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ABSTRACT 
A novel homodimeric glycoprotein was isolated and characterized 

chosen to name it, nasohypophysial factor (NHF), because it first 
appears in the olfactory system of developing larval lampreys. Not 

from the pituitaries of adult sea lampreys, Petromyzon marinus, mod- only may NHF be a new pituitary hormone but a useful probe for 
ern representatives of the earliest vertebrates. The monomer consists examining the ontogenetic and phylogenetic relationships of the pi- 
of 121 amino-acid residues in a sequence that has no resemblance to tuitary and olfactory systems in vertebrates. (Endocrinology 136: 
any known pituitary hormone. Whereas this protein is localized in 349-356, 1995) 
most cells of the rostra1 pars distalis of adult lampreys, we have 

L AMPREYS and hagfish are the only two extant repre- 
sentatives of the Agnatha (jawless fishes) that diverged 

from the main evolutionary lineage leading to gnathostomes 
early in vertebrate evolution over 550 million years ago. 
Recent paleontological analysis of extinct agnathans suggests 
that lampreys are more closely related to gnathostomes than 
either is to the hagfishes (1). 

The morphology of the lamprey pituitary gland resembles 
that of gnathostome fish, consisting of an adenohypophysis 
and a neurohypophysis. The adenohypophysis is divided 
into three regions, the rostra1 pars distalis (RPD), the prox- 
imal pars distalis (PPD) and the pars intermedia (PI) (2). The 
neurohypophysis has two regions, the anterior neurohy- 
pophysis (homologue of infundibulum) and the posterior 
neurohypophysis (homologue of the pars nervosa). This 
overt morphological similarity between pituitaries of lam- 
preys and gnathostome fish suggests early establishment of 
the endocrine and neuroendocrine functions of the tissue in 
vertebrates (3). Therefore, characterization of the pituitary 
hormones from an extant representative species of the oldest 
lineage of vertebrates is particularly important for under- 
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standing the molecular evolution and functional diversity of 
the pituitary hormones in this group of fishes. 

In contrast to recent rapid advances in molecular charac- 
terization of teleost (modern bony fish) pituitary hormones, 
arginine vasotocin of neurohypophysial origin is the only 
pituitary hormone that has been identified chemically in the 
lamprey (4). Among the possible functions of the lamprey 
adenohypophysis, melanotropic and corticotropic activities 
appear to be incontrovertible (5-9). Distribution of mela- 
notrophs in the PI (10,ll) and of corticotrophs in the RPD (11) 
seem to be consistent with the pattern in other vertebrates. 
However, whether the lamprey pituitary produces other hor- 
mones which are unique or equivalent to those in other 
vertebrates at this time is an enigma. 

The present study derives from an attempt to identify a 
gonadotropin (GTH) homologue in the pituitary glands of 
adult sea lampreys. Our strategy for identifying lamprey 
GTH was to isolate and characterize a glycoprotein that is 
composed of two subunits, since these are the biochemical 
features of all GTHs studied to date. This approach has 
proved successful in identifying two distinct GTHs from 
teleost pituitaries (12, 13). Consequently, we isolated a 
dimeric glycoprotein that we later localized immunocyto- 
chemically in cells of the RPD of the lamprey adenohypoph- 
ysis. Elucidation of its complete amino acid sequence, how- 
ever, has revealed that the lamprey glycoprotein is not 
homologous to any known pituitary hormone. We have cho- 
sen to name this protein, nasohypophysial factor, NHF, be- 
cause we have found it in the olfactory system of developing 
larval lampreys. Thus, in this report we address the question 
of the significance of the developmental topographic distri- 
bution of NHF. A related question concerns the persistence, 
apparently through several years of free-living larval life, of 
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the nasohypophysial canal and its service as a bridge of 
NHF-containing cells between the olfactory organ and the 
pituitary. 

Materials and Methods 

Zsolation of NHF 

Pituitary glands were dissected from 1280 mature sea lamprey, Petro- 
myzon marinus, in June and July 1990 at Hammond Bay Biological Station 
(Millersburg, MI). The lampreys were captured as they migrated from 
Lake Huron into the Cheboygan River for spawning and were trans- 
ported to the Biological Station. Pituitaries were rapidly removed and 
immediately frozen on dry ice and stored at -80C until extracted. Frozen 
pituitaries were weighed (4.7 g) and extracted with 10 mM ammonium 
bicarbonate, pH 7.8, containing 1.5 mM phenylmethylsulfonyl fluoride 
and 5 mM EDTA. After centrifugation (23,000 X ~,15 min, 4C), the extract 
was chromatographed on a Sephadex G-100 (Pharmacia, Piscataway, 
NJ) column (2.2 X 85 cm). A dimeric alvconrotein was isolated bv 
reversed-phase HPLC (rpHPLC) on a collmn o’f TSK gel ODS-12OT (0.46 
X 25 cm; Tosoh). 

Fractions from gel filtration and rpHPLC were analyzed by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) accord-’ 
ing to the method of Laemmli (14). The gel was stained with 0.25% 
Coomassie brilliant blue R-250 and protein bands were visualized by 
destaining in methanol-acetic acid-water (1:1.5:17.51. Immunoblotting 
was carried out by electrophoretic transfer to a nitrocellulose sheet (15) 
followed by double-antibody immunoassay with antisera raised against 
chum salmon GTH a! (161, GTH IS, and GTH IIS (121, sturgeon GTH IIS 
(unpublished), salmon GH (17), salmon PRL (181, and salmon somato- 
lactin (unpublished) in rabbits. Antiserum to rat LHfl was a gift from Dr. 
A. Parlow (National Institute of Arthritis Metabolism and Digestive 
Diseases). 

The dimeric glycoprotein was treated with endoglycosidase F (Boehr- 
inger Mannheim, Indianapolis, IN) (1 U/l mg protein) in 50 mM sodium 
phosphate, pH 8.6, at 37C for 18 h. Half of the product was digested with 
chymotrypsin (Sigma, St. Louis, MO) [enzyme-substrate raze (E/S) = 
l/ZOO; wt/wt] in 200 mM ammonium acetate, pH 8.3 at 37C for 40 min. 
The other half was reduced and S-pvridvlethvlated (191, and subse- 
quently digested with lysyl endope$dase (Wake, Osaka, Japan) (E/S 
= l/55; wt/wtl in 100 mM sodium bicarbonate, DH 8.2, at 30C for 6 h 
or endoproteinase Asp-N (Boehringer Mannheimj (E/S = l/52; wt/wt) 
in 50 mM ammonium acetate, pH 8.0 at 37C for 19 h or trypsin (Boehr- 
inger Mannheim) (E/S = l/85; wt/wt) in 200 mM ammonium acetate, 
pH 8.3 at 37C for 4 h. 

Peptide fragments were separated by rpHPLC on a column of TSK 
gel ODS-120T (0.46 X 25 cm, 5 pm). A glycopeptide fragment was further 
treated with glycopeptidase A (Seikagaku Kogyo, Tokyo, Japan) (20 U/l 
pg peptide) in 100 mM ammonium acetate, pH 4.6 at 37C for 5 h. 

Structural analysis 

Acid hydrolysis was performed in 6 N HCl at 1lOC for 18 h or 22 h. 
Amino acid composition was determined by an automated amino acid 
analyzer (Hitachi, model L8500). Sequence analysis was performed by 
use of an automated gas-phase amino acid sequencer (Shimadzu, Kyoto, 
Japan, model PSQ-1 /C-R4A). The carboxyl-terminal residue was deter- 
mined by kinetic studies of carboxypeptidase (CPase) Y digestion of a 
carboxyl-terminal peptide fragment: the peptide was digested by the 
enzyme (Takara, Otsu, Japan) at E/S = l/150 (mol/mol) in 0.2 M am- 
monium acetate, pH 6.0 at 37C for 17 hand the liberated amino acid was 
quantified by amino acid analysis. 

Immunization 

Antisera against the purified homodimer glycosylated NHF were 
raised in two rabbits. Eighty micrograms of the antigen was solubilized 
in 4 ml 0.1 N acetic acid/0.9% sodium chloride (3/37 by volume) and 
emulsified with an equal volume of Freund’s complete adjuvant. Each 
rabbit received 40 pg antigen subdermally on the back at 3-week in- 
tervals. Blood was collected 2 weeks after the third immunization. 

Zmmunocytochemistry 

About 60 young larvae of sea lampreys were maintained in plastic 
aquaria containing 5-10 cm river silt and recycled, dechlorinated-water 
at 17-20C and maintained under normal photoperiod. The larvae had 
developed from eggs fertilized from adult landlocked sea lampreys and 
were maintained in the laboratory and were reared for 35-63 days before 
fixation in Bouin’s solution. The adults were obtained from streams in 
Ontario, Canada. Older larvae or ammocoetes of searun P. murinus were 
captured by electro-shocking in a coastal stream near Durham, NH. They 
were estimated by their lengths to be about l-3 y of age, from an 
anadromous marine stock. 

Adult sea-run sea lampreys were collected in a trap located at the top 
of the salmon ladder at the Cocheco River in Dover, NH in May and June 
during their upstream spawning migration from the ocean. The lam- 
preys were transported to the freshwater fish hatchery at the University 
of New Hampshire and maintained in an artificial spawning channel 
supplied with flow-through reservoir water at ambient temperature 
range of 13-20C under natural photoperiod. They were approximately 
65 cm in total length. 

The ammocoetes and adult lampreys were killed by decapitation after 
being anesthetized by immersion in ethyl m-aminobenzoate methane- 
sulfonate. After rapid removal of the dorsal fibrocranium and exposure 
of the dorsal surface of the brain, the dissected brain and the attached 
pituitary were immersed in Bouin-Hollande sublimate solution (20). The 
fixed tissues were dehydrated through a series of increasing concen- 
trations of ethanol. Deposits of mercuric chloride were removed by 
treatment with iodine-potassium iodine in 90% ethanol for 24 h. Tissues 
were embedded in Paraplast, and serial sagittal sections of 6 pm were 
mounted on glass slides. 

Immunocytochemical staining was performed by use of a Vectastain 
avidin-biotin peroxidase complex (ABC Elite) kit-The staining proce- 
dures have been described elsewhere (20). The outimal workine dilu- 
tions of the primary antibody (lot no. 9207-09-08) tvere 1:20,000. ?o test 
the specificity of the immunostaining, the following control stains were 
performed: 1) replacement of primary antibody with normal rabbit 
serum, and 2) absorption of primary antibody with purified NHF (10 
pg/O.l ml antibody at working dilution). Furthermore, since anti-NHF 
stained intensely most cells of the RED (see Results), where Met- 
enkephalin-,lamprey ACTHi-i6, and lamprey MSH-A-like immunore- 
activities have been reported previously (10; Nozaki, M., A. Takahashi, 
H. Kawauchi, S. A. Sower, unpublished), preabsorptions of anti-NHF 
with Met-enkephalin (Si 
tion), lamprey ACTHi-’ P 

a, 50 pg/O.l ml antibody at working dilu- 
(10 wg/O.l ml antibody at working dilution), 

and lamprey MSH-A (10 pg/O.l ml antibody at working dilution) were 
also performed. 

RZA 

To determine if NHF was present in the circulating blood of lampreys, 
blood samples were collected in heparinized syringes from adult lam- 
preys by cardiac puncture. Plasma was drawn off after centrifugation 
and stored frozen at -80C until assayed for NHF. A RIA for NHF was 
developed following the double-antibody procedures for salmon GTH 
of Swanson et al. (21). The NHF antibody was used at a final dilution of 
1:5,000. The lower limit of detection was 0.312 rig/tube with an antibody 
binding efficiency of 21%. 

Results 

Characterization of NHF 

After extraction of the pituitary tissues, the homodimeric 
glycoprotein was obtained in pure form by gel filtration and 
rpHPLC (Fig. 1). Aliquots of each pooled fraction were an- 
alyzed by immunoblotting. Unexpectedly, no fraction was 
found to be immunoreactive with antisera to GTH subunits, 
GH, PRL, or somatolactin. On SDSPAGE, a protein from 
fractions II and III migrated as a single band of 36 kilodaltons 
(kDa) under nonreduced conditions, of 23 kDa after reduc- 



A NOVEL GLYCOPROTEIN IN PITUITARIES OF ADULT LAMPREYS 351 

A 

a 0 

Ill-a 1 

, 
I’ , 

/’ 

c”, 

, 

/’ 
<* . 

,’ 
/’ 

C 
0.8 

20 

,’ /’ 
,*’ , /’ /’ ,’ 

L 
/’ , 

I O.- 

I 50 100 
Tube No. 

10 30 50 10 30 50 
Time (mid Time (mid 

FIG. 1. Purification oflamprey NHF. A, Gel filtration of a lamprey pituitary extract. Column, Sephadex G-100 (2.2 X 85 cm) in 10 mM ammonium 
bicarbonate, pH 8.0. Flow rate: 3.1 ml/fraction/l2.5 min. B, rpHPLC of a dimeric glycoprotein in fraction III of the gel filtration. C, Rechro- 
matography of fraction III-a on the HPLC column. rp column: TSK gel ODS-12OT (0.46 X 25 cm, 5 pm; Tosoh). Linear gradient: 20-80% 
acetonitrile in 0.1% trifluoroacetic acid for 60 min. Flow rate, 1 ml/min. 

tion, and of 19 kDa after deglycosylation and reduction 
(Fig. 2). These results suggest that the protein consists of two 
similar glycosylated subunits. The total yield of the protein 
was 1.1 mg from 4.7 g total weight of frozen pituitaries. 

Structural analysis 

The intact molecule, proved to have a single amino acid 
sequence and allowed the assignment of 45 amino-terminal 
residues with the exception of cycles 3,11,15,19,21,38, and 
43 where no amino acid was detected. It is therefore likely 
that the protein is a homodimer. To determine the complete 
amino acid sequence, several fragments were generated with 
several enzymes. Amino acid composition of the intact pro- 
tein and fragments are listed in Table 1. 

Lysyl endopeptidase digestion of reduced and S-pyridyl- 
ethylated glycoprotein yielded three fragments (LE-18, -28, 
and -37) by rpHPLC (Fig. 3A). LE-18 and -37 confirmed the 
sequence of 1-17 and 18-42, respectively, of the protein. 
LE-28 overlapped with three residues of 43-45 of the protein 

A B 
t-1 (+I t-1 (+) 

origin - 

I 
36kDa - 

23kDa - 

I 

- 29kDa 
I 
- 19kDa 

front - 
FIG. 2. SDS-PAGE of lamprey NHF on 12% gel at pH 7.5. A, Native 
NHF without (-) and with reduction (+). B, Deglycosylated NHF 
without (-1 and with reduction (+). 

and thus an additional 18 residues were determined up to the 
64th. 

A peptide map of an endoproteinase Asp-N (AN) digest 
is shown in Fig. 3B, and five fragments (AN-14,19,37,42,49) 
were sequenced. AN-37 and AN-39 were found to corre- 
spond to residues 33-39 and 53-64, respectively. In order to 
arrange the linear sequence of three AN fragments (AN-14, 
-19, and -421, a chymotryptic peptide (Fig. 30 and three 
tryptic fragments (Fig. 3D) were subjected to sequence anal- 
ysis. C-17 overlapped with five residues of 60-64 and an 
additional 14 residues were determined up to the 78th. 
AN-42 overlapped with eight residues 71-78 and extended 
an additional 26 residues up to the 104th. T-27 and -25 con- 
firmed the sequence of 68-76 and 82-100, respectively. T-30 
overlapped with four residues 101-104 and extended an 
additional 17 residues up to the 121st. This tryptic fragment 
provided the carboxyl-terminal sequence because it con- 
tained neither Arg or Lys. The carboxyl-terminal residue was 
determined by kinetic studies of CPase Y digestion of a 
carboxyl-terminal peptide fragment (Table 2). 

The monomer consists of 121 amino-acid residues includ- 
ing five Trp (W) residues, six Cys residues, and one consen- 
sus N-glycosylation site at Asn-21 (Fig. 4 and Table 3). The 
relatively high content of Trp residues is a characteristic of 
the protein. Based on the sequence, the mol wt of the 
polypeptide was calculated to be 12.8 k, which is lower than 
that estimated by SDS-PAGE. The discrepancy can be ac- 
counted for by carbohydrate moieties on the molecule. A 
N-glycosylation site was confirmed at position 21 by se- 
quence analysis of LE-37 after deglycosylation with glyco- 
peptidase A. 

An homology search using a protein analysis system 
(Hitachi HIBIO PROSIS) revealed that the lamprey glyco- 
protein, NHF, has no significant sequence homology to the 
pituitary glycoprotein hormones or to any other sequenced 
pituitary hormones. 
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TABLE 1. Amino acid composition of NHF and its fragments 

Amino acid NBF LE-18 LE-28 LE-37 AN-14 AN-19 AN-37 AN-42 AN-49 c-17 T-25 T-27 T-30 

ll2Cys 
ASP 
Thr 
Ser 
Glu 
Pro 
GUY 
Ala 
Val 
Met 
Ile 
Leu 
Tyr 
Phe 
LYS 
hi? 
Tw 
Total 

6.0 (6) 3.0 (3) 1.0 (1) 2.0 (2) 
14.4 (17) 1.6 (2) 8.7 (12) 1.5 (2) 1.2(l) 1.3 (1) 1.0(l) 3.3 (1) 

4.0 (3) 0.6 (1) 1.5 (2) 
11.5 (15) 3.0 (4) 1.2 (1) 4.6 (6) 0.7 (1) 4.1(4) 
13.0 (13) 1.3 (1) 2.0 (2) 1.9 (2) 3.2 (3) 1.4 (1) 5.4 (5) 

4.3 (4) 1.0 (1) 1.4 (1) 1.2 (1) 0.9 (1) 0.9 (1) 
13.4 (13) 1.2 (1) 1.4 (1) 2.2 (2) 1.4 (1) 1.2 (1) 8.7 (8) 
13.9 (13) 1.6 (2) 4.5 (4) 3.0 (4) 3.0 (3) 0.5 (1) 0.8 (1) 

6.2 (6) 1.5 (2) 1.0 (1) 0.9 (1) 2.3 (3) 
0.8 (1) 0.4 (1) 
2.5 (2) 2.0 (2) 0.8 (1) 

10.3 (10) 0.9 (1) 2.4 (2) 3.5 (4) 1.3 (1) 1.7 (2) 2.2 (2) 
0.6 (1) 0.6 (1) 
2.6 (2) 0.9 (1) 0.9 (1) 
3.5 (4) 0.8 (1) 1.2 (1) 0.9 (1) 0.8 (1) 
5.0 (6) 0.8 (1) 2.3 (2) 1.0 (1) 1.4 (2) 

ND (5) ND (1) ND (3) 

(121) (16) (32) (25) (2) (17) (9) (32) 

1.1(l) 3.5 (4) 3.6 (4) 1.1 (1) 

1.0 (1) 3.0 (3) 3.8 (4) 1.4 (1) 5.4 (6) 
0.9 (1) 1.6 (1) 3.4 (3) 5.0 (5) 

1.0 (1) 0.8 (1) 
7.8 (8) 1.1 (1) 

3.0 (3) 3.2 (3) 1.2 (1) 3.2 (3) 
2.7 (3) 

0.7 (1) 1.7 (2) 0.9 (1) 1.1(l) 
1.7 (2) 1.2 (1) 1.2 (1) 

0.8 (1) 
0.9 (1) 1.1(l) 

0.9 (1) 1.8 (2) 1.0 (1) 
ND (1) ND (2) 

(12) (19) (18) (9) (21) 

lACys, Detected as cysteic acid in NHF and as pyridylethylated cystein in fragments. ND, Not determined. Number in parenthesis was 
obtained from amino acid sequence. 

FIG. 3. Peptide maps of endoproteinase 
Asp-N digest (A), lysyl endopeptidase 
digest (B), chymotryptic digest (C), and 
tryptic digest (D). Peptide fragments 
were separated by rpHPLC on a column 
of TSK gel ODS-12OT (0.46 X 25 cm, 5 
pm). Linear gradient: (A) 2% to 52% ace- 
tonitrile in 10 mM ammonium acetate, 
pH 4.6, for 100 min. B, C, and D, 2-62% 
acetonitrile in 0.1 trifluoroacetic acid for 
120 min. Column temperature, 40C. 
Flow rate, 1 mI/min. 
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TABLE 2. Kinetics of carboxypeptidase Y digestion of T-30, 
a C-terminal fragment of NHF 

Amino acid 
2h 

Mole ratio 

4h 17 h 

Ala 0 0.3 1.0 
Gln 0 0 0.2 

Immunocytochemistry 

In the adult pituitaries, there was a strong immunoreaction 
localized to most cells of the RPD and a few scattered cells 
of the PPD (Fig. 5). These reactive cells of the RPD corre- 
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spond, at least in part, to the cells containing Met-enkepha- 
lin-like (10) and ACTH-like immunoreactivity (11). How- 
ever, anti-NHF did not cross-react with Met-enkephalin, por- 
cine ACTH, or newly identified lamprey ACTH’-16 
(Takahashi, A., M. Nozaki, Y. Amemiya, S. A. Sower, A. 
Gorbman, and H. Kawauchi, unpublished), since preabsorp- 
tions of the antiserum with these peptides (1050 /.&lo0 ~1 
antiserum at working dilution) had no effect on staining 
intensities. The adult pars intermedia, in contrast to strong 
NHF stainability of this region in I-yr-old ammocoetes, con- 
tains only rare NHF-immunoreactive cells. The neurohy- 
pophysis appears to be almost free of NHF immunoreactiv- 
ity. In the adult there appears to be no persistent remnants 
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1 5 10 15 
H-Ala-Met-Cys-Trp-Ala-Arg-Leu-Asp-Gln-Gly-Cys-Phe-T~-Asp-Cys- 

native2 ND 1 \ \ \ \ \ \ND \ \ \ND 
LE-18\ \ \ \ \ \ \ \ \ \ \ \ 

20 * 25 30 
Lys-Lys-Tyr-Cys-Ser-Asn-Gly-Thr-Arg-Ala-Gly-Thr-Pro-Ala-Ala- 
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LE-37\\\\\\ 

AN-37\\\\ LE-28\\\ 

50 55 60 
Asp-Gly-Asp-Asp-Asn-AspAsp-Asp-As~Ala-Pro-Leu-Leu-Gln-Trp-Ile- 

LE-28\ \ \ \ \ \ \ \ 
AN-4 9\\\\\ s 

FIG. 4. Proposed amino acid sequence c-172 
of lamprey NHF. *, Glycosylation site; 
ND, not detected; _, amino acid deter- 65 70 75 
mined by an amino acid sequencer. Ala-Ser-Arg-Ala-Glu-Ser-Arg-Ser-Asp-Phe-AspIle-Ala-Asn-Asn- 

LH-28\\continued AN-42 \ \ \ J \ 
AN-49-2 AN-142 

T-27\\\\ 
c-17\\\-\\\\\ 

80 85 90 
Lys-Trp-Trp-Leu-Val-Arg-Trp-Gly-Gly-Gln-Ser-Gly-Leu-Ser-Gly- 
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of the nasohypophysial duct other than the adenohypoph- 
ysis itself. 

In the youngest larvae studied (35-63 days), all the cells of 
the dorsally open olfactory sac contained immunoreactive 
NHF (Fig. 6). The region of the olfactory bulbs that makes 
contact with the olfactory organ also contains immunoreac- 
tive NHF. From these NHF-stained neurons, axonal fibers, 
also NHF-stained, extend towards the diencephalon. A few 
clustered cells of the adenohypophysis at this stage, located 
just posterior to the optic chiasma, are heavily immunola- 
beled for NHF (Fig. 6). 

In larvae 4.5-8.5 cm long (l-3 y old), the cells of the 
olfactory sac are more elongated than in the younger larvae 
and the NHF-immunoreactive cytoplasm of these cells is 
localized between the nucleus and the luminal surface (Fig. 
7). The lumen of the olfactory organ also contains some 
NHF-immunoreactivity. From the ventral edge of the olfac- 
tory organ, a thick hollow duct extends below the brain and 
connects posteriorly with the RPD, below the neurohypoph- 
ysis (Fig. 7). This is clearly the remainder of the original 

nasohypophysial duct described by Sholdice and McMillan 
(22) and Gorbman and Tamarin (23). Its narrow lumen is still 
visible in most places, and most of its constituent cells contain 
NHF-immunoreactive material (Fig. 7b). At a level just pos- 
terior to the optic chiasma the nasohypophysial duct broad- 
ens and thickens as it forms the RPD (Fig. 7~). Although a 
clear distinction cannot be made at this stage between the 
rostra1 and proximal pars distalis, it does appear that the 
future PPD contains fewer immunostained cells. The PI can 
be recognized as the most posterior part of the nasohypophy- 
sial complex. The PI lies below a thickened region of the floor 
of the third ventricle that will form the posterior part of the 
neurohypophysis. The PI in specimens of this age is heavily 
stained by the NHF antibody reaction (Fig. 7~). 

RIA 

NHF was detected in the plasma averaging 43 ng/l.O ml 
plasma. A parallel displacement curve was obtained with 
serial dilutions of lamprey plasma. 



354 A NOVEL GLYCOPROTEIN IN PITUITARIES OF ADULT LAMPREYS Endo. 1995 
Vol136 . No 1 

TABLE 3. Yields of pheylthiohydantoin PTH amino acids from NHF and its fragments (pmol) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 

Cycle Native LE-18 LE-28 LE-37 m-14 AN-19 AN-37 AN-42 AN-49 c-17 T-25 T-27 T-30 
no. 

A(3101 A(1321 C(40) Y(123) D(173) D(65) E(132) DC481 D(91) I(3491 W(80) S(40) V(409) 
M(270) M(125) S(l3) C(89) F(123) L( 147) N( 128) 166) 
-co 

W(108) 
A(2631 
R(101) 
L(211) 
D(161) 
QWO) 
G(106) 
-co 
F( 153) 
T(35) 

D(113) 
- (-1 

K(106) 
K(110) 
Y(100) 
-((-I 
SW31 

-(-I” 
G(49) 
T(l3) 
RW) 
NV-3 
G(38) 
T(9.4) 
PC281 
A(61) 
A(63 
VW3 
L(43) 
W5) 
NW3 
L(40) 
L(43) 
A(451 
---I 
VW 
Q(33) 
WW 
K(20) 
-(-I 
S(5.5) 
DCM 

C(128) 
WSO) 
A(113) 
NW 
L(94) 
DC711 
Q(79) 
G(51) 
C(29) 
FU6) 
T22) 
DC491 
CGa 
K(68) 
KC521 

D(21) 
D(36) 
GG3) 
DC151 
mm 
NC21) 
DU5) 
DC151 
D(l9) 
A(171 
P(9.1) 
U12) 
LU8) 
QWU 

W(5.5) 
I(7.5) 

A(9.4) 
S(2.0) 
R(7.7) 
AWN 

scm 
D(661a 
G(59) 
TCW 
R(69) 
A(751 
G(43) 
TU5) 
P(39) 
A(441 
A(461 
W8) 
L(31) 
E(l5) 
NEW 
L(21) 
L(30) 
-4G9) 
C(11) 
VU31 
&Cl21 
L(lU 

K(4.6) 

A(1711 
G(97) 

QUlS) 
V(119) 
E(79) 
S(l7) 
SU5) 
P(56) 
A(711 
S(9.6) 
S(9.3) 
S(7.8) 
S(6.7) 
Q(l5) 

A(7.8) 

LV.2 A(671 
L(@3) NC551 
A(711 NC531 
WW Kc571 
17c22) WW) 

W18) 
L(35) 
V(33) 
N2.3 
WW) 
‘323) 
GGW 
QCM 
S(4.4) 
Gm3 
LU3) 

S(2.4) 
‘X12) 
E(7.9) 
G(11) 
GW) 
E(5.9) 
S(1.7) 
G(8.1) 
G(8.0) 
S(0.8) 
P(3.0) 
R(2.8) 
V(3.3) 
E(2.8) 
Q(5.9) 
V(1.8) 

A(1261 
PC671 
L(77) 

L(104) 
QG6) 
WC33 
1651) 

A(571 
S(6.8) 
RU7) 
A(20) 

A(377) 
SW3 

R(215) 
A(2781 
E(214) 

SC351 
R(i28) 
SW) 
DC791 

F( 122) 
D(80) 
I(103) 

A(1151 
N(97) 

N(118) 
K(106) 
W(20) 
W(lO) 

G(115) 
‘399) 
Q(97) 
W% 
G(65) 
I&33) 
S(l3) 
G(45) 
EC461 
G(39) 
G(40) 
EC351 
S(6.9) 
GC.W 
WW 
S(4.8) 
P(9.9) 
R(3.8) 

DC751 
F(189) 
m38) 
I(1611 
A(1781 
N( 138) 
N(137) 
K(116) 

E(405) 
Q(318) 
V(336) 
D(186) 
L(303) 
A(310) 
G(174) 
Q(212) 
V(219) 
E(170) 

S(29) 
S(31) 

P(100) 
A(114) 

S(l7) 
5W3) 
S(l7) 
SU3) 
QGW 
-4ua 

Cys was determined as PTH-S-pyridylethyl-Cys. p, Not detected. 
a Glycoslyation site. 

Discussion 

A novel homodimeric glycoprotein was isolated and char- 
acterized from the pituitaries of adult sea lampreys, modern 
representatives of the earliest vertebrates. The monomer con- 
sists of 121 amino-acid residues in a sequence that has no 
resemblance to any other known pituitary hormone. 
Whereas this protein is localized in most cells of the rostra1 
pars distalis of adult lampreys, we have chosen to name it 
NHF because it first appears in the olfactory system of de- 
veloping larval lampreys. In addition, NHF was detected to 
be present in the blood of adult lampreys. 

In the adult, no NHF immunoreactivity was present in the 
olfactory organ, olfactory bulb, hypothalamus, or neurohy- 
pophysis, whereas the majority of the cells in the RPD of the 
pituitary were heavily stained. Again, in the adult, very few 
cells of the PPD were immunoreactive to NHF and even 

.’ . 

FIG. 5. Immunostaining of a sagittal section through the pituitary of 
an adult sea lamprey using an antiserum against lamprey NHF. The 
RPD is heavily immunolabeled for NHF, but only a small proportion 
of cells are labeled in the PPD. OC, Optic chiasma. Scale bars, 200 Frn. 

fewer cells of the PI which contrasts to the strong NHF 
reaction of the PI in the 4.5 to 8.5 cm-long ammocoetes. 

Proof of actual migration of NHF immunoreactive cells is 
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FIG. 6. Immunostaining of a sagittal section through the brain of a 
developmental larval lamprey at 56 days after fertilization. Note the 
NHF immunoreactions in the olfactory system, olfactory organ (O), 
and olfactory bulb (OB). Also note heavily stained adenohypophysial 
cells (AH). OC, Optic chiasma. Scale bars, 40 pm. 

as yet lacking for pathways from the olfactory organ to the 
hypothalamo-hypophysial system of lampreys. In the 
youngest larval lamprey examined by us (35 days post fer- 
tilization), NHF immunoreactivity already was present in the 
hypophysial as well as the olfactory structures. Available 
evidence indicates that NHF-containing cells are formed in 
the pars distalis and the olfactory epithelium at about the 
same time. 

The strong presence of the peptide nasohypophysial fac- 
tor, NHF, in the developing olfactory and adenohypophysial 
tissues, as well as in the pituitary and blood of adult lam- 
preys, argues for an important function for this substance. 
The fact that its 121 amino acid sequence bears no resem- 
blance to that of any known pituitary hormone raises addi- 
tional important questions. One unanswered question con- 
cerns the presence of NHF within the olfactory and pituitary 
systems of vertebrates other than the lampreys. It is difficult 
to conceive at this point that a pituitary protein with this 
developmental history, and abundance, in the RPD, has no 
significant functional role. 

In tests designed to identify NHF with a known gonado- 
tropin function, there was no stimulation of steroidogenesis 
in vitro in lamprey testis or ovary (Sower, S.A., unpublished). 
This is a classical gonadotropic role that has been previously 
demonstrated for lamprey pituitary (24). Moreover, GnRH 
from the hypothalami of the adult sea lamprey have been 
characterized (25, 26) and physiological (24, 27) and immu- 
nocytochemical (28) evidence implies that these hypotha- 
lamic hormones regulate the pituitary-gonadal axis. Al- 
though none of the cells in the lamprey pituitary appear to 
be ultrastructurally comparable to mammalian gonado- 
trophs, Knox et al. (29) have shown that radiolabeled GnRH 
is bound specifically to the PPD, where GTH-producing cells 
are localized in other vertebrates. Taken together, these stud- 
ies suggest the existence of a GTH homologue in the lamprey 
pituitary. The protein described in this study, however, 
showed no immunoblot reactivity with antisera against other 
vertebrate GTHs, or against GH, PRL, and somatolactin. It is 

FIG. 7. Immunostaining of a nearly midsagittal section through the 
brain of an ammocoete larvae 8.5 cm long. The areas outlined by 
rectangles are enlarged and shown in b and c. The section extends 
from the olfactory organ (0) to the PI of the pituitary. The more 
anterior parts of the pituitary are the PPD relatively free of NHF 
immunoreactivity, and the RPD which is stained heavily. Between 
the olfactory organ and pituitary is the epithelial remnant, the re- 
mainder of the nasohypophysial duct, which earlier connects these 
two structures. It retains NHF immunoreactivity (arrowheads in b). 
NHF-like immunoreactivity is also present in the olfactory system, 
olfactory organ, and olfactory bulb (OB). An arrow in b indicates the 
lumen of the nasohypophysial duct. OC, Optic chiasma. Scale bars, a, 
200 pm; b-c, 40 pm. 

most likely that these pituitary hormones of lamprey, if they 
exist, are significantly different from other vertebrates. In- 
deed, we have found that even the N-terminal region of 
lamprey ACTH differs from that of gnathostome counter- 
parts, and that two other MSHs could be assigned as neither 
/3-MSH or y-MSH (Takahashi, A., M. Nozaki, Y. Amemiya, 
S. A. Sower, A. Gorbman, and H. Kawauchi, unpublished). 

In this study NHF has served as a useful cellular marker 
that has revealed some interesting and unexpected devel- 
opmental relationships between the lamprey pituitary and 
olfactory systems. NHF distribution in larval lampreys in- 
dicates that there are two possible cellular routes of migra- 
tion between the olfactory system and the hypothalamo- 
hypophysial system. One is the neuronal pathway from the 
olfactory epithelium, through the telencephalon, to the hy- 
pothalamus; the other is the epithelial route via the nasohy- 
pophysial duct connection. The neuronal route, as a path of 
GnRH cells from the olfactory epithelium to the hypothal- 
amus, has been studied in a number of vertebrate groups, 
including the mammals (29,31-35). Whereas it has not been 
demonstrated that GnRH follows a similar migration in lam- 
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preys, its olfactory origin has been described in embryos of 
birds, and mammals in addition to amphibians (30-341, 
which suggests that it is a common vertebrate phenomenon. 

If NHF is not migratory, like GnRH, but is synthesized 
simultaneously in the olfactory organ, the nasohypophysial 
duct and the adenohypophysis, then it is probable that NHF 
synthesis is a common property of all cells descended from 
the original head epithelium that forms the olfactory epi- 
thelium and nasohypophysial duct in lamprey embryos (23). 
The evidence that we have presented here shows that in the 
adult lamprey, NHF is no longer present in the olfactory 
organ or brain. 

Thus, whereas GnRH is not found in the adult lamprey 
pituitary, NHF is a prominent cellular constituent of the 
pituitary and, in particular, the RPD. It is possible that during 
development, NHF presence is a common, and possibly 
primitive, property of all nasal and nasohypophysial tissues 
in early vertebrate embryos. 

Acknowledgments 

We thank Yukiko Ishikawa and Cindy F. Chase for their skillful 
technical assistance. 

References 

1. Forey P, Janvier P 1993 Agnathans and the origin of jawed verte- 
brates. Nature 361:129-134 

2. Gorbman A 1980 Evolution of the brain-pituitary relationship: ev- 
idence from the agnatha. Can J Fish Aquat Sci 37~1680-1686 

3. Ball JN, Baker BI 1969 The pituitary gland: anatomy and histo- 
physiology. In: Hoar WS, Randall DJ, feds) Fish Physiology. Aca- 
demic Press, New York, vol l:l-110 

4. Lane TF, Sower SA, Kawauchi H 1988 Arginine vasotocin from the 
pituitary gland of the lamprey (Petromyzon marinus): isolation and 
amino acid sequence. Gen Comp Endocrinol70:152-157 

5. Young JZ 1935 The photoreceptors of lampreys. III. Control of color 
change by the pineal and pituitary. J Exp Biol 12:258-270 

6. Lanzing WJR 1954 The occurrence of a water balance, a melano- 
phore expanding and oxytocic principle in the pituitary gland of the 
river lamprey (Lamp&u fluviatilis L.). Acta Endocrinol (Copenh) 
16277-284 

7. Larsen LO 1965 Effects of hypophysectomy in the cyclostome, Lum- 
p&a fluviutilis (L.) Gray. Gen Comp Endocrinol 5:16-30 

8. Larsen LO, Rothwell B 1972 The adenohypophysis. In: The Biology 
of Lamurevs. Hard&v MW, Potter IC feds) Academic Press, Lon- 
don, vdl 2:1-67 ’ 

9. Baker BI, Buckingham JC 1983 A study of corticotropic and mela- 
notropic activities in the pituitary and brain of the lamprey, Lamp&u 
j7uviutilis. Gen Comp Endocrinol 52:28%290 

10. Nozaki M, Gorbman A 1984 Distribution of immunoreactive sites 
for several components of pro-opiocortin in the pituitary and brain 
of adult lampreys, Petromyzon murinus and Entosphenus tridentutus. 
Gen Comp Endocrinol 53:33%352 

11. Dores RM, Finger TE, Gold MR 1984 Immunohistochemical local- 
ization of enkephalin- and ACTH-related substances in the pituitary 
of the lamprey. Cell Tissue Res 235:107-115 

12. Suzuki K, Kawauchi H, Nagahama Y 1988 Isolation and charac- 
terization of subunits from two distinct salmon gonadotropins. Gen 
Comp Endocrinol71:302-306 

13. Koide Y, Itoh H, Kawauchi H 1993 Isolation and characterization of 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

two distinct gonadotropins, GTH I and GTH 11, from bonito (tit- 
SUWD~US plelemis) pituitary glands. Int J Pept Prot Res 41:52-65 
Laemmli UK 1970 Cleavage of structural proteins during the as- 
sembly of the head of bacteriophage T4. Nature 227680-685 
Towbin H, Staehaelin T, Gordon J 1979 Electrophoretic transfer of 
proteins from polyacrylamide gels to nitrocellulose sheets: proce- 
dure and some applications. Proc Nat1 Acad Sci USA 76:4350-4354 
Itoh H, Suzuki K, Kawauchi H 1990 The complete amino acid 
sequence of a subunits of chum salmon gonadotropins. Gen Comp 
Endocrinol 78:56-65 
Kawauchi H, Moriyama S, Yasuda Y, Yamaguchi K, Shirahata K, 
Kubota J, Hirano T 1986 Isolation and characterization of chum 
salmon growth hormone. Arch Biochem Biophys 244542-552 
Kawauchi H, Abe K, Takahashi A, Hirano T, Hasegawa S, Naito 
N, Hirano T 1983 Isolation and properties of chum salmon prolactin. 
Gen Comp Endocrinol49:446-458 
Friedman M, Km11 LH, Cavins JF 1970 The chromatographic de- 
termination of cystine and cysteine residues in proteins as S-8-(4- 
pyridylethyl) cysteine. J Biol Chem 245:3868-3871 
Romeis B 1948 “Microskopische Technik” 15 verb. Aufl Leibnit 
Verlag, Munchen 
Swanson P, Bernard M, Nozaki M, Suzuki K, Kawauchi H, Dick- 
hoff WW 1989 Gonadotropins I and II in juvenile coho salmon. Fish 
Physiol Biochem 7~169-176 
Sholdice JA, McMillan DB 1985 Pituitary cysts in the sea lamprey 
of the Great Lakes, Petromyzon murinus L. Gen Comp Endocrinol 
57:135-149 
Gorbman A, Tamarin A 1985 Early development of oral, olfactory 
and adenohypophyseal structures of agnathans and its evolutionary 
implications. In: Foreman RE, Gorbman A, Dodd M, Olsson R feds) 
Evolutionary Biology of Primitive Fishes. (Plenum, New York) pp 
165-185 
Sower SA, King JA, Millar RP, Sherwood NM, Marshak DR 1987 
Comparative biological properties of lamprey gonadotropin-releas- 
ing hormone in vertebrates. Endocrinology 120~773-779 
Sherwood NM, Sower SA, Marshak DR, Fraser BA, Brownstein 
MJ. 1986 Primary structure of gonadotropin-releasing hormone 
from lamprey brain. J Biol Chem 261:4812-4819 
Sower SA, Chiang YC, Lovas S, Conlon JM 1993 Primary structure 
and biological activity of a third gonadotropin-releasing hormone 
from lamprey brain. Endocrinology 132~1125-1131 
Sower SA 1989 Effects of lamprey gonadotropin-releasing hormone 
and analogs on steroidogenesis and spermiation in male sea lam- 
preys. Fish Physiol Biochem 7~101-107 
King JC, Sower SA, Anthony ELP 1988 Lamprey gonadotropin 
releasing hormone neurons in the brain of the sea lamprey, Petro- 
myzon murinus. Cell Tissue Res 253:1-8 
Knox CJ, Boyd SK, Sower SA 1994 Characterization and localiza- 
tion of gonadotropin-releasing hormone receptors in the adult fe- 
male sea lamprey, Petromyzon murinus. Endocrinology 134:492-498 
Muske LE, Moore FL 1988 The amphibian nervus terminalis: anat- 
omy, chemistry and relationship with the hypothalamic LHRH sys- 
tem. Brain Behav Evol 32:141-150 
Muske LE, Moore FL 1990 Ontogeny of immunoreactive gonado- 
tropin-releasing hormone neuronal systems in amphibians. Brain 
Res 534:177-l 87 
Schwanzel-Fukuda M, Pfaff DW 1989 Origin of luteinizing hor- 
mone-releasing hormone neurons. Nature 338161-164 
Norgren RB, Lehman MN 1991 Neurons that migrate from the 
olfactory epithelium in the chick express luteinizing hormone-re- 
leasing hormone. Endocrinology 128:1676-1678 
Kawamura K, Kikuyama S, Arai Y 1992 The origin of the lutein- 
izing hormone-releasing hormone (LHRH) neurons in newts 
(Cynops pyrrhoguster): the effect of olfactory placode ablation. Cell 
Tissue Res 269:21-27 


