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Abstract
HagWsh represent the oldest extant craniates and are an important link between invertebrates and vertebrates. However, key elements
of the reproductive system have not been elucidated in hagWsh. There is new evidence from our recent studies that Atlantic hagWsh may
have a seasonal reproductive cycle. These data include seasonal changes in gonadotropin-releasing hormone, gonadal steroids, estradiol,
and progesterone, corresponding to gonadal reproductive stages along with the putative identiWcation of a functional corpus luteum. The
corpus luteum in non-mammalian vertebrates secretes mainly progesterone thought to be involved in the retention of eggs and down regulation of vitellogenin synthesis. The most ancient vertebrate that is known to have a functional corpus luteum is the dogWsh, Squalus
acanthias. However, brown bodies, hypothesized to be corpora lutea, have been observed by scientists for over 100 years in the gonad of
the hagWsh. To date, data in support of these brown bodies acting as corpora lutea have consisted mainly of observational studies. Therefore, we examined the putative corpora lutea (post-ovulatory follicles) in hagWsh by histology, electron microscopy, and production of
progesterone and estradiol. Progesterone concentrations from post-ovulatory follicles were signiWcantly higher (12 § 1.5 pg/mg gonad tissue wet weight) compared to controls containing only gonadal tissues and oocytes (3.6 § 1.5 pg/mg gonad tissue wet weight) (p < 0.05).
Estradiol was detected in seven of the 13 samples containing only gonadal tissue with oocytes and ranged between 0.6 and 0.18 pg/mg
gonad tissue wet weight and was not detected in any of the media containing only corpora lutea samples. Light and electron microscopy
analysis supported that these structures were corpora lutea like structures (post-ovulatory follicles). From these results, we hypothesize
that hagWsh have functional corpora lutea like structures that produce progesterone.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction
The corpus luteum is a transient endocrine gland that
forms in the ovary of mammals and some non-mammals
from the follicular layers after ovulation. The evolution of
the corpus luteum is associated with the event of viviparity
in mammals and is necessary for the production of progesterone that is necessary for growth and maintenance of
*
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pregnancy (Juengel et al., 1999). In non-mammalian vertebrates, the corpus luteum forms from the post-ovulatory
follicles or from atretic follicles and secretes mainly progesterone thought to be involved in the retention of eggs and
regulation of hepatic vitellogenin synthesis (ChieY and
ChieY-Baccari, 1999). The corpus luteum shares characteristics with other steroid producing cells, such as extensive
endoplasmic reticulum, large numbers of mitochondria and
the accumulation of lipid used in the synthesis of steroid
hormones.
The corpus luteum has been identiWed in birds, Wsh, reptiles, and amphibians (ChieY and ChieY-Baccari, 1999)
(Fig. 1). The oldest extant jawed vertebrate in which the
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Fig. 1. Schematic diagram of the presence or absence of corpora lutea in
vertebrates.

corpus luteum had been positively identiWed is the dogWsh
(Squalus acanthias) (Tsang and Callard, 1987). Earlier studies of Hisaw and Hisaw (1959) reported the formation of
the corpora lutea in six species of elasmobranch Wshes. To
date the corpus luteum of pregnancy in the dogWsh is phylogenetically the most ancient and ontogenetically the longest lived functional structure of this kind known in the
vertebrate kingdom (Tsang and Callard, 1987). The formation of a true corpus luteum in the most ancient vertebrates,
the cyclostomes, has not been resolved. The presence of a
luteal like structure in cyclostomes has been observed but
its function has remained an enigma. Cyclostomes are composed of the Petromyzonitidae (lampreys) and the Myxinidae (hagWsh). Lampreys spawn only once in their life and
then die, hence there is no further development of the structures remaining in the ovary after ovulation (Saidapur,
1982). HagWsh however are thought to be multiple spawners and several researchers have described “brown bodies”
in the hagWsh gonad that appear to be post-ovulatory follicles or atretic eggs in the process of resorption (Powell
et al., 2005; Kosmath et al., 1983A,B; Lyngnes, cited in
Walvig, 1963).
The adult hagWsh ovary is comprised of germinal tissue
that is restricted to the free edge of the membranous
gonad (Sower and Gorbman, 1999). Female hagWsh produce between 20 and 30 yolky, shelled eggs at a time.
Numerous small oocytes move upward within the membrane as they grow. As the development proceeds, the
eggs change shape from round to oblong, and Wnally to a
spindle shape (Sower and Gorbman, 1999). Females do
not have oviducts so the mature eggs are released into the
abdominal cavity (Gorbman, 1997). The eggs vary in size
from 14 to 25 mm, with the size depending mostly upon
the species (Patzner, 1978). The eggs usually have hooked
Wlaments at either end that keep the eggs connected
together. This enables them to be ejected in a long chain.
A current theory is that the eggs are ovulated through the
cloacal pore and are expelled under pressure by muscular
contractions (Gorbman, 1997). Empty follicles that
appear as brown nodes remain in the ovary after the egg
has been discharged.

The histology of the ovary as described by Lyngnes
(1936, cited in Walvig, 1963) includes two major groupings beyond the normal developing eggs referred to as
atresia or degeneration of non-ovulated follicles and
regression of ovulated follicles. The post-ovulatory follicles in Myxine are of two kinds, solid tissue masses or
Xuid Wlled cysts (Walvig, 1963). These structures form
through a process of follicular atresia accompanied by
hypertrophy of the follicular cells. Degeneration of the
ovulated follicles is believed to give rise to the yellow or
brown bodies resembling corpora lutea in the gonads of
hagWsh. There have been several detailed studies of the
atretic follicles and regression of the ovulated follicles
(reviewed in Walvig, 1963). Resorption of the regression
of ovulated follicles appears to occur slowly since it is
possible to distinguish as many as four generations of follicles (corpora lutea) in various degrees of involution
(Walvig, 1963). However, the function of these follicles
remains unclear. Tsuneki and Gorbman (1977) and Kosmath et al. (1983A,B) performed electron microscopical
and histochemical investigations in post-ovulatory follicles in Eptatretus stouti and M. glutinosa, respectively,
and did not Wnd any evidence for hormone-producing
cells. However, ChieY and Botte (1970) demonstrated the
presence of cholesterol in the post-ovulatory follicles,
which is associated with the luteinization process and the
formation of the corpus luteum. Progesterone has been
identiWed in the gonads of the hagWsh species Eptatretus
burgeri and Myxine glutinosa (Hirose et al., 1975; Powell
et al., 2004) but little is known about the steroids associated with these brown bodies and the steroid production
of the brown bodies alone has not been examined in hagWsh.
To test the hypothesis that the brown/yellow bodies
(post-ovulatory follicles) in the hagWsh gonad function as
corpora lutea, progesterone, and estradiol concentrations
of the brown bodies and gonadal tissue containing only
oocytes were determined. The tissues were also examined
histologically using both light and electron microscopy.
2. Materials and methods
2.1. HagWsh collection
Atlantic hagWsh M. glutinosa, identiWed according to the characteristics and geographic locations described by Bigelow and Schroeder (1948),
were trapped monthly from November 2001, to October 2002, at JeVeries
Ledge (42°50.6⬘N, 70°10.079⬘W) in the Gulf of Maine using the University
of New Hampshire Research Vessel Gulf Challenger as part of an ongoing
study on growth and reproduction. HagWsh were trapped using modiWed
200 L plastic barrels baited with salted herring and Wtted with one-way
cones. Traps were set for 45–60 min at a depth of 100–150 m. Large hagWsh
45–55 cm+ from the October 2002, sample were chosen to increase the
probability of obtaining mature female hagWsh with brown bodies. HagWsh were maintained in 4 °C seawater and transported to the University of
New Hampshire, Durham, New Hampshire and held for 24–48 h in chilled
seawater (4 °C) tanks until dissected.
The Atlantic hagWsh used for electron microscopy were caught oV the
coast of New England by New England Eel Processors (Gloucester, MA)
during February and March of 2005.
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2.2. Tissue collection for radioimmunoassay and microscopy
HagWsh were anesthetized by immersing in a solution of 0.05 g/L tricanine methylsulfonate (MS222), weighed, measured for length, and decapitated. Thirteen large hagWsh containing brown bodies in their gonads were
identiWed during dissections. Tissue samples containing only brown or yellow bodies (representing post-ovulated follicles) or only gonad tissue with
developing oocytes were then removed. Post-ovulatory follicles (early,
middle, and late stages of luteal regression) were selected for electron
microscopy studies based on the size and color in which the early stages
were yellow and larger and as regression progressed, the follicles became
smaller and the color changed to brown.

2.3. Microscopy
The tissues were placed in individual wells of a 24-well culture plate
with 500 L buVered saline (Hirose et al., 1975). The tissues were preincubated for one hour at 4 °C on a shaker. The preincubation media were
removed and replaced with 500 L pregnenolone in buVered saline
(150 ng/mL media), the tissue was incubated with shaking for 48 h at 4 °C.
After 48 h the tissues were removed, blotted and weighed. Tissues were
Wxed in Bouin’s solution, embedded in wax, sectioned (7 m thickness) and
stained with eosin and hematoxylin for light microscopy. Isolated corpora
lutea were Wxed in modiWed Karnovsky’s Wxative (2% gluteraldehyde, 2%
formalin, and 0.1 M Na cacodylate buVer, pH 7.2) then rinsed with cacodylate buVer, pH 7.2, and post-Wxed with 1% OsO4 in 0.1 M Na cacodylate
buVer, pH 7.2 (Karnovsky, 1965). The samples were then rinsed with cacodylate buVer, pH 7.2, followed by dehydration and embedded using Poly/
Bed 812 Embedding Media/DMP-30 Kit (Polysciences #08792-1) using a
standard Mollenhauer mixture (Mollenhauer, 1964). Thick sections (1 m)
were taken and stained with toluidine blue for light microscopy for orientation purposes. Selected samples were then thin sectioned, placed on copper grids, and stained with lead citrate and uranyl acetate. The samples
were photographed with a Leo/Zeiss 922 omega transmission electron
microscope.

2.4. Radioimmunoassay
The culture media were collected and frozen at ¡80 °C until
extracted, and assayed for estradiol and progesterone by radioimmunoassay (RIA) following the procedures described by Sower and Schreck
(1982). The RIA for estradiol-17 used antiestradiol-17 (S-244)
obtained from G. Niswender (Colorado State University, Fort Collins).
The estradiol antiserum was used at a dilution of 1:85,000. The lower
limit of detection was 0.488 pg/0.1 mL. The intraassay and interassay
coeYcients of variation for the estradiol RIA were 5.4 and 6%, respectively. The RIA for progesterone used antiprogesterone (337) obtained
from G. Niswender (Colorado State University, Fort Collins). The progesterone antiserum was used at a dilution of 1:8500. Cross-reactivities
of progesterone antiserum 337 were shown to be 100% progesterone;
3.7% pregnenolone; 0.8% testosterone, and n.d. estradiol (Koligian and
Stormshak, 1977). The lower limit of detection was 7.8 pg/0.1 mL. The
intraassay and interassay coeYcients of variation for the progesterone
RIA were 2 and 5%, respectively.

2.5. Statistics
SigniWcance was calculated using Student’s t test (n D 13, p < 0.5).

3. Results
3.1. Histology
3.1.1. Light microscopy
The brown/yellow bodies (post-ovulatory follicles) were
present in the gonad tissue of hagWsh with maturing eggs.
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The brown/yellow bodies “corpora lutea” were of two types
either circular, solid, Wlled with cellular material or elongated with little material inside the structure. Solid “corpora lutea” were Wlled cells that were less densely packed
than those occurring on the outer margins of the “corpus
luteum.” Both types of corpora lutea had well deWned layers of cells around the outer margin (Fig. 2). This welldeWned layer of cells is arranged concentrically around the
follicle and resembles the theca lutein cells surrounding a
“corpus luteum.” The inner layer of cells is much thicker
and resembles the granulose lutein cells of the mature “corpus luteum.” The gonad tissue contained oocytes of various
sizes but no brown bodies “corpora lutea” (Fig. 3). The
outer cell layer is well deWned in the oocytes.
3.1.2. Electron microscopy
Extensive endoplasmic reticulum was observed in the
brown/yellow bodies (post-ovulatory follicles). Large numbers of mitochondria and lipid droplets were also present.
Examination of the post-ovulatory follicles revealed various stages of resorption (progression of luteolysis) were
observed. In the early stages of luteal regression early stages
of nuclear breakdown (N), nucleus with fragmented masses
of chromatin (C), distended smooth endoplasmic reticulum
(SER), particulate bodies (P), and lipid accumulations (L),
were observed in the regressing brown bodies (Fig. 4). MidStage of luteal regression was characterized by a continuation of organelle decay an increase in lipid droplets and an
increase in size of Wbroblast (especially attenuations). There
was also an increase in the amount of connective tissue
observed (Fig. 5). Late stages of luteolysis were identiWed
by complete breakdown of the nucleus and distension of
organelles (Fig. 6).
3.2. Steroids
Previous experiments measuring the progesterone concentration in the gonad tissues of M. glutinosa have shown
progesterone is present in the gonad tissue of hagWsh ranging in size from 18 to 65 cm sampled from April 2001 to
October 2002, in concentrations between 10 and 2000 pg/
mg gonad tissue wet weight (Powell et al., 2004). In this
study, the progesterone concentrations ranged between 2
and 56 pg/mg gonad tissue wet weight and were detected in
all brown/yellow bodies (post-ovulatory follicles) and
gonadal tissues. In the present study, the concentrations of
progesterone in media containing post-ovulatory follicles
were signiWcantly (p < 0.05) higher than media containing
only oocytes (Fig. 4). The average concentration of progesterone measured in female corpus luteum was 12 § 1.5 pg/
mg gonad tissue wet weight (see Fig. 7). The lowest concentration of progesterone (1.9 pg/mg gonadal tissue wet
weight) was measured in follicles that had recently released
eggs and had not begun to reabsorb. Estradiol was detected
in seven of the 13 samples containing only gonadal tissue
with oocytes and ranged between 0.6 and 0.18 pg/mg gonad
tissue wet weight.
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Fig. 2. HagWsh gonad with maturing eggs and corpora lutea. Arrows indicate corpora lutea. (A–C) Corpora Lutea of hagWsh. Arrows indicating solid corpora lutea from the gonad of M. glutinosa. (D) Arrow indicating corpus luteum in later stages of resorption, structures have a more narrow elongated
form (all views 40£).
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4. Discussion

Fig. 3. Representative section of gonadal tissue lacking corpora lutea.
Various size oocytes are indicated by arrows (40£).

A

In the current study, we have shown that hagWsh have corpora lutea like-structures (post-ovulatory follicles) that produce progesterone. This is the Wrst reported study on possible
functional corpora lutea in hagWsh, one of two extant representatives of the oldest lineage of vertebrates. Conel (1917)
interpreted the identiWed brown bodies as corpora lutea
formed from reabsorbing follicles and atretic eggs. Lyngnes
(1936, cited in Walvig, 1963) reported that well-developed
corpora lutea are formed in both the atretic and ruptured follicles of Myxine, but there was nothing known concerning
their functional activity. All of the hagWsh examined in the
current study contained vitellogenic eggs ranging in size from
8 to 25 mm and “corpus luteum.” The histology of the “corpus luteum” was similar to that described by Lyngnes (1936,
cited in Walvig, 1963) which includes two major groupings
beyond the normal developing eggs referred to as atresia or
degeneration of non-ovulated follicles and regression of ovulated follicles. In the current study, various ovulated follicles
and atretic follicles were observed and could be distinguished
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Fig. 4. Early stages of luteal regression. (A) Low magniWcation of transforming luteal and theca cells. (B–D) Distended smooth endoplasmic reticulum
(SER), lipid accumulations (L), mitochondria with tubular cristae (M) and junction between two luteal cells (LJ) (A, 2000£; B, 12,000£; C, 5000£; D,
30,000£).
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Fig. 5. Mid-Stage of luteal regression was characterized by a continuation of organelle decay an increase in lipid droplets and an increase in size of Wbroblast (especially attenuations) particulate bodies (P), lipid accumulations (L), connective tissue (CT), distended smooth endoplasmic reticulum (SER),
nucleus with fragmented masses of chromatin (C) and nuclear breakdown (N) (A, 12,500£; B, 5000£).

Fig. 6. Late stages of luteolysis were marked by complete breakdown of
the nucleus and distension of organelles, Wbroblast (F), degraded nucleus
of luteal cell (LC), connective tissue (CT) cell (10,000£).

Fig. 7. Concentration of progesterone measured by radioimmunoassay in
the corpora lutea and the gonad tissue of M. glutinosa. SigniWcant diVerence between the groups (*p < 0.05).

microscopically and by their color as observed by other
researchers (cited in Walvig, 1963). Generally, it is only the
post-ovulatory follicles that are often yellow or brown in
color and this is due to the contracting and changes of the
follicle into a long, thin bag or Xat bud-shaped formation
with intermediate stages along with the shrinkage of the follicular ligament contracts as deWned by Lynges (cited in Walvig, 1963). The electron micrographs provided the most
detailed view of the hagWsh post-ovulatory follicle to date
and veriWes the presence of structures known to be necessary
for steroid synthesis. These included extensive endoplasmic
reticulum, numerous mitochondria and lipid droplets. As the
corpus luteum was resorbed, nuclear degeneration, fragmentation of chromatin and distended smooth endoplasmic reticulum became evident. The process of resorption appears to
be quite slow as some hagWsh may have as many as four generations of post-ovulatory follicles at diVerent stages of
resorption (Dodd and Dodd, 1985). In the present study, the
concentration of progesterone measured in the “corpus luteum” was signiWcantly higher than that in the surrounding
ovary containing only oocytes. Estradiol was not detected in
the incubation media of the “corpus luteum” suggesting that
estradiol may not be produced.
In other species of vertebrates, the corpus luteum forms
after ovulation as the granulosa cells begin to accumulate
large quantities of cholesterol necessary for the production of
steroids such as progesterone. In mammals, one of the three
major functions of progesterone is to maintain the uterus in a
highly vascularized state; in non-mammalian species the corpus luteum is considered to be involved in vascularization of
gonad tissues and the retention of eggs (ChieY and ChieYBaccari, 1999). Small quantities of cholesterol have been
demonstrated by the Schultz test in the post-ovulatory follicles of hagWsh (Saidapur, 1982). The present study identiWes
by electron microscopy an increase in lipid droplets which
may correspond to the increased progesterone production
associated with the hagWsh corpus luteum (brown bodies).
Conel (1931) proposed that the growth of the eggs in hagWsh
is dependent on the blood supplied to each large egg by a single ovarian artery. In the post-ovulatory follicles, both the
nucleus and cell components degenerate and form an epithe-
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lial mass; blood vessels form in this epithelia mass in the
same way as in later evolved vertebrates (reviewed in Walvig,
1963). Although the function of progesterone in hagWsh
remains unknown, we propose that this growth of vascularization in the hagWsh gonad may be due to progesterone produced by the corpus luteum (post-ovulatory follicles). This
will require further investigation to determine if this hormone action has been conserved throughout vertebrates.
In hagWsh only 25–30 eggs (average length of 20 mm)
mature at one time, the remaining eggs will arrest their development at 2–5 mm in length and remain in this arrested state
until the selected eggs have matured and been released. After
the eggs are released the reabsorbing egg follicles appear to
produce the progesterone necessary for the vascularization
and maturation of the next series of eggs. A correlation
between the resorption of the follicles and steroid concentration in the gonad incubation media was observed in at least
one of the hagWsh examined in this study. The lowest concentrations of progesterone and estradiol were measured in a
female that had recently released eggs and had not begun the
process of resorption of the follicle, suggesting that steroid
production in the hagWsh corpus luteum may be related to
the degree of follicle resorption. Dodd and Dodd (1985) proposed that a reciprocal action of pre- and post-ovulation corpora lutea (brown/yellow bodies) hormones regulate the
development of a series of eggs, as well as morphological and
behavioral sex characters prior to spawning. HagWsh as basal
extant vertebrates have the lowest arterial pressure of any
vertebrate species (Forster, 1998) and may have required
hormone mediated action for vascularization. Further investigations will be required to determine if progesterone
released from post-ovulatory follicles is involved in vascularization and is thus representative of an ancestral function
that anteceded vertebrate evolution.
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