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ABSTRACT 
Gonadotropin releasing-hormone (GnRH) regulates the hypothalamo-pituitary-gonadal 

axis in vertebrates. The regulation of GnRH is intimately related to information from the 
olfactory system. Additionally, GnRH neurons are thought to be derived from progenitor cells 
in medial olfactory placodes. The present experiments were conducted to characterize the 
earliest development of GnRH neurons in lamprey and to determine their relationship to cells 
and fibers derived from the olfactory system. Eggs from fertile adult sea lamprey were fertilized 
in the laboratory, and larvae were maintained for up to 100 days. GnRH neurons were 
visualized within the lamprey preoptic area and hypothalamus as soon as GnRH was detectable 
(22 days after fertilization). The number of neurons increased with age through day 100. GnRH 
neurons were never seen within the olfactory system. The cells and fibers of the olfactory 
system were identified using the lectin, Grifonia Simplicifolia- 1 (GS-1). Overlap between the 
olfactory and GnRH systems were at the level of fiber projections. GS-1 reactive cells of 
apparent placodal origin did not enter the region of the preoptic area or hypothalamus that 
contained GnRH neurons. Recently divided cells were labeled with the thymidine analog, 
bromodeoxyuridine (BrdU). The positions of BrdU-labeled cells after different survival times 
suggest a predominant medial-lateral radial neuron migration with a small number in positions 
suggestive of migration between the olfactory epithelium and the telencephalic lobes. Regard- 
less of survival time, these cells were always found close to their entry point into the brain, 
suggesting minimal rostral-caudal migration. Based on these results, we hypothesize that 
GnRH neurons in developing lamprey originate within proliferative zones of the diencephalon 
and not in the olfactory system. Based on the overlap of olfactory- and GnRH-containing fibers 
from prolarval stages to metamorphosis, olfactory stimuli may play a major role in the 
regulation of GnRH secretion in lamprey. o 1996 Wiley-Liss, he .  
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Secretion of the decapeptide gonadotropin-releasing hor- 
mone (GnRH) is a key neuroendocrine function of the 
hypothalamus for regulating the pituitary-gonadal axis for 
vertebrates. The primary structures of nine forms of GnRH 
have been identified in various species of vertebrate, and 
more may yet exist. The GnRH amino acid sequence differs 
by up to five amino acids from lamprey to mammals 
(Sherwood et al., 1986; Sower et al., 1993), while retaining 
modified N and C terminals, and peptide length (Sherwood 
et al., 1993). The primary amino acid structures of two 
forms of GnRH have been sequenced in lamprey (Sower 

et al., 19931, and both forms coexist in the same cells (Tobet 
et al., 1995a). 

The system of GnRH neurons is intimately connected to 
the olfactory system from the earliest points in develop- 
ment and functionally into adulthood in all vertebrates that 
have been studied. Neurons which contain forms of GnRH 
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which govern the hypothalamo-pituitary-gonadal axis likely 
are derived from progenitor cells in embryonic olfactory 
placodes. Data from mice (Wray et  al., 1989a,b; Schwanzel- 
Fukuda and Pfaff, 19891, chicken (Akutsa et al., 1992; 
Murakami and Arai, 1994a; Norgren and Gao, 1994) and 
amphibians (Murakami et al., 1992; Northcutt and Muske, 
1994) indicate that these critical neurons migrate from 
birth sites in epithelia of medial olfactory placodes, across 
the nasal compartment and cribriform plate to the fore- 
brain. One hypothesis is that some GnRH neurons have a 
nasal origin in all vertebrates. In contrast, data showing 
GnRH immunoreactive neurons in adult (Crim et al., 1979; 
King et al., 1988) and larval (Crim et al., 1979; Wright et al., 
1993; Tobet et al., 1995a) lamprey have shown cells re- 
stricted to a single bilateral dense arc along the third 
ventricle in the rostral hypothalamus and preoptic area. 
Neurons containing lamprey GnRH-111, which is a more 
prevalent form of GnRH in early development (Youson and 
Sower, 1991), were found in the preoptic area/hypothala- 
mus of larval lampreys, and the only fibers visible in 
olfactory regions originated from these more caudal cells 
(Tobet et al., 1995a). The absence of GnRH cells and fibers 
in the olfactory system is consistent with the suggestion 
that lamprey GnRH neurons are not derived from the 
olfactory placode (Muske, 1993). The present experiments 
were conducted to characterize the earliest development of 
neurons containing lamprey GnRH in relation to the 
developing olfactory system. 

Reagents which recognize specific glycoconjugates have 
been useful markers for the study of pattern formation in 
the olfactory system and the central nervous system (CNS, 
Mollicone et al., 1985; Pellier and Astic, 1994; Steindler et 
al., 1989). Based on restricted histochemical expression 
patterns, several authors have suggested that alpha- 
galactose-containing glycoconjugates, in particular, may 
participate in cell-cell interactions during development and 
maintenance of the olfactory system (Suchy et al., 1988; 
Alvarez et al., 1989; Schwarting and Crandall, 1991). In 
rats, alpha-galactosyl-linked-glycoconjugates (immunoreac- 
tive with the CC2 monoclonal antibody) are expressed on 
fibers along the GnRH migration pathway (Tobet et al., 
1993). In addition, the only CC2 immunoreactive cells in 
the brain were approximately 10% of the GnRH neuronal 
population, suggesting that this glycoconjugate marker 
further identified the olfactory origins of GnRH neurons. In 
the present experiments, we used the alpha-galactosyl- 
binding lectin, Grifonia Simplicifolia-I (GS- l), to follow the 
cells and fibers of the developing lamprey olfactory system 
and compare them to the position of GnRH containing 
neurons. In developing lamprey, all olfactory epithelial cells 
were GS-1 reactive. Analogous to the CC2 immunoreactive 
GnRH neurons in rats, we examined whether GS-1 reactive 
cells could indicate a subpopulation of presumptive GnRH 
neurons. 

The examination of 3H-thymidine or bromodeoxyuridine 
(BrdU)-labeled cells after short survival times is a useful 
method for estimating the directions of cell migration (e.g., 
Jacobson et al., 1985; Altman and Bayer, 1986; Tobet et al., 
1995b). Dividing cells were labeled by adding BrdU to tank 
water. Treatment of larval lamprey in this manner did not 
restrict BrdU labeling to the olfactory system, but rather 
labeled cells along the length of the ventricular proliferative 
zone. We followed the change in position of BrdU-labeled 
cells after different survival times to characterize the 
movements of presumptive neurons in developing lamprey. 

Our results are consistent with cell migration from the 
olfactory organ into the CNS being a phylogenetically old 
pattern of development, but not consistent with an olfac- 
tory origin for GnRH neurons in lamprey. 

MATERIAL AND METHODS 
Animals 

Anadromous larval lampreys (ammocoetes), approxi- 
mately 51-150 mm long, of Petromyzon marinus were 
collected by electrofishing several coastal streams in New 
Hampshire (anadromous variety, over a period of several 
months in the spring, summer, and fall of 1994). It is likely 
that these lamprey were at  least 1 year old and perhaps as 
old as 7 years. Lampreys were maintained in a fresh water 
flow-through system supplied with either 12°C well water, 
or ambient temperature (13-22°C) reservoir water, under 
natural photoperiod. 

Eggs stripped from mature adult sea lamprey females 
were fertilized with sperm from adult males in the labora- 
tory. Eggs and subsequent embryos and larvae were main- 
tained in flow-through well water with a sandy bottom. The 
lamprey staging follows from the description of Piavis 
(1961). Lamprey zygotes (0-2 hours; stage 1) are 1 mm in 
size and go through gastrulation by 64-104 hours (stage 9). 
The embryos hatch between days 10 and 13 and are 3-5 
mm in length (stage 14). The prolarval phase lasts from 
hatching until approximately day 40 when all traces of yolk 
are eliminated from the digestive system (end of stage 18). 
Lamprey are referred to as larvae from day 40 until 
metamorphosis, which can take several years. We refer to 
lamprey caught in streams of undetermined premetamor- 
phic ages as ammocoetes. To expose lamprey to BrdU, 
young larvae were placed in 500 pg/ml of BrdU added to 
holding water for 24 hours. Animals then were transferred 
to fresh water without BrdU until immersion fixation in 5% 
acrolein (Polysciences, Inc., Warrington, PA) in 0.1 M 
phosphate buffer (PB pH 7.4). Following overnight fixation 
at  room temperature, embryos were placed in 0.1 M PB for 
storage at 4°C. Approximately 200 larval lamprey were 
processed for immunocytochemical analyses of either BrdU 
incorporation, lectin reactivities, or GnRH. 

Lectins 
Horseradish peroxidase or biotin-conjugated lectins (E-Y 

Laboratories, San Mateo, CA) were obtained which recog- 
nize galactosyl [Griffonia simplicfolia-1 (GS-l), Soy bean 
agglutinin (SBA), DoZichos biflorus (DBA), Vigna radiata 
(VRA)], or fucosyl (Ulex europus-1) moieties. In addition, 
biotinylated and horseradish peroxidase conjugates of the 
selective B4 isoform of GS-1 which recognizes alpha- 
galactose were also obtained (Sigma Chemical Co., St. 
Louis, MO). Lectin concentrations ranged from 0.4 pg/ml 
to 10 pg/ml diluted in 2.0% polyvinyl-pyrrolidone-40, 0.1% 
Tween-20, 0.5 mM CaClz in phosphate-buffered saline 
(PBS; pH 7.4). To block specific binding and demonstrate 
lectin specificity, 0.3 M galactose or fucose were added to 
lectins 2-16 hours prior to use. 

Antibodies 
The primary anti-peptide antisera used in these studies 

was generated toward lamprey GnRH-I11 (Sower et al., 
1993; antiserum 3952, generated by S.A.S.). Additionally, 
two antisera generated toward lamprey GnRH-I were also 
utilized; lamprey GnRH antiserum 1467 (generously pro- 
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vided by Dr. Judy King, University of Capetown, South 
Africa) and antiserum 21-134 (generated by S.A.S.) were 
diluted 112,000. Antiserum 3952 was used at  concentra- 
tions ranging from 114,000 to 1116,000, with 1/10,000 as 
standard. Antisera were diluted in 1.0% bovine serum 
albumin (BSA)/O.OS M PBS/0.3% Triton X-100 (pH 7.4). 
Negative controls included preabsorption of each antise- 
rum with 16,40, or 50 pM of lamprey GnRH-I decapeptide 
(Peninsula Laboratories, Belmont, CA) or lamprey GnRH- 
I11 decapeptide (generously provided by Dr. Russell Doolittle, 
University of California, San Diego). No reaction product 
was noted in brain cells when antisera 3952 was preab- 
sorbed with lamprey GnRH-I11 peptide. Antisera 1467 and 
2 1-134 revealed immunoreactive cells in the same basic 
distribution as 3952, albeit fewer in number, consistent 
with our prior results (Tobet et al., 1995a). Cells incorporat- 
ing BrdU were detected utilizing a monoclonal antibody 
directed against BrdU (Bectin Dickinson). 

Lectin histochemistry and antibody 
immunocytochemistry 

Lamprey ammocoetes 51 to 150 mm long were anesthe- 
tized with tricaine methanesulfonate (MS222,O. l%), decapi- 
tated, and the heads were immersed and fixed in Bouins- 
Hollande sublimate (BHS; Tobet et al., 1995a). BHS was 
formulated as 2% copper acetate, 3.25% picric acid, 0.8% 
acetic acid, 3.25% calcium carbonate buffered formalde- 
hyde, and 8.1% of a saturated mercuric chloride solution. 
After a brief initial fixation the brains were exposed to allow 
better diffusion of fixative at  room temperature overnight 
in the same fixative before transfer to 25% sucrose (wiv), 
0.1 M phosphate buffer. Young larvae raised in the labora- 
tory from 12 to 100 days of age were immersed in their 
entirety in BHS. 

Vibratome sections (30-40 pm thick) from individual 
ammocoete brains or heads from 12-100-day-old larvae 
were placed into separate plastic containers with nitex 
mesh bottoms to facilitate changes in antibodies and buffer 
solutions. Histochemical procedures were adapted from 
those used previously (Tobet et al., 1995a) in larval lam- 
preys. The primary modification was to move an overnight 
alcohol wash 1 day earlier than previously. Briefly, sections 
were washed in 0.05 M phosphate-buffered saline (PBS, pH 
7.5), pretreated with 0.1 M glycine (in PBS, pH 7.41, 
washed, and then dehydrated in ethanol prior to incubation 
in potassium iodide in 90% ethanol overnight to remove 
mercuric chloride. The next day sections were rehydrated 
and further treated with sodium borohydride (0.5%), 
washed, and then further treated in 5.0% normal goat 
serum (NGS) with 1.0% hydrogen peroxide, 0.3% Triton 
X-100 (Tx), and the Vector avididbiotin blocking reagents 
all in PBS at 4°C. Antisera were incubated with tissue 
sections over 1 or 2 nights at 4°C. Following primary 
antisera incubations, sections were washed with PBS con- 
taining 1.0% NGS at room temperature (RT) and then 
incubated with goat anti-rabbit biotinylated secondary anti- 
bodies (Vector Laboratories, Burlingame, CA) in NGSiPBS 
for 2 hours. After further washing, sections were incubated 
with Vectastain ABC reagent for 1 hour (Vector Laborato- 
ries, Burlingame, CAI. Lectins were incubated with tissue 
sections over one night at 4°C or at room temperature for 3 
hours. Tissue sections incubated with biotinylated-lectins 
were processed through ABC reagent and tissue sections 
incubated with horseradish peroxidase-conjugated lectins 
were washed in Tris-buffered-saline (TBS, 0.05 M, pH 7.4, 

at RT). A dark grey/black reaction product was produced 
using 0.025% 3,3’-diaminobenzidine (DAB) with 0.2% nickel 
ammonium sulfate in TBS as substrate with 0.02% hydro- 
gen peroxide for 5 minutes (Tobet et al., 1995a). For 
double-labeling, after completion of the DAB/Ni reaction 
for GnRH or BrdU containing cells, tissue was washed in 
TBS for l h  and reincubated overnight with lectin. Lectins 
were visualized with a brown reaction product produced 
using 0.025% DAB with 0.02% hydrogen peroxide (20 
minutes). 

The immunocytochemical procedures for BrdU process- 
ing were adapted from previously published procedures 
(Tobet et al., 1995b) and consisted of pretreating the tissue 
sections sequentially with 0.1 M glycine (in 0.05 M PBS for 
30 minutes), 0.5% sodium borohydride in PBS (15 min- 
utes), 1% Tx with 1.0% DMSO in PBS (20 minutes), 10% 
Vector avidin with 5% NGS, 1% HaOz, and 0.3% Tx in PBS 
(30 minutes), 10% Vector biotin with 5% NGS and 0.3% Tx 
in PBS (30 minutes), 2 N HC1 (60 minutes at  RT), and a 
minimum of 15 minutes in 20% NGS with 0.3% Tx in PBS. 
Tissue sections were washed with PBS between steps. 
Monoclonal antibody directed against BrdU was diluted in 
either 3% NGS or 1% BSA with 0.3% Tx in PBS. Primary 
antibody was incubated with tissue sections over 1 night 
(approximately 16-18 hours) at 4°C. Secondary antibody 
processing utilized Vectastain ABC procedures as described 
above. 

Neurons containing immunoreactive lamprey GnRH-I11 
(irGnRH-111) were counted manually in every section from 
each lamprey brain at  ~ 4 0 0  magnification by using a Zeiss 
microscope and brightfield optics. Since the sections were 
3 0 4 0  km thick, and cells were densely packed as animals 
got older, cell counts are likely underestimates. In addition, 
the maximal diameters of immunoreactive neurons were 
measured utilizing a computer-assisted Neuron Trace Sys- 
tem (SunTech Medical, Raleigh, NC). Neurons were se- 
lected at random (n=10) from multiple animals. The 
Neuron Trace System was also used to trace the outlines of 
cellular, fiber-rich, and olfactory regions of Nissl-stained 
serial sections to provide an atlas against which to compare 
the locations of GnRH neurons at different ages. Nomencla- 
ture is adapted from previous descriptions of lamprey 
(Northcutt and Puzdrowski 1988; Schober et al., 1994a). 
The change in cell number with age was analyzed by 
one-way ANOVA (ABSTAT; AndersonBell, Arvada, CO). 

RESULTS 
GnRH neurons 

The first neurons with detectable irGnRH-I11 were seen 
between 21 and 40 days after fertilization (within Piavis 
stage 171, caudal to the olfactory bulbsitelencephalon (Fig. 
1). Neurons containing irGnRH were restricted to the cell 
dense periventricular zone. Within the periventricular zone 
they were found in positions ranging from immediately 
adjacent to the ventricle to the edge of the cell dense zone 
adjacent to the fiber rich zone. Over the course of the first 
100 days after fertilization there was a slow and significant 
increase in the number of neurons with detectable lamprey 
GnRH-I11 (Fig. 2). Over the same period there was no 
change in the maximal diameters of the immunoreactive 
neurons. Maximal diameters were 8.0 5 0.4 pm (n=10) 
between 21 and 40 days after fertilization and 8.3 ? 0.4 km 
(n=10) by 81 to 100 days after fertilization. The general 
distribution of irGnRH-I11 neurons is displayed schemati- 
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Fig. 1. Photomicrographs of coronal (A) and horizontal (B) sections 
from prolarval lamprey 33 days after fertilization. Arrows indicate the 
positions of the same cells containing immunoreactive lamprey gonado- 
trophin releasing hormone (GnRH)-I11 at low magnification (scale 
bar = 50 km) and in the respective inset photomicrographs at higher 
magnification (scale bar = 20 pm). In coronal sections (A) immunoreac- 
tive cells were only noted within the cell dense periventricular zone. 
Immunoreactive fibers (0 were noted in the lateral cell sparse, fiber rich 

cally and photographically for larval lampreys 61-80 days 
after fertilization in coronal (Fig. 3) and horizontal (Fig. 4) 
planes. As the population of neurons containing irGnRH- 
I11 grew larger, virtually all of the additional neurons were 
noted in the same location in the preoptic area/anterior 
hypothalamus. No immunoreactive cells were noted in the 
telencephalic lobes. A second population of caudally placed 
cells containing immunoreactive lamprey GnRH-I11 was 
also seen during this larval period (Fig. 5). These cells were 

zone. Melanophores (m) which appear dark on the outer edge of the 
tissue were not immunoreactive, but brown in the original material. 
Horizontal sections (B) confirm the medial location of immunoreactive 
cells and indicate their caudal location relative to the and olfactory 
epithelia (OE), olfactory bulbs (OBI and remaining telencephalon (TI. 
At the higher magnification (insets) leading processes can be seen 
directed away from the ventricle (v). Hb, hahenula; PA, preoptic area; 
Hy, hypothalamus. 

more faintly immunoreactive, larger, and rounder in appear- 
ance and were located more laterally within the cell dense 
zone. 

Fibers containing irGnRH-I11 were directed from cell 
origins in the preoptic area toward the neurohypophysis 
soon after the appearance of cell bodies. Fibers directed into 
the ventricle were noted at similar ages. By 61-80 days 
after fertilization (larvae approximately 1-1.5 cm in length) 
occasional fibers were noted with terminal swellings abut- 
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GnRH Neurons in Development 
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Fig. 2. Numbers of GnRH neurons in lamprey preoptic area and 
hypothalamus during development. Values represent mean f SEM for 
15, 16, 6, 6, and 3 animals respectively for the ages after fertilization 
shown along the x-axis. Analysis of variance indicates significant age- 
related changes in the number of cells containing immunoreactive 
lamprey-GnRH-111 (one-way ANOVA, P < 0.01). 

ting the ventricle (Fig. 6). This was strikingly more evident 
in older ammocoetes (5-8 cm in length). 

Lectin histochemistry: Olfactory system 
glycoconjugates 

The pattern of GS-1 reactive material was striking when 
viewed using either GS-1 or the B4 isolectin of GS-1 that is 
more selective for alpha-galactose terminal residues than 
galactosamine (Fig. 5 ,  7, 8). A projection from the olfactory 
epithelium to the developing brain was detectable from the 
earliest time point examined (day 12, not shown). Fibers 
stretched out from the olfactory epithelia and primordial 
olfactory bulbs towards the base of the diencephalon. 
Olfactory fibers followed a medial pathway that remained 
lateral to the cell dense periventricular zone. Occasional 
GS-l-B4 reactive cells were noted along the fiber pathway, 
but they never penetrated the cell dense periventricular 
zone. As development proceeded, the GS-l-B4 reactive 
olfactory epithelium expanded, and the projection through 
the telencephalic lobes to the hypothalamus increased. 
Some of the caudal projections may have originated from 
cells in the olfactory epithelium and from a small group of 
cells in the rostral olfactory bulb (Fig. 8A,C). In ammoco- 
etes showing no signs of metamorphosis, the lectin-reactive 
cells in the olfactory bulb/telencephalon were more obvious 
immediately caudal to the lectin-reactive olfactory glo- 
meruli. Reactive fibers moved from the region of the 
glomeruli to the caudal cell group and then towards the 
hypothalamus as well as the habenula. A separate reactive 
fiber bundle was directed toward the hypothalamus from 
the region of the glomeruli. I t  was not possible to determine 

the relative contribution of fibers originating in the olfac- 
tory epithelium vs the olfactory bulb. Reactive glomeruli in 
the larvae were not fully formed as was more evident in 
comparison with GS-1 reactive glomeruli in ammocoetes 
larger than 10 cm and in lamprey undergoing metamorpho- 
sis. In metamorphic lamprey, GS-l-B4 reactive glomeruli 
were large and round, and arrayed around the outside of 
the telencephalic lobe. No reactivity was observed if the 
lectin was preabsorbed with 0.3 M alpha-methyl-galacto- 
side (data not shown). 

Using the lectin DBA a different pattern of reactivity was 
noted in the OE. Isolated cells were DBA-reactive, but 
reactive fibers were not seen exiting the OE or traversing 
the olfactory bulb or telencephalic lobes (Fig. 8B). More 
caudally there were fibers present related to several groups 
of cell bodies which were DBA-reactive in caudal regions 
(Fig. 8D). In contrast to results in amphibians (Hofmann 
and Meyer, 1991a), no distinctive patterns of reactivity 
were noted using the lectins SBA or VRA that could have 
recognized similar glycoconjugates. 

Olfactory pathways and GnRH cells 
At all points in development olfactory fibers coursed 

lateral to the locations of GnRH cells. The boundary 
between the cell dense periventricular zone and the lateral 
fiber region appeared to preclude direct contacts of GS-l-B4 
reactive olfactory fibers and cells with the more medial 
perikarya containing irGnRH-111. As fibers containing ir- 
GnRH-I11 exited the cell dense medial zone to stream 
caudally toward the neurohypophysis, they mingled with 
GS-l-B4 reactive olfactory fibers travelling the same path 
(Fig. 5 ) .  With light microscopy, it was not possible to 
distinguish the extent of significant contacts between GnRH 
containing fibers and GS-l-B4 reactive olfactory fibers. 

Cell proliferation 
Many cells in the olfactory epithelium and along the 

length of the ventricular system incorporated sufficient 
amounts of BrdU following a 24 hour incubation in 500 pg 
BrdU/ml to be detected subsequently by immunocytochem- 
istry (Fig. 9). When larvae were killed 2, 4, or 6 days after 
BrdU exposure, labeled cells in some brain regions were 
seen at increasing distances from the ventricles (Fig. 9A vs. 
9C, or 9B vs. 9D). This was most obvious for cells around 
the habenula. However, many cells remained immediately 
adjacent to the ventricles even after 2 weeks following BrdU 
exposure (not shown). To the extent that cells appeared 
apart from the ventricle, the predominant direction of 
putative cell movement was radially away from the ven- 
tricles. BrdU-labeled cells were located in all regions of the 
olfactory epithelium at all time points following BrdU 
treatment. Some BrdU-labeled cells were noted in the 
junction between the OE and the OB (Fig. 9B), a position 
suggestive of migration between the two compartments. 

DISCUSSION 
In the current study, the GnRH neuronal system in 

larval lampreys developed at a slow, but persistent rate. 
Immunoreactive cell bodies were evident within 4 weeks of 
fertilization in the preoptic area and rostral hypothalamus 
(Piavis stage 17). Cell numbers were 2-fold greater at  
81-100 days after fertilization than at  41-60 days. Young 
ammocoetes had %fold more cells than larvae at  81-100 
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Fig. 3. Schematic diagrams of coronal sections illustrate the posi- 
tion of cells containing immunoreactive lamprey GnRH-111 in a repre- 
sentative 47-day-old larval lamprey. Immunoreactive cells are repre- 
sented hy solid black circles. Different shades of gray indicate the cell 
rich medial zone and the fiber rich lateral zone of the diencephalon 
(sections A-G) and mesencephalon (section HI, and the telencephalon 
(T) that was comprised of more loosely packed cells (sections A-C). The 
cell rich medial zone of the diencephalon was only 10-20 cells deep at 
this point in development. The sections are arranged from rostral 

days. Almost immediately after cell bodies became appar- 
ent, processes were noted heading toward their normal 
adult targets at  the ventricular surface and the region of 
the neurohypophysis (King et al., 1988). Cells containing 
irGnRH-I11 were never found within the telencephalic lobes 
which were directly connected to the olfactory epithelium 
via GS-I-B4 reactive fibers. In fact, GnRH neurons always 
lay medial to the path of olfactory fibers and cells. Based on 
several lines of evidence; slow development, lack of GnRH 
cell body-olfactory fiber contacts, absence of GS-l-B4 reac- 
tive GnRH neurons, and predominant radial migration at  
the level of the rostral hypothalamus we hypothesize that 
GnRH neurons in the developing lamprey originate within 
proliferative zones of the diencephalon. The olfactory sys- 
tem connections for GnRH regulation may exist at  the level 
of fiber-fiber interactions throughout life. 

One of the most common hypotheses regarding cues that 
guide GnRH neurons into and through the brain is that 
they follow the central projections of the terminal nerve 
(reviewed by Muske, 1993; Demski, 1993; Schober et al., 
1994b). However, GnRH neurons have not been found 

(section A) to caudal (section H) and are approximately 30 microns 
apart. Representative photomicrographs (C’ and E’) from a 66-day-old 
larval lamprey at schematic levels C and E are presented on the right. 
Arrows in the photomicrographs indicate the positions of cells contain- 
ing immunoreactive lamprey GnRH-111. As in Figure 1, dark hut 
immunonegative melanophores are visible at the edges of the tissue. V, 
ventricle; Hb, habenula; Th, thalamus; PA, preoptic area; Hy, hypothala- 
mus; M, mesencephalon. The scale bar in E’ also applies to C’ and = 
50 pm. 

along the terminal nerve in adult lamprey (Bartheld and 
Meyer, 1988) and it is controversial as to whether they lie 
along the terminal nerve in amphibians (Hofmann and 
Meyer, 1991b, 1992; compared with Muske and Moore, 
1988 or 1994). The visualization of the projection of 
olfactory fibers in combination with GnRH containing 
neurons in the current study clearly shows that contacts 
between fibers that arise in the olfactory system and the 
system of GnRH containing cells and fibers is relegated 
primarily, if not completely, to the level of the fiber 
projections. 

In mice, GnRH synthesis is virtually coincident with cell 
birth in the olfactory placodes (Wray et al., 1989a,b; 
Schwanzel-Fukuda and Pfaff, 1989). In rats, GnRH synthe- 
sis is significantly delayed till the cells are already along 
their migratory route (Tobet et al., 1993). In some amphib- 
ians GnRH synthesis is delayed even further, until the cells 
have reached their final positions, and prior to metamorpho- 
sis (e.g., Muske and Moore, 1990; Hayes et al., 1994). The 
timing of GnRH synthesis in lamprey is likely to be later 
than after the final cell division as in mice but was well 



Fig. 4. Schematic diagrams of horizontal sections illustrate the 
position of cells containing immunoreactive lamprey GnRH-I11 in a 
representative 47-day-old larval lamprey. Immunoreactive cells are 
represented by solid black circles. Different shades of gray indicate the 
cell rich medial zone and the fiber rich lateral zone of the diencephalon 
(hypothalamus, Hy; preoptic area, PA; thalamus, Th; Habenula, Hb) 
and mesencephalon (M), and the telencephalon, which was comprised 
of more loosely packed cells (sections D-I). The cell rich medial zone of 
the diencephalon was only 10-20 cells deep at this point in develop- 

ment. Sections are 30 pm part and are arranged from dorsal (section A) 
to ventral (section J). Representative photomicrographs (G’ and 1’) 
from a 66-day-old larval lamprey at levels G and I are presented at  the 
bottom. Arrows in the photomicrographs indicate the positions of cells 
containing immunoreactive lamprey GnRH-111. Similar to Figures 1 
and 3, dark but immunonegative melanophores are visible at the rostra1 
edges of the tissue. OE, olfactory epithelium; S, septum, V, ventricle. 
The scale bar in I’ also applies to G’ and = 50 pm. 

SOFT4

SOFT4
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Figure 5 
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before metamorphosis as in certain amphibians. There are 
major changes in the appearance of irGnRH cell bodies in 
lamprey at metamorphosis, but not large changes in cell 
body number (Tobet et al., 1995a). Since peptide synthesis 
is potentially delayed it is not possible to be certain of a 
migratory route similar to other vertebrates. It is possible 
that immunonegative neurons destined to express GnRH 
travel over olfactory fibers and then express GnRH at a 
later time point. This could be envisioned either as continu- 
ous production and migration of GnRH neurons over the 
course of development (e.g., the 100 days reported in the 
current study) or initial production and migration of the 
entire population of GnRH neurons when the olfactory 
anlagen and the preoptic area are closely opposed (before 20 
days of age) and only gradual recruitment of those cells for 
GnRH synthesis. The BrdU data in the current study 
argues against the former. Although technical limitations 
precluded our ability to double-label for BrdU incorporation 
and immunoreactive GnRH, BrdU-labeled cells were noted 
in the same region as GnRH cells after BrdU exposure 
between 50 and 70 days after fertilization. This suggests 
that cell division was occurring in the region where GnRH 
neurons were slowly appearing. It is still possible, though, 
that the original GnRH neuron progenitors migrated from 
the olfactory system and then began dividing in the CNS. 
Whether existing neurons are gradually recruited to synthe- 
size GnRH long after they are born remains to be tested. 

Since all olfactory epithelial cells were GS-l-B4 reactive, 
and occasional reactive cells were seen along olfactory fibers 
in the brain, we originally hypothesized that GS-l-B4 
reactive cells in the brain could be destined to produce 
GnRH, similar to CC2 immunoreactive cells in rats (Tobet 
et al., 1993). However, other than the position of some 
GS-1-B4 reactive cells lateral to GnRH neurons there were 
no obvious relationships between them and GnRH neuro- 
nal perikarya, and several were seen in positions caudal to 
GnRH neurons. We can not rule out, however, the possibil- 
ity that some olfactory derived GS-l-B4 reactive cells 
ceased producing GS- 1-B4 reactive glycoconjugates prior to 
entering the cell dense periventricular zone. 

Although irGnRH has been seen in growth cones in 
developing rats (Tobet et al., 1993), we were not able to 
detect irGnRH in growth cones in lamprey in the current 
study. This would be consistent with the fibers of GnRH 
neurons having reached their destinations prior to storing 

Fig. 5. Photomicrographs of double-labeled horizontal sections 
from larval lamprey 51 days after fertilization. The section in A is more 
ventral (Fig. 3H) than the section in B (Fig. 3G). Solid arrows indicate 
the positions of cells containing immunoreactive lamprey GnRH-I11 
[Black 3,3’-diaminobenzidine (DAB)-Nickel reaction product]. The 
thinner arrows in A indicate the position of immunoreactive cells that 
contain reliably less immunoreaction product and maintain a more 
rounded morphology. Based on our previous work (Tobet et al., 1995a1, 
these cells will only express lamprey GnRH-I11 peptide. The open 
arrows in B indicate fibers reactive with GS-l-B4 lectin (Brown DAB 
reaction product), which appear continuous with the reaction product 
in the olfactory epithelium (OE) and olfactory bulbs (OBI. The photomi- 
crographs in C and D are expanded from panel A and show the 
relationship of GnRH-containing cells (black) to lectin reactive olfac- 
tory fibers (brown). The cells containing immunoreactive GnRH-I11 
were always medial to the olfactory derived fibers. Fibers containing 
immunoreactive lamprey GnRH-I11 were seen leaving the cell dense 
medial zone to enter the lateral fiber zone, intermingling with GS-1-B4 
reactive fibers from the olfactory system. The scale bars in A and B = 
200 pm and in C and D = 20 pm. 

detectable levels of GnRH. Apparent terminal swellings 
containing irGnRH, which were seen reaching into the 
third ventricle by 60 days of age, were only in some cells also 
suggesting that there could be a dissociation between 
perikaryal synthesis of GnRH and transport along pro- 
cesses. 

A central nervous system origin of GnRH cells in the 
lamprey is consistent with the hypothesis that a central 
nervous system origin is a phylogenetically old pattern 
(Muske, 1993). Newer forms of GnRH may have come to be 
expressed in neurons with placodal origins. Such a change 
in gene expression to placodally derived-cells may have been 
presaged by the existence of cells in the olfactory system 
that were already migrating into the brain. Thus in the 
current study there were BrdU-labeled cells that appeared 
to be migrating from the OE into the telencephalic lobes 
that did not express GnRH. The expression of GnRH in 
such cells in an evolutionary sense may have been coupled 
with targeting mechanisms causing them to migrate fur- 
ther caudally to the diencephalon in search of distant tropic 
cues from the newly evolved median eminence. 

Although it did not appear that GnRH containing cells 
migrated from the olfactory epithelium in larval lampreys, 
several BrdU labeled cells were noted in positions sugges- 
tive of migration between the olfactory epithelium and the 
telencephalic lobes. In addition to GnRH cells, other cell 
types have been noted to migrate through the vertebrate 
nasal compartment. For example, cells migrating along 
routes from the nasal cavity towards the brain have been 
demonstrated based on their reactivity with other lectins 
such as DBA, SBA, and UEA-1 (Astic et al., 1989; Pellier 
and Astic 1994). Similarly, in the current study GS-l-B4 
reactive cells were noted in positions suggestive of migra- 
tion along GS-l-B4 reactive fibers streaming from the 
olfactory epithelia. Unfortunately, the long-term develop- 
mental increase in the number of brain GS-l-B4 reactive 
cells makes it difficult to be certain which GS-l-B4 reactive 
cells originated among the olfactory epithelia and which 
were born in the CNS. Immunocytochemical methods have 
revealed other potential migrating cells based on cell sur- 
face molecules defined by selective antisera (e.g., blood 
group antigens, Mollicone et al., 19851, specific peptides 
(somatostatin, Murakami and Arai, 1994b; FRMFamide, 
White and Meredith, 19951, alternate neuronal markers 
(Valverde et al., 1993; Pellier et al., 19941, and glial markers 
(Doucette, 1989; Valverde et al., 1992, Gong et al., 1994). 
More work is needed to determine which cell types may be 
migrating along the naso-forebrain axis in larval lamprey. 

In species for which two or more forms of GnRH have 
been identified, the different GnRH forms are usually found 
in different cell populations (e.g., Amano et al., 1991; 
Lepretre et al., 1993; Millam et al., 1993; Dellovade et al., 
1993; reviewed Muske, 1993). The form not thought to 
regulate the hypothalamic-pituitary-gonadal axis usually 
resides in more caudal sites. In axolotls, the caudal cell 
population (containing chicken-GnRH-11) is not derived 
from the olfactory placode (Northcutt and Muske, 1994). 
Relevant to lamprey, humans may provide an interesting 
exception, since neurons containing a lamprey GnRH-like 
form were found in regions containing neurons with mam- 
malian-GnRH (Stopa et al., 1988). In lamprey, two different 
forms of GnRH are located in the same cells in ammocoetes 
(Tobet et al., 1995a). In the current study, the development 
of immunoreactive lamprey GnRH-I paralleled that of 
lamprey GnRH-I11 exactly, albeit at lower levels, suggesting 
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Fig. 6 .  Photomicrographs of horizontal sections from a larval The arrows in A and B indicate the regions shown at  higher magnifica- 
lamprey 66 days after fertilization (A,B) and a 5-8 cm ammocoete tion in B and D. Occasional fibers were noted with terminal swellings 
(C,D). Fibers containing immunoreactive lamprey-GnRH-111 were abutting the ventricle (arrows). This was strikingly more evident in the 
directed from cell origins in the preoptic area into the ventricle and older ammocoetes (B vs. D). OE, olfactory epithelium; OB, olfactory 
toward the neurohypophysis soon after the appearance of cell bodies. bulb. The scale bar = 50 ym in A, 10 pm in B,D, 200 Km in C. 
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Fig. 7. Photomicrographs of parasagittal sections from developing 
lamprey treated with the lectin GS-1-B4. At 35 days after fertilization 
(A) bundles of strongly GS-l-B4 reactive fibers stretched from the 
olfactory epithelia (OE) toward the base of the preoptic area and 
hypothalamus (beyond the boundaries of the photomicrograph). The 
surface of the olfactory bulb (OBI was also densely reactive. During 
early larval life (5-6 cm in length; B) the strong lectin reactivity around 
the surface of the OB resolved into individual rounded patches of 
reactivity in putative glomeruli (GI. GS-l-B4 reactive cell bodies were 
more readily detected in the OB caudal to the glomeruli (arrowheads; 

that they are also the same cells developmentally. Unlike 
many other vertebrates, both forms of GnRH in lampreys 
act as neurohormones, stimulating the pituitary-gonadal 
axis (Deragon and Sower, 1994). Thus, the function as well 
as distribution of GnRH differs between lamprey and other 
vertebrates. 

In the current study, ligands for the lectin GS-1, and in 
particular, the GS- 1-B4 isoform, selectively illuminated the 
expression of glycoconjugates in the olfactory system dur- 
ing critical periods of lamprey development. GS-l-B4 is 
theoretically selective for galactose containing glycoconju- 
gates with alpha-galactose linkages. The ability of 0.3 M 
alpha-methyl galactoside to block binding of GS-1 in histo- 
chemical experiments further suggests that the glycoconju- 
gates revealed in the developing lamprey brain contained 
galactose. Alpha-galactose containing glycoconjugates have 
been previously associated with the olfactory system (Molli- 
cone et al., 1985; Astic et al., 1989; Schwarting and 
Crandall, 1991; Schwarting et al., 1992a,b; Ichikawa et al., 
1992; Franceschini et al., 1994). GS-l-B4 reactive glycocon- 

B-D). f i t  this and subsequent ages, fibers directed towards the hypo- 
thalamus were maintained. At the older ages, however, the greater 
numbers of GS-l-B4 cell bodies in the OB made it difficult to determine 
the origin (OE vs. OB) of the olfactory projection towards the preoptic 
area and hypothalamus. As development proceeded (10-12 cm in 
length; C) putative glomeruli were larger in size, and more cells 
were noted caudal to them. During metamorphosis (D) putative 
glomeruli were notably more round and cells with the appearance of 
microglia were noted (open arrows). v, ventricle. The scale bars in all 
panels = 100 pm. 

jugates have also been associated with microglia in the 
postnatal rodent olfactory bulb (Caggiano and Brunjes, 
1993). Similarly, in the present study GS-l-B4 reactive 
microglia were noted in lamprey that were undergoing 
metamorphosis, although not at  earlier points in develop- 
ment. The GS-1 reactive glycopeptides in the lamprey 
olfactory system may reflect long-term functionally impor- 
tant molecules for the lamprey olfactory system, or alterna- 
tively may be related to the continual regeneration of 
olfactory neuroepithelia (Thornhill, 1970). Recently, a ho- 
modinieric glycoprotein was discovered in the olfactory 
system of larval lampreys and pituitary of adult lampreys 
and named nasohypophysial factor (NHF: Sower et al., 
1995). The distribution of immunoreactive NHF is similar 
to GS-1 reactive fibers from the olfactory epithelium to the 
hypothalamus in the larval lampreys of the current study. 
Although it is not known if any of the carbohydrate 
composnents of NHF are GS-1 reactive, there are cells along 
the pars distalis that contain immunoreactive NHF without 
being GS-1 reactive. The function of the GS-1 reactive 
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Fig. 8. Photomicrographs of horizontal sections from larval lam- 
prey (42 days after fertilization) treated with GS-l-B4 (A$) or 
Dolichos bsflorus (DBA, B,D) lectins. Strong bundles of GS-l-B4 
reactive fibers stretched caudally from the olfactory epithelia (OE) 
toward the preoptic area and hypothalamus by traveling outside of the 
cell dense medial zone (A,C). Only a portion of the olfactory projection 
could be attributed directly to fibers from the OE (arrows A,C). The 

surface of the olfactory bulb (OB) also contained dense reaction product 
and potential labeled cells could be discerned within the olfactory bulbs 
(arrowhead in C). By contrast, DBA-reactive molecules were highly 
expressed in the OE, but not in fibers that extended into the brain (B). 
DBA-reactive fibers were found more caudally in the brain; however, 
these were traceable to large cells located in the mesencephalon 
(arrowhead, D). The scale bars in all panels = 50 Km. 
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Fig. 9. Photomicrographs of coronal (A$) and horizontal (B,D) 
sections immunoreacted with a monoclonal antibody to BrdU. Larval 
lamprey (50 days after fertilization) were kept in 500 Kgiml of BrdU for 
24 hours and then fresh water for 2 days (A), 4 days (B), or 6 days (C,D) 
prior to death. Numerous BrdU-labeled cells can be seen along the 
margins of the third ventricle in all panels. The open arrows in B and D 
indicate cells in positions in a manner that suggests the rostral-caudal 

movement of cells from the olfactory epithelium (OE) into the olfactory 
bulb (OBI. There was dense labeling of cells in the habenula (Hb), which 
then spread laterally from 2 days after BrdU (A) to 6 days after BrdU (C 
and D). More BrdU-labeled cells were noted radially away from the 
ventricles 4 and 6 days after BrdU exposure than at 2 days, suggesting 
that the primary direction of cell migration is radial. The scale bars = 
50 pm in D and applies to all panels. 
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glycopeptides may be amenable to study because of the 
variety of easily available lectin reagents and the accessibil- 
ity of the olfactory system to the aqueous environment. 

In mammals the existence of a transient pathway that 
extends from olfactory neuroepithelial cells to regions 
caudal to the olfactory bulbs has also been postulated based 
on DiI labeling of the olfactory epithelium of rats (Santa- 
cana et al., 1992; Yoshida et al., 1995). However, other 
studies suggest that such projections may not be transient 
(Key and Akeson, 1993). In amphibians there are signifi- 
cantly fewer projections from the nasal compartment 
through the brain in adults than in larvae (Hofmann and 
Meyer, 1989). In the current study the olfactory fibers 
projecting caudally, beyond the primordial glomerular layer, 
were evident from day 12 after fertilization until the oldest 
age examined during metamorphosis. In addition, in adult 
lamprey, fibers have been traced from the nasal compart- 
ment into the brain using horseradish peroxidase (North- 
cutt and Puzdrowski, 1988; Bartheld and Meyer, 1988). 

In summary, the current experiments combined analyses 
of GnRH immunoreactivity to follow cellular development, 
lectin reactivity, and olfactory fibers to determine naso- 
hypothalamic connections and BrdU-labeling to character- 
ize cell movements in developing lamprey. The results show 
the systematic development of the lamprey GnRH system 
and the long-term relationship of olfactory fibers and cells 
to GnRH fibers. Based on these results and the location and 
packing density of GnRH neurons in lamprey, we hypoth- 
esize that GnRH neurons in the developing lamprey origi- 
nate within proliferative zones of the diencephalon and not 
in the olfactory system. Based on the potential long-term 
relationship of olfactory fibers to GnRH containing fibers, 
olfactory stimuli may play a major role in the regulation of 
GnRH secretion. 
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