of the posterior chamber at E15. At this

stage, the mesenchyme within the eyelids also contains GAL-LIas they begin to p w
toward each other to eventually fuse. Although we detected galanin expression in
mesenchymal cells, some of which may be neural crest denved. other studies found

galanin expression only in the nervous tissues of the eye. Protein and mRNA
corresponding to galania but not GAL-RI, have been detected in the developing eye of
the rat fiorn E 15, particdarly in the inner layers of the r e t b (Xu et al. 1996). In the

Brazilian opossum, the ganglion cells of the retina and the axons of the optic nerve

-

contahed GAL-LI when the nervous system is stiil relatively immature, at P 1 16
(Elmquia er al. 1992).
At every t h e point we studied, from El 0 to E 15, there was GAL-LI in the

mesenchyme close to the nufiice of the skin in various regions of the body, influding the
h b s , face, back, and chest. In the face, galanin appeared to be expressed in the

mesenchyme surrounding the developing hair bulbs, but not the hair bulbs themselves,
which are derived fi0m the ectodem At E 15- 17 in the rat, galanin mRNA was found just

below the surface of the epithelium of the skin (Xu et al. 1996). However, previously,
Marti et al did not detect GAL-LI in the skin of the rat h m E l 2 or of the h

m fetus

Eom 6 weeks gestation (Marti et al. 1987).
The development of the gomds is a cornplex process that occurs in the
intemediate mesodem of the ernbryo. Briefly, the mesoderrnai epithelium of the
urogenital ridge forms projections into the mesenchyme beneath it. (ln the fernale. these

primary sex cords eventually disappear.) Later, çecondary cords derived fiom the
mesothelium project into the mesenchyme and break up, and. together with germ cells
orighally fiom the yo lk sac, fom fo llicle primordia Meanwhile, longitudinal

invaginations of the mesothelium dong each urogenital ridge fonn the paramesonephric
ducts which project into the urogenital sinus. These paramesonephric ducts fuse with
each other caudaUy and give rise to the uterus. The mesenchyme sunoundhg the
paramesonephric ducts and the ovary stains for the protein and so galanin may be
involved in the developrnent of these structures. The timing of the appearance of the
protein (E13)and the lack of staining in the testis suggest that galanin rnay be involved in
sexual differentiation of the genital systern

The pmiitary aiso lacks the presence of GAL-LI throughout this period studied.
This suggests that galanin is not involved in the early development of this tissue, i.e.
between E 10 and E 15, in the mouse.

4.3

Transient Expression
mers and we have found that GAL-LI and/or galanm mRNA to be transiently

expressed during prenatal development (Marti et al 1987, Xu et al 1996). This rnay be
due to a red temporary expression of the protein or could have more to do with technical
problems, e.g . pour penetration of the antiibody into nervous tissue or degradation of the
protein or mRNA k i n g detected. Also. the protein rnay be transported out of the cell that
made it and into surroundhg cells or the extracellular ma& during particular stages of
development. In other cases. the immunoreactive cells have undergone programmed cell
death or migrated to another location
When determining the function of a protein that is transiently expressed
transiently expressed during development, it is important to consider that it may be very
difYerent f?om the function in the adult. For example. future targets of 5-HT (5hydroxytryptamine) innervation require intracellular and circulating 5-HT as a
differentiating signal before they even receive that innervation (Lauder et al 1978).
Alternatively, the protein may have a trophic effect on a population cells early in
developrnent that is unnecessary later on. In fact, thiS efKect rnay be reactivated during
injury of the tissue or during the formation of cancerous tumon involving that ce11 type.

Thus. determining the reason for the apparent transient expression c m he$ determine the
function of the protein during the stage in which it is expressed.

4.4

Possible Functions of Galanin
In the aduh. galanin expression changes in response to various factors such as the

changing levels of estrogen and nerve damage (Bartfiai et al. 1993), but the expression

and the changes in expression in response to various stimuli depend on the species king

considered. When galanin is expressed in response to a stimulus, it rnay be the
reactivation of the ontogenic program. When discussing the expression of galanin in
development of the rat, Xu et alwent so fàr as to suggest that "...the main role of

GAWGMAP is during development." (Xu et al. 1996). The function of the protein in the
embryo rnay also be dflerent fiom the function in the adult and may even act through
daerent receptors (or combination of recepton), mechanisms, and pathwayS.

One possible fhction of galanin during development is as a mitogen. This action
could be towards the cells that express it, Le. mesenchyme derived f?om the mesoderm

and neural crest. or the nearby cens, such as nervous tissue of the central or penphem1
nervous system. Galani. acts as a mitogen in some ceU culture situations. and so may

also act in such a way during development of some tissues (in vivo). In the rat
hypothalamus. GAL-R2 is coupied to phosphoiipase C (PLC) through G-proteins in such
a way as to cause increases in intracellular calcium IeveIs upon its activation. This

response is known to be associated with mitogenic signaling and is similar to the

response observed d e r activation of the G-coupled receptor of bombesin (Smith et al
1997, Rozengurt 1991). Thus, receptors Like G A L E may mediate any mitogenic effects
of galanin. Using the proper conditions. including aliowing enough time for galanin to
elicit an effect or also adding the appropriate growth factors, future rmdies rnay show that
galanin is a mitogen for individual ce11 types in the embryo using GAL-R2-Wte receptors.

Galanin may only have a mitogenic effect for, e.g. mesenchymd, celis during a very

short period in their differentiatioa That is, the effect of gaianin may be dependant on

their state of dflerentiaiion since the expression of certain receptors may be transient as

weli,

Timing of expression during development alone is insufficient to predict whether
or not galanin is a mitogea In general, dserentiation and proliferation seem to oppose
each other. However, in the embryo, these processes are not so well separated. In fact, it
was suggested that the actions of growth fàctors in controlling differentiation are linked
to their control on ceii division (Mercola et al. 1988). Thus, t is too simplistic to state
that on a particular &y in embryonic development. a particular ceiî type is eit6er

proliferating ordifferentiating. They may be alternathg between processes rapidly. Since
mechanisms inhibithg proliferation may a h have a role in stknulating differentiation
there may be expression during both processes. Since gaianin is widespread throughout
development between E l 0 and E l 5, when both proüferation and differentiation are
occurring, the role gdanin plays during development appears to be cornplex.

4.5

Galanin and Mesoderm
Galanin expression has never be fore k e n associated with the development of

mesenchymal tissue. We k d GAL-LIin the mesenchyme of the developing boaes, gut.
skin, heart, and (fernale) urogenital system, as well as the mesechymai tissue associated
with the eye. However, rnuch of the work concerning the pathways through which

mitogens act is done with mesenchymal Swiss 3T3 cells or intact fibroblasts (Rozengurt

1991). That work Links mitogenic pathways to enzymes which galanin recepton are
coupIed to, such as PLC (Smahet al 1997). However, there have been no reports
documenthg whether or not galanin has a mitogenic effect on Swiss 3T3 cells or

fibroblasts. Ln the fiiture, galanin may be found to be a mitogen for these cells as weU as
other mesenchymal cells.
Amther growth factor that is associated wah rnesenchymal development is TGF-

B. Its expression in the mouse embryo fiom E8-18 has some similarities to the expression
of galanin. TGF-B has been detected in mesenchyme, including the sclerotome, and
tissues denved nom mesenchyme, such as cartilage, bone, and comective tissue. These
tissues include those derived firom neural crest. including the palate, facial mesenchyme,
nasal sinuses, and meninges. Regions in the heart and in developing hair foilicles also

appear to express TGF- i3 (Heine et al 1987). Although TGF-B distribution does not
perfectly overlap the distribution of GAL-LI,their functions may be related in the regions
that they do overlap. For example. TGF- l3 is involved in chemotactic. proliferative, and
dserentiative actions in various rnesenchymal ceils. Therefore, it is usehl to compare
the expression of various proteins. It could be that TGF-l3 is involved in turnhg on the
galanin gene of certain cells.

GAL-LI is present in the mesenchyme of many regions of the mouse embryo
fiom E 10 to E 15, including developing bone (skull, vertebrae, ribs. Limbs). the skin. the
heart (spiral septum, endocardial cushions), the gut, the meninges, and the urogenital
system (ovary and uterus). Ln the case of bone development. GAL-LI is present

throughout the process of both endochoncird and membranous ossification. Galanin may
therefore be involved in the development of these tissues. In situ studies need to be
perfomed in order to confirm that galanin, and not another undiscovered peptide,

conesponds to the GAL-LI detected in this study. The bone and meninges, which both

contain GAL-LI in the mouse ernbryo. are denved fiom both mesoderm and neural crest
sources, and so galanin expression is likely not r d c t e d by the source of the
mesenchyme. ï h e signaüng for growth and differentiation in the embryo is complex and
the two processes are often related. Thus, timing of the appearance of galanin is only one

clue in determinhg the function of galanin. For these reasons, it is reasonable to conclude
that galanin, or a galanin-like peptide, is involved in developrnent. and that the signalkg
pathways that mediate the effects of this protein in the embryo are complex.
Studies on specific cell iines and tumon suggest that galanin is a mitogen and that

this action is tissue specific. Therefore, gdanin may be a mitogen in the embryo. More
studies will have to be performed, e.g. on cultures of individual emb~yoniccell types.
iocluding the effect of gaianin on intracellular calcium levels. It rnay be that galanin is

influencing the developrnent of tissues nearby those that contain GAL-LI.nich as the
central and peripheral nervous system.

Since GAL-LIis present in certain mesenchymai tissues of the mouse embryo fiom at

least E 10 to 15, it is probably involved somehow in the development of those tissues.
Galanin may act as a mitogen for certain ce11 types. but alternative or additional roles.
such as in ceIl daerentiation or condensation, are also possible.

6.0

References

Ahréa B., Ar'Rajab, A., B8acher, G., Sundler, F., Dunning, B.E. (1991) Presence of
galanin in human pancreatic nerves and inhibition of innilin secretion h m
isolated hwnan islets. Ceil Tissue Res. 264,263-267.
Arniranoff, B, Lorinet, AM, Yanaihara, N, Laburthe, M (1989) Structural requirement for
galanin action in the pancreatic beta celi line Rin m 5F. Eur. J. Pharmac. 163.
205-207.
Anouar, Y, Eiden, LE ( 1995) Rapid and long-lasting increase in galanin mRNA Ievels in
rat airenal rneduila foiiowing insuiin-induced reflex splanchnic nerve stimuiation.
Neuroendocrinology 62,6 1 1-618.
Anouar, Y, MacArthur, L, Cohen, J. Iacangelo, AL, Eiden, LE (1994) Identification of a
TPA-reçponsive element rnediating preferenthi transact ivation of the galanin
gene promoter in the chroniaffin cells. The Journal of Biologicd Chemistry
269(9), 6823-6831.
Bauer, FE, Adnan, TE, Christofides, M), Ferri, G-L.Yanaihara, N, Polak, JM,Bloom
SR (1986a) Distribution and molecular heterogeneity of galanin in h
m pig,
guinea pig, and rat gastrointestinal tracts. Gastroenterology 91(4), 877-883.
Bauer. FE, Adrian, TE, Yaoaihara, N. Polak, JM, Blooxn, SR (1986b)Chrornatographic
evidence for high molecular-mass galanin immunoreactivity in pig and cat adrenal
glands. FEBS Lett. 20 1, 327-33 1.
Baue:. FE, Hacker, GW, Terenghi G, Adrian, TE, Polak, JM, Bloom, SR (1986~)
Localization and molecular form of galanin in human adrenals: elevated levels in
pheochromocytomas. Journal of Clinical Endocrinology and Metabolism 63(6),
137291378.
Bedecs, K, Berthold, M. Bar& T (1995) Minireview: Galanin-10 years with a
neuroendocrine peptide. International Journal of Biochemistry and Cell Biology,
27(4), 337-349.
Bedecs. Langel, 0, B d a i , T (1994) Biological activities of two endogenously
occurring N-terminally extended forms of galanin in the rat spinal cord. Eur. J.
P h m c . 359, 151-156.
Bedecs, K, Malin, B, Bartfai, T (1 995) Galanin-1O years with a neuroendocrine peptide.
Int. J. Biochem. Ce11 BioL 27(4), 337-349.
Belai, & Aberdeen, J, Burnstock, G (1992) Differential effect of irnmunosyrnpathectomy
on the expression of rat enteric neurotransmitters. Neuroscience Letters 139. 157160.
Bersani, M, Johnsen, AH, Hajmp, P, Dunning, BE,Andreasen, JJ, Holst. JJ (1991a)
Human galanin: primary structure and identification of two molecular forms.
FEBS Lett. 283, 189-194.
B a s a i , M, 'lhim. L, Rasmussen, TN,Holst, JJ (199 1b) Galanin and galanin extended at
the N-terminus with seven and nine amino acids are produced in and secreted
fiom the porcine adrenaî medulla in almost q u a i amounts. Endocrinology 129.
2693-2698.
Bishop, AE, Polak, JM, Bauer, FE, Christofides, ND, Carlei, F, Bloom, SR (1986)
Occurrence and distribution of a newly discovered peptide, galania in
mnmmalian enteric nervous system. Gut 27,849-857.

Blackburn, MB, Wagner, RU, Kochadcy, JP, Harrison, DJ, Thomas-Laemont, P, R
.
AK (1995) The ident%cation of two myoinhibitory peptides, with sequence
similarities to the galaoins, isolated fiom the ventral nerve cord of Maoduca sexta.
Regulatory Peptides 57, 2 13-2 1 9.
Bonfanti, L, Bellardi, S, Ghidella, S, Gobetto, A, Po& JM,Merighi, A (1991)
Distribution of five peptides, three general neuroendocrine markers, and two
synaptic vesicle-associated proteins in the spinal cord and dorsal rwt ganglia of
the adult and newbom dog: an immunohistochemical study. The arnerican Journal
of Anatomy 191, 154-166.
Brethrrton-Watt, D,Kemy, Ml, Ghatei,
Bioom, SR (1990) r i e c i i ~ o u t i o nof
galanin message-associated peptide-like immunoreactivity in the pig. Regulatory
Peptides 27,307-3 15.
Cai, A, Hayes, JD, Patel N, Hyde, JF (1999) Targeted overexpression of galanin in
lactotrophs of tmmgenic mice induces hyperprolactinemia and pituitary
hyperplasia. Endocrinology 140(11), 4955-4964.
Cheung, A, Polak, JM, Bauer, FE, Cadieux, A Christofides. ND, Springall. D R Bloom,
SR (1985) Distribution of gdanin immunoreactivity in the respiratory tract of pig.
guinea pig, rat, and dog. Thorax 40. 889-896.
Cortés. R, Ceccatelli S, Schalling, M, Hakfelt, T (1990) Differential effects of
in~cerebroventncularcolchicine administration on the expression of mRNAs for
neuropeptides and neurotransmitter enzymes, with special emphasis on galanin:
an in situ hybtidization study. Synapse 6, 369-391.
Crawley, IN (1990) Coexistence of neuropeptides and "classicai" neurotransmitters.
Functioml interaftions between galanin and acetylcholine. Ann. NY Acad. Sci..
579,2330245.
Dey, RD., Khu, W (1993) Origin of galanin nerves of cat ainvays and colocaluation
with vasoactive intestinal peptide. Cell Tissue Res. 273. 193-200.
Dixon. JS, Jen. PYP, Gosling, JA (1998) Immunohistochernical characteristics of human
paraganglion cells and sensory corpuscles associated with the urinary bladder. A
developrnental study in the male fetus, neonate. and infant. Journal of anatomy
192,407-4 15.
Ekbald, E, Hakanson, R, Sundler, F, Wahlestedt, C (1985) Galanin: neuromoduiatory and
direct contractile effects on smooth muscle preparations. Br. J. Pharmac., 86,241246.
Elmquist, JK,Fox, CA, Ross. LR, Jacobson CD (1992) Galanin-like immunoreactivity in
the adult and developing Brazilian opossum brain. Developmental Br& Research
67, 161-179.
Evans, H, Shine, J (199 1) i3um.ngalanin: rnolecular cloning reveals a unique structure.
Endocrinofou, 129,1682- .
Fisone, G, Langel. Ü, Carlquia, M, Bergman. T, Hakfielt, T,Unden. A. Andell, S,
B a T (1989) Galanin receptor and its ligands in the rat hippocampus. Eur. J.
Biochem., 181.269-276.
Fried, G, WikstrBm, L-M, Franck, J, RGkaeus, 8, (1991) Gaianin and neuropeptide Y in
chromaiTîn granules fiom the guinea-pig. Acta Physid Scand 142,487-493.

~~

Gabriel SM Kaplan, LM, Martin, JB,Koenig, JI (1989) Tissue-specifîc sex ciifferences
in galanin-like immunoreactivity and gaianin mRNA durhg development in the
rat. Peptides 10(2), 369-374.
Garcia-Arh, JE, Torres-Avillhn (1999) Developmental expression of galanin-like
immunoreactivity by mernbers of the avian sympathoadrenal ce11 lheage. Cell
Tissue Res. 295,334.
Giorgi, S, Forloni, G, Baldi, G, Consolo, S (1995) Gene expression and uI wiro release of
galanin in rat hypothalamus during development .European JO urnal of
Neuroscience 7,944-9 50.
G d A-i-i, Hütter, IV,Hacker, GW,Steiner, X, Anderson, Y,StauLlaçh, A, Dietze. O
(1996) Localkation and distribution of vasoactive neuropeptides in the human
placenta Placenta 17,4 13-421.
Grunditz, T,Hakanson, R Sundler, F, Uddman, R (1987) Neurokinin A and galanin in
the thyroid gland: neuronal localization. Endocrinology 121(2), 575-585.
Hall, BK (1994) Bone- Volume 8
: Mecharu'srns ofBooe Developmt and Growtb. CRC
Press, 1-23 1.
Hammond, PJ, Smith, DM, Akinsanya, KO,Mufti, WA. Wynick, D,Blooa SR (1996)
Signalling pathway s mediat ing secretory and mitogenic responses to galanin and
pituitary adenylate cylcase-activating polypeptide in the 235-1 clonal rat
lactotroph ceU line. Joumal of Neuroendocrinology 8 , 4 5 7 4 4 .
Hao, J.-X., Shi., TA., Xu, I.S.,bupilla, T., Xu.X-J., Hokfelt, T.. B d a i , T..
Weisenfeld-HaIlin, 2. (1999) Intrathecal galanin alleviates allodynia-like behavior
in rats after partial peripheral nerve injury. European Journal of Neuroscience,
1 l(2). 427432.
Heine, UI. Muno& EF. Flanders, KC, Ellingsworth. LR Lam, HYP, Thompsoa NL,
Roberts, AB, Sporn, MB (1987) Role of traDsforming growth factor4 in the
development of the mouse embryo. Journal of Cell Biology 105(6), 2861-2876.
Hill DJ, McDonald, TJ (1992) Mitogenic action of gastrin-releasing polypeptide on
isolated epiphyseai growth plate chondrocytes fiom the ovine fetus.
Endocrinology l3Q,î811-2819.
Hitchcock RJI, Pemble, UT,Bishop, AE, Spitz, L.. Po& JM (1992) The ontogeny and
distriiution of neuropeptides in the human fetal and infant esophagus.
Gastroenterology 102, 840-848.
Hogan, B. Beddington, R, Costanthi F, Lacy, E (1994) Maolpdahg t&eMouse
Embryo: A Laborato~
Manual.22nled, Cold Spring Harbor Laboratory Press, 2 1105.
HoHelt, T, hmn, K, Arvidsson, U,Bedecq K, Ceccatelli, S, Hulting, A-L, Langel, U,
Meister, B,Pienine, V. Bartiài. T (1992) Gaianin message-associateci peptide
(GMAP)- and galanin-like immunoreactivities: overiapping and dBerent id
dkiiutions in the rat. Neuroscience Letters 142. 139442.
HGkfelt, T,Wiesenfeld-Hallin, 2, Villar, M, Melander, T (1987) hcrease of galanin-like
immunoreactivity in rat dorsal root ganglion cells d e r peripherai axotomy.
Neuroscience Letters 83,2 17-220.
Holgert, H, Dagerlind, & Holdelt, T, LagercrantZ. H (1994) Neuronal markers, peptides,
and enzymes in nemes and chromaffin c e k in the rat adrend meduiia during
postnatal development. Developmental Brain Research 83, 35-52.

Hooi, SC, Koenig, JI, Abraczinskas, Kaplan, LM (1997) Regdation of anterior pituitary
galanin gene expression by thyroid hormone. Molecular Brain Research 5 1. 1522.
Hsu, DW, Hooi, SC, Hedley- White, ET, Strauss, RM, Kaplan, LM ( 1991) Coexpression
of galanio and adrenocorticotropichormone in human pituitary and pituitary
adenomas. American Journal of Pathology 138(4), 897-909.
Hyde, JF,Moore. JP,Jr., Drake, KW, Morrison, DG (1996) Galanin gene expression in
radiothyroidectorny-inducedthyrotroph adenomas. Am. J. Physiol. 271
(EndocrinoL Metab. 34), E24E30.
Jhzsa, R, Mess, B (1994) Ontogeny of gaianin-immunoreactive neurons in the central
nervous system of the chicken. Acta Biologica Hungarica 45(2-4), 263-274.
Kaplan. LM, Gabriel, SM. Koenig, JL, Sunday, ME, Spindel, ER, Martin, JB. Chin, WW
(1988a) Galanin is an estrogen-inducible secretory product of the rat anterior
pituitary. Proceedings of the National Academy of Sciences, USA 85. 7408-74 12.
Kaplan. LM, Ho06 SC, AbracWnskas, DR, Strauss, RM, Davison, MB, Hsu. DW.
Koenig, JI, ( 1991) Neuroendocrine regdation of galanin gene eqression. Ln: A
MuIhEmctromi Peptide h the Neuo-EndocnheSystem, 43-65. Ed. T HGldelt.
MacMillan: New York.
Kaplan. LM, Spindel, ER,Isselbacher, KJ, Chk, WW (1988b) Tissue-specific expression
of the rat galanin gene. Proceedings of the National Academy of Sciences USA
85,1065- 1069,
Kasa P., Farkas. Z., Balaspiri, L.. Wolff. LR (1996) The structurd localization of
galanin, and its function in modulating acetylcholine release in the olfactory bulb
of adult rat. Neuroscience 72(3), 709-723.
Kashiba, H,Senba, E. Kawai, Y, Ueda, Y, Tohyama M (1992) Axonal blockade induces
the expression of vasoactive intestinal polypeptide and galanin in rat dorsal root
ganglion neurons. Brain Reseatch 577. 19-28.
Kask, K. Berthold, M. Bartfài, T (1997) Galanin receptors: involvement in feeding, pain.
depression and Alzheimer's disease. Life Sciences 60(18), 1523- 1533.
Katz, DM, He, H, White, M (1992) Transient expression of somatostatin peptide is a
widespread feature of developing sensor-and sympathetic neurons in the
ernbryonic rat. .Jou.mil of Neurobiology 23(7), 855-870.
Kaufman, MH ( 1999) me Atlas ofM m e Development 2Ddeû, Academic Press, 82-290.
Kerekes, N, Landry. M. Rydh-Rinder, M, HGkfeIt, T (1997) The effect ofNGF. BDNF.
and bFGF on expression of galanin in cultured rat dorsal root ganglia Brain
Research 754, 131-141.
Kolakowski, LF, O'Neill, GP, Howard, AD, Broussard, SR, Sullivan, KA, Feighner, SD.
Sawzdargo, M, Nguyen, T,Kargmaa S, Shiao, L-L. Eireniuk DL, Tan, CP.
Evans, J, Abramovitz M, ChateauneuÇ A, Couiornbe, N, Ng,G, J o b & MP,
Tharian, & Khoshbouei H, George, S R Smith, RG, O'Dowd, B (1998)
Molecular characterization and expression of cloned human galanin recepton
GALR.2 and GALIU. Journal of Neurochemistry 71(6), 2239-335 1.
Knimmer, W (1987) Galanm- and neuropeptide Y-like immunoreactivities coexist in
paravertebrai sympathetic neurones of the cat. Neuroscience Letters 78. 127-131.
Kulinski, T, Wennergerg, A, ,Rigler, R (1992) Side chah motions and end to end
distance distrtiution in a-helical peptides p.p.203-208.

Lakomy, M., Kaleczyc, J., Majewski, M, Sienkiewicz, W (1995) Immunohistochemical
localization of galanin in bovine reproductive organs. Anat. Histol. EmbryoL 24,
25 1-256.
Land, T, Langel, Ü, Law, M, Berthold, M, Undén, A, Bartfai T (1991) Linear and cyclic
N-terminal galanin fkgments and analogs as ligands at the hypothalamic galanin
receptor. Int. I. Pept. Protein Res., 39,267-272.
Lanson, LT,Helm, G,Malmfots, G, Sundler, F (1987) Ontogeny of peptide-containing
neurones in human gut-an immunohistochernical study. Regulatory Peptides 17,
243-256.
Laudrr, ,hlKrebs,
,
H (1978) Seratonin as a difkrentiation si& in euly murogenrsis.
Developmental Neurology 1, 15-30.
Longley, CD.,Weaver, L.C. (1993) Proportions of rend and splenic postganglionic
sympathetic populations containing gala& and dopamine beta hydroxylase.
Neuroscience 55(1), 253-26 1.
Lundkvist, J., Land, T., Kahi, U., Bedecs, K.Bartfai, T (1995) cDNA sequence, Ligand
binding, and regulation of gaianin/GMAP in mouse brai= Neuroscience Letters
200: 121-124.
Lutz, A, Uddman, R,Sundler, F (1989) Neuronai galanin is widely distributed in the
chicken respiratory tract and coexists with multiple neuropeptides. Ce11 Tissue
Res. 256,950103.
Marti, E, Gibson, SJ, Polak, IM,Facer, P,SpringalL DR, Van Aswegea G, Aitchisoa M,
Koltzenburg, M (1987) Ontogeny of peptide- and amine-containhg neurones in
motor. seosory, and autonomie regions of rat and human spinal cord, dorsal root
ganglia, and rat skin The Journal of Comparative Neurology 266,332-359.
McDonald, TJ, Brnoks, BD, R6kaeus, Tinner, B, Staines, WA (1992) Pancreatic
galanin: molecular forms and anatomid locations. Pancreas 7, 624-635.
Merchenthaler. 1, Lopez, FJ. Negro-Vilar, A (1993) Anatomy and physiology of central
galanin-containing pathways. Progress in Neurobiology 40. 71 1-769.
Mercola, M, Stiies, CD (1988)Growth factor superhunilies and rnammalian
embryogenesis. Development 1Q45 1-460.
Michener, SR, Aimone. LD, Yaksh, TL, Go, VLW (1990) Distribution of galanin-like
immunoreactivity in the pig,rat, and human central nervous system. Peptides
11(6),1217-1223.
Mohney, RP, Siegel, RE, Zigmonci, RE ( 1994) Galanio and vasoactive intestinal peptide
messenger RNAs increase foiiowing axotomy of aduk sympathetic neurons.
J o d ofNeurobiology 25(2), 108-118.
Moore, JP (Jr.), Cai, A, Maiey, BE, Jemes, L, Hyde, JF (1999) Galanin within the
normal and hyperplastic anterior pituitary gland: Localization, secretion and
functional analysis in normal and human growth hormone-releasing honnone
transgenic mice. Endocrinology l40(4), 1789- 1799.
Moore, JP (Jr.), Morrison, DG,Hyde, JF (1994) Galanin gene expression is increased in
the anterior pîtuitary gland of the human growth hormone-releasing hormone
tmsgenic mouse. Endocrinology 134(5), 2005-20 1O.
Moore, KL, Persaud, nrN (1998) Befire We Are Bom:Eksmtia/r ofh&îyoIo,gyand
Bhth Defec~.5m ed,WB Saunders Company, 85.

Nahin, RL, Ren, K, De Leon, M, Ruda, M (1994) Primary sensory neurons exhibit
altered gene expression in a rat mode1 of neuropathic pain. Pain 58,95-108.
Noguchi, K, De Leon, M, Nahin, RL, Senba, E, Ruda, MA (1993) Quantification of
airotomy-induced alteration of neuropeptide mRNAs in dorsal root ganglion
and the effects of
neurons with special reference to neuropeptide Y &A
neonatal capsaicin treatment.JOdof Neuroscience Research 35,5466.
Norberg, Sillard, R,Carlquist, M., J~mvall,H., Mutt, V (1991) Chernical detection of
nanuai peptides by specific structures- Isolation of chicken galanin by monitoring
for its N-terminai dipeptide, and deterrnination of the amino acid sequence.
Federation ofBiochemicai Societies 288(1,2), 151-153.
OTHalloran,DJ, Jones, PM, Steel JH, Goa GTGiaid, A, Ghatei, MA, P o k M. Bloom,
SR (1990) Effect of endocrine manipulation on anterior pkuitary galanin in the
rat Endocrinology 127,4679475.
O h t e T, Kumano, S, Ishibashi, Y, Ogi, K, Matsui, H, Hada, M, Kitada, C, Kurokawa
T, Onda, H,Fujino, M (1999) Isolation and cDNA cloning of a novel galanin-like
peptide (GALP) eom porcine hypothalamus. Journal of Biological Chemistry
52(24). 3704 1-37045.
Ormandy, CJ, Lee, CSL, Ormandy,HF, Fanti, V, Shine. JT Peters, G, Sutherland. RL
(1998) Amplificatioa expression, and steroid regdation of the preprogalanin
gene in human breast cancer. Cancer research 58, 1353- 1357.
Pearson, PL, Anderson, LL, Jacobsen., CD (1996) The prepubend ontogeny of galaninlike immunoreactivity in the male Meishan pig braia. Developmental Brain
Research 92, 125- 139.
Eügler. R, Wennergerg, A Cooke, RM,Elofson, A, Nilsson, L, Vogel, H,Hoiley, LM,
Carlquist, M. Langel 0, Bartfai T, Campbell, ID (199 1) On the Solution
Structure of Galanin, p.p. 17-25. McMil1a.n Press, London
Rokaeus. A (1 987) Galanin: a newly isolated biologicaily active neuropeptide. Trends in
neuroscience 1O(4). 158-164.
Rokaeu, Brownstein, MJ (1986) Constniction of a porcine adrenal medullary cDNA
library and nucleotide sequence analysis of two clones encoding the rat galanin
precursor. Proc. Natl. Acad. Sci USA, 83, 6287- .
R6kaeus, Carlquia, M (1988) Nucleotide sequence analysis of cDNAs encoding a
bovine galanin precunor protein in the rat adrenal medulla and chernical isolation
of bovine gut galanin. Federation of European Biochemical Societies 234(2), 100406.
Rti kaeus, P m , RM, Eiden, LE (1 990) Galanin gene in chromaffin cells is controlled
by calcium and protein kinase signahg pathways. Endocrinology 127,30963102.
Rozengurt, E (199 1) Neuropeptides as cellular growth factors: mle of multiple signailhg
pathways. European Joumal of Clinical Investigation 21, 123- 134.
Ru& Roberts (1968) 77ieMouse: Its Reprvductrbn aod Development Burgess
hiblishing CompanyJ99-302.
Rutherfbrd, SD, Widdop, RE, Louis, WJ?Gundlach, AL (1992) Preprogalanin mRNA is
increased in vagd motor neurons following axotomy. Molecular Brain Research.
14,261-266.

Salvi, E, Vaccaro, R, Renda, TG (1998) An immuwhistochemical study of the ontogeny
of the neuroendocrine system in the chicken oesophagus. Anat. Embryol. 197(4),
283-29 1.
Salvi, E, Vaccaro, R, R e n a TG ( 1999) Ontogeny of galanin-imrnunoreat ive elements in
the intrinsic nervous system of the chicken gut. The Anatomical Record 254.2838.
Shchez-Montesinos, 1, Mérida-Velasco, JA, Espin-Ferra, J, Scopsi, L (1996)
Development of the sympathoadred system in the chick embryo: An
irnmunocytochemical study with antibodies to pan-neuroendocrine markers,
catecholamirte-qathesiMgenzymes, proprotein-processing enzymes, and
neuropeptides. The Aoatomical Record 245,94- 1O 1.
Sano. TTVrontakis. ME, Kovacs, K, Asa, SL, Friesen, HG (1991) Galanin
immunoreactivity in neliroendocrine tumors. Arch. Pathol. Lab. Med. 115,926929.
Schmitd. WE. Krakin, H, Eckart, K, Drevs, D, Mundkowski, G, Clemens, A, Katsoulis,
S. Schafer, H,Gdwitz, B, Creutzfield, W (1991) Isolation and primary stxucture
of pmiitary human galania a 30-residue nonarnidated neuropeptide. Pmc.Natl.
Acad. Sci. USA, 88, 11435- .
Schoenwoll; GC (1984) Histological and ultrastrucntral studies of secondary neunilation
in mouse embryos. Am J Anat 169.36 1-376.
Sethi, T, Rozengwt, E (1991) Galanin stimulates ca2' mobilization, inositol phosphate
accumuIation. and clona1 growth in small ce11 lung cancer cells. Cancer research
51. 167491679.
Seufferlein, T, Rozengirt, E (1996) G m neurotensin, and phobol esten rapidly
stimulate activation of mitogen-activated protein kinase in small ce11 lung cancer
ceus. Cancer research 56,5758-5764.
Sillard, R, Langel 0, JBrnvalL H (1991) Isolation and characterizationofgalanin nom
sheep brain. Peptides 12(4), 855-859.
Sillard, R Rokaeus, k Xu, Y, Carlquist, M, Bergman, T, JBrnvall, H. Mutt, V (1992)
Variant forms of galanin isolated Eorn porcine brain. Peptides 13. 1055- 1060.
Sizer. AR, Rôkaeus, & Foster, GA (1990) Analysis of the ontogeny of gaianin in the rat
central nervous system by M m m ohistochemistry and radioimmunoassay.Int.J.
Devt. Neuroscience 8(1), 8 1-97.
Sjoholm, A (1995) Regulat ion of innilinoma ceil proiiferation and insulin accumulation
by peptides and second messmgers. Upsala J. Med. Sci. 100,20 1-2 16.
Skofitsch G, J a c o b o a DM (1985) Immunohistochemical mapping of galanin-like
neurons in the rat central nervous system. Peptides 6(3), 509-546.
Skofitsch, G, Jacobowitz, DM ( 1986) Quantitative distniution of galanin-iike
immunoreactivity in the rat central nervous systexn Peptides 7(4), 609-6 13.
Smith, KE,Forray, C, Waker, MW, Jones. KA,Tamm, JA, Bard, J, Branchek, TA.
Linemeyer, DL, Geraid, Christophe (1997) Expression Cloning of a rat
hypothalamic galanin receptor coupled to phosphoinositide turnover. Journal of
Biolopicai Chemistry 272(39), 24612-24616.
Steel, J.H.. Gon, G., O'HalIoran, D.J.,Jones, P.M., Yanaihara N., Ishikawa, H., Bloom,
S.R, Po& J.M. (1989) GaIanin and vasoactive intestinal polypeptide are

colocalised with classical pituitary hormones and show plasticity of expression.
Histochemistry 93, 183-189.
Stjemquist, M, Ekblad, E, Owman, Ch, Sundler, F (1988) Immunocpochemical
localization of galanin in the rat male and fernale genital tracts and motor effects
in vitro. Regdatory Peptides 20,3359343.
Tabonky, GJ, Jr., Dunning, BE, Havel PJ, k e n , B, Kowalyk, S, Boyle, MR, Verchere,
CB,Baskin, DG,Mundinger, TO (1999) The canine sympathetic neuropeptide
galanin: a neurotransmitter in pancreas, a neuromodulator in the liver. H o m
Metab. Res. 31.351-354.
Tatemoto, K, R B k l r s , JBrn.:slL, H, ?rlcDom!d, TJ,Mutt, Y (1983) GLilanin- s covrl
biologically active peptide fiom porcine intestine. Federation of European
Biochernical Societies l64(1), 124- 128.
Torseilo, A., Vrontakis, M.E., Schroedter, K., Vuille, J.-C., Ikejiani, C., Friesea H.G.
(1992) Steroids and tissue-specific modulation of galanin gene expression in the
male rat reproductive system. Endocrino logy 130(6), 330 1-3306.
Verchere, C.B., Kowalyk, S., Koerker, D.J.,Baskin, D.G.,Taborsky, Jr., G.J.(1 996)
Evidence that galaain is a parasympathetic, rather tban sympathetic,
neurotransmitter in the baboon pancreas. Regulatory Peptides 67.93- 10 1.
Verchere, CB, Kowalyk, S, Shen. GH, Brown, MR, Schwartz MW. Baskia DG,
Taborsky. GJ, Jr. (1 994) Major species variation in the expression of galanin
messenger ribonucleic acid in mammalian celiac ganglion. Endocrinology 135(3).
1052-1059.
Villa. MJ, Cortés, R Theodorsson, E. Wiesenfeld-Hallin. 2. Schalling, M. Fahrenknig,
J. Emson. PC, H6kfelt. T (1989) Neuropeptide expression in the rat dorsal root
ganglion cells and spinal cord d e r peripheral nerve injury with special reference
to galanin. Neuroscience 33(3), 587-604.
Vrontakis. h4,Neill JD (1989) Inhibition of prolactin secretion by galanin antiserum. 70"
Annual Meeting of the Endocrine society; Ab 8 l9:227.
Vrontakis, M, Torsello, A, Leite, V, Vuille, J-C, Zhang, H (1996) Regulation of galanin
by demethasone in the rat antenor pituitary and the utem. bieuroendoc~oiogy
64,20-24.
Vrontakis, ME, Peden, LM, Duckworth. ML. Friesen, HG (1987) Isolation and
characterization of a complimentary DNA (galanin) clone fkom estrogen-induced
pituitary tumor messenger RNA. J. Biol. Chern, 262, 16755- .
Vrontakis, ME, Sano, T, Kovacs, K, Ftiesen, HG (1990) Presence of galanin-like
immunoreactivity in nonturnorous corticotrophs and corticotroph adenomas of the
humao pituitary. Journal of Clinical Endocrinology and Metabolkm 70(1). 747751.
Vrontakis, ME, Schroedter, IC,Cosby, H, Friesen, HG (1992) Expression and secretion
of galanin during pregnancy in the rat. Endocrinology 130,458-464.
Vrontakis, ME, Torsello, A, Friesen, HG (1991) Gaianin. J. Endocrinol. Invest. 14,785794.
Wang, S, He, C, Hashemi, T, Bayne, M (1997) Cloning and expressiooal characterization
of a novel galanin receptor- Identification of dEerent pharmacophores within
gaknin for the tfiree galanin receptor subtypes. The Journal of Biological
Chemistry 272(5 l), 3 1949-3 1952.

WiksMm, L M , RBkaeus, Fried, G (1993) Perinatd developrnent of galanin-like
immunoreactivity in chromaffin tissues of the rabbit. Regdatory Peptides 44,
297-303.
Wynick D, Hammond, PJ?Akinsanya, KO, BIoom, SR ( 1993)Galanin regulates basal
and oestrogen-stimulateci lactotroph function Nature 364, 529-532.
Xu,XI, Weisenfeld-Hallin, 2,Fisone, G,Bartfài, T, Hokfelt, T (1990) The N-terminai 1 16, but not the C-termiaal 17-29, gaianin fragment affects the flexor reflex in rats.
Eur. J. Ph-c.
1 82, 137-141.
Xu, Y,Jobansson, O, Rbkaeus, A (1995) Distribution and cbrornatographic anaiysis of
galanin bmmoreactiviw in the heart. Peptides Io(!), 73-79.
XL 2. Cortts, R, Villar, M, Morino, P, Castei, MONIHoKelt, T (1992) Evidence for
upregulation of galanin synthesis in rat glial cells in vivo d e r CO lchicine
treatment. Neuroscience Letters 145, 185-1 88.
Xu.2-Q,Shi, T-J, Hijkfelt, T (1996) Expression of galanin and a galanin receptor in
several sensory systems and bone adage of rat embryos. PNAS USA 93, 1490114905.
ZenteL KT, Nohr, D, Millier, S, Yanaiharô N, Weihe, E (1990)DBerentiai occurrence
and distribution of galanin in adrenal nerve fibres and meduilary ceus in rodent
and avian species. Neuroscience Letters 120, 167- 170.
Zhang, X,Verge, MK, Wiesenfeld-Hallin, 2,Piehl, F. Hokfelt, T ( 1993) Expression of
neuropeptides and neuropeptide rnRNAs in spinal cord &er axotomy in the rat.
with specid reference to motoneurom and galanin. Exp. Brain Res. 93,450-461.

