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Abstract In the adenohypophysis (anterior pituitary) of all
gnathostomes, there are six tropic cell types: corticotropes,
melanotropes, somatotropes, lactotropes, gonadotropes and
thyrotropes; each cell type produces specific tropic hormones.
In contrast, we report in this study that there are only four tropic
cell types in the sea lamprey (Petromyzon marinus) adenohypophysis. We specifically focused on the cell types that produce
the glycoprotein hormones (GpHs). The gnathostome adenohypophyseal GpHs are follicle-stimulating hormone (FSH), luteinizing hormone (LH), thyroid-stimulating hormone (TSH),
and thyrostimulin. However, lampreys only have two heterodimeric adenohypophyseal GpHs consisting of unique α and
β subunits, lamprey GpH (lGpH) (lGpA2/lGpHβ) and
thyrostimulin (lGpA2/lGpB5). We used an array of histological techniques to determine the (co)-localization and (co)-expression of the lGpH and thyrostimulin subunits in the lamprey adenohypophysis at different life stages (larval, parasitic,
adult) and to identify their synthesizing cell(s). The
thyrostimulin subunits (lGpA2/lGpB5) were co-expressed
throughout the adenohypophysis (larval, parasitic, and adult),

while the GpH β-subunit (lGpHβ) exhibited localized distribution (adult); all three subunits were co-localized and coexpressed, suggesting that both GpHs are synthesized in the
same cells, novel proto-glycotropes, in specific adenohypophyseal regions at different life stages. In summary, we provide
the first comprehensive study using histology, transmission
electron microscopy, in situ hybridization and immunohistochemistry that strongly supports further evidence for four definitive adenohypophyseal cell types in the lamprey, including: corticotropes, somatotropes, melanotropes, and the first
identification of a novel proto-glycotrope. In addition, our
studies show that there is developmental and region-specific
co-localization and co-expression of lGpH and thyrostimulin
in the lamprey adenohypophysis.
Keywords Glycoprotein hormones . Proto-glycotrope . Sea
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Sea lampreys (Petromyzon marinus) begin life during a freshwater larval phase (5–7 years) as ammocoetes, undergo a dramatic metamorphosis and transition to a salt-water parasitic
phase (1–2 years), mature into adults, and return to freshwater
streams where they spawn and die (Hardisty and Potter 1971).
Along with hagfish, lampreys represent the oldest lineage of
vertebrates, Agnathans (jawless fish), which likely arose
around 530 million years ago following the Cambrian explosion (Forey and Janvier 1993). All other vertebrates have jaws
and are called gnathostomes. Vertebrate reproduction is regulated by a hierarchically organized endocrine system, known
as the hypothalamic–pituitary–gonadal (HPG) axis, which is
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highly conserved across all vertebrates, including lampreys
(Sower et al. 2006, 2009).
The hypophysis (pituitary gland) is present in all vertebrates, from agnathans to mammals, but is absent in all invertebrates (Gorbman 1983; Green and Maxwell 1958). The vertebrate hypophysis consists of two main regions, the adenohypophysis (AH, anterior pituitary) and the neurohypophysis
(NH, posterior pituitary). In gnathostomes, six major adenohypophyseal tropic cell types have been identified:
corticotropes, melanotropes, somatotropes, lactotropes,
gonadotropes, and thyrotropes. These cells synthesize the following specific tropic hormones: adrenocorticotropin
(ACTH) (corticotropes), melanocyte-stimulating hormone
(MSH) (melanotropes), growth hormone (GH)
(somatotropes), prolactin (PRL) (lactotropes), folliclestimulating hormone (FSH) and luteinizing hormone (LH)
(gonadotropes), and thyroid-stimulating hormone (TSH)
(thyrotropes). One family of the adenohypophyseal tropic hormones is formed by the glycoprotein hormones (GpHs). The
classical adenohypophyseal GpH family in gnathostomes is
represented by one thyrotropin, TSH, and two gonadotropins
(GTHs), FSH and LH (Gorbman et al. 1983). These GpHs are
members of a cystine-knot family and consist of two heterodimeric non-covalently bound α and β subunits. Within a
single species, α subunits have identical primary amino acid
sequences (Kawauchi et al. 1989), while β subunits are slightly different and thus confer hormone specificity (Swanson
et al. 2003; Szkudlinski et al. 2002; Themmen and
Huhtaniemi 2000).
In most non-mammalian vertebrates, the adenohypophysis
comprises three distinct regions: the rostral pars distalis
(RPD), the proximal pars distalis (PPD), and the pars
intermedia (PI). Similar to gnathostomes, in lampreys,
ACTH is expressed primarily in the RPD in the presumed
corticotropes (Nozaki et al. 1995, 2008; Ominato and
Nozaki 2002), MSH is expressed predominantly in the PI in
the presumed melanotropes (Nozaki et al. 1995, 2008;
Ominato and Nozaki 2002), and GH is largely expressed in
the dorsal half of the PPD in the presumed somatotropes
(Kawauchi et al. 2002; Nozaki et al. 2008). However, in contrast to gnathostomes, which have the two gonadotropins,
FSH and LH, lampreys have only been definitively shown
to have one functional heterodimeric GpH, lamprey (l) GpH
(lGpH), consisting of the subunits lGpA2 and lGpHβ, which
are co-expressed (Sower et al. 2015), as well as a putative
thyrostimulin, consisting of the subunits, lGpA2 and lGpB5
(Dos Santos et al. 2009). Therefore, unlike gnathostomes that
have the adenohypophyseal glycoprotein hormones, FSH
(GpA1/FSHβ), LH (GpA1/LHβ), TSH (GpA1/TSHβ), and
thyrostimulin (GpA2/GpB5), lampreys have a unique glycoprotein hormone (lGpA2/lGpHβ) and similarly a putative
thyrostimulin (lGpA2/lGpB5). In lampreys, the expression
of the β-subunit of lamprey thyrostimulin, lGpB5, has not
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been previously reported. Therefore, one of our objectives
was to examine the expression of lGpB5 and to determine
whether it was co-localized and co-expressed with the common thyrostimulin/lGpH α-subunit, lGpA2, and lGpH
hormone-specific β-subunit, lGpHβ.
This study examines the specific cell types present in the
adenohypophysis of sea lampreys at three different life stages
(larval, parasitic, and adult) by classical histochemical and
ultrastructural transmission electron microscopy (TEM) techniques, as well as the co-localization and co-expression of the
lamprey glycoprotein hormone subunits (lGpA2, lGpHβ and
lGpB5) in the adenohypophysis by single-label chromogenic
in situ hybridization (ISH), dual- and triple-label fluorescent
ISH (FISH), and immunohistochemistry (IHC).

Materials and methods
Tissue collection and sampling
One hundred adult sea lampreys (average 67 cm) were collected from the fish ladder on the Cocheco River (Dover, NH,
USA) in mid-May (2013–2015) during their upstream
spawning migration from the ocean to coastal rivers. The lampreys were transported to the Anadromous Fish and Aquatic
Invertebrate Research (AFAIR) Laboratory, a freshwater fish
facility at the University of New Hampshire (UNH, Durham,
NH, USA), and maintained in an oxygenated artificial
spawning channel supplied with flow-through water from a
nearby stream-fed reservoir (ambient temperature: 13–20 °C;
natural photoperiod) (Fahien and Sower 1990; Sower et al.
1987). One hundred parasitic phase lampreys (average 16
cm) were collected in late September (2013) and October
(2015) from the Connecticut River and Conte Anadromous
Fish Research Center (U.S.G.S., Turners Falls, MA, USA),
respectively, and were maintained in oxygenated freshwater
tanks (ambient temperature: 15–17 °C; natural photoperiod).
Two hundred larval (ammocoete) lampreys (average 11 cm)
were collected during early January (2013) in rivers connected
to Lake Huron (U.S.G.S. Hammond Bay Biological Station,
Millersburg, MI, USA; NorthWoods Custom Products and
Services, Marquette, MI, USA) and transported to UNH;
and additionally during late October (2015) from the
Connecticut River and Conte Anadromous Fish Research
Center (U.S.G.S., Turners Falls, MA, USA). The ammocoetes
were maintained in oxygenated freshwater tanks (ambient
temperature: 15–17 °C; natural photoperiod) with burrowing
sand and were fed weekly, with Fleischmann’s active dry
baker’s yeast (ACH Food, Cordova, TN, USA) (Holmes and
John 1994). All the lampreys used in these studies were dissected during the early afternoon. All procedures for animal
use followed the UNH Institutional Animal Care and Use
Committee (IACUC) guidelines.
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Tissue preparation and storage
Gonadal staging histology Female ammocoete, female parasitic phase, and adult female and male lamprey gonads for
gonadal staging histology were dissected and fixed in
Bouin–Hollande sublimate (room temperature, overnight),
processed through typical dehydration steps, embedded in
paraffin by the NH Veterinary Diagnostic Laboratory
(NHVDL) at UNH, and stored at room temperature until use
(Bolduc and Sower 1992; Nozaki et al. 1999; Sower et al.
2006, 2015).
In situ hybridization (ISH) Female ammocoete, female parasitic phase, and adult female and male lamprey brains and
hypophyses (pituitaries) for ISH were dissected and fixed in
4 % paraformaldehyde (PFA)/0.1 M phosphate buffer (PB)
(20 h, 4 °C), cryoprotected in 25 % sucrose (w/v)/0.1 M
phosphate-buffered saline (PBS) (until sank, 4 °C), embedded over dry ice in Tissue-Tek® OCT™ (Optimal Cutting
Temperature) Compound (Sakura Finetek USA, Torrance,
CA, USA) (Rubin et al. 1997; Sower et al. 2006, 2015;
Wilcox 1993), and stored at -80 °C until use (Sower et al.
2015; Wilcox 1993).
Immunohistochemistry (IHC) and adenohypophyseal histology Female ammocoete, female parasitic phase, and
adult female and male lamprey brains and hypophyses
for IHC and histology were dissected and fixed in
Bouin–Hollande sublimate (room temperature, overnight), processed through typical dehydration steps, embedded in paraffin by the NHVDL (UNH), and stored at
room temperature until use (Nozaki et al. 1999; Sower
et al. 2006, 2015).
Transmission electron microscopy (TEM) Female
ammocoete, female parasitic phase, and adult female and male
lamprey hypophyses for TEM were dissected and fixed in 3 %
glutaraldehyde (GTA)/0.1 M sodium cacodylate buffer (pH
7.2) (4 h), rinsed in buffer (1 h), post-fixed in 1 % osmium
tetroxide (OsO4)/0.1 M sodium cacodylate buffer (pH 7.2)
(2 h), rinsed in buffer (1 h), dehydrated in alcohol and acetone,
embedded in Epon-Araldite resin, allowed to polymerize (24–
36 h, 60 °C), and stored at room temperature until use (Walker
et al. 2005).
Tissue processing and experimentation
Gonadal staging histology Routine hematoxylin and eosin
staining was performed by the NHVDL (UNH) on 9 μm sections of female ammocoete, female parasitic phase, and adult
female and male gonads. The slides were visually analyzed on
an Olympus BH2 light microscope (Olympus, Center Valley,
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PA, USA) to determine the stage of gonadal maturation
(Bolduc and Sower 1992; Fahien and Sower 1990).
Single-label chromogenic ISH Full-length single-labeled
digoxigenin (DIG) antisense and sense riboprobes for
lGpA2, lGpHβ and lGpB5 were synthesized from respective
5’ end cDNAs in pGEM-T Easy vectors (Promega, Madison,
WI, USA). The GenBank accession numbers
(Accession.Version) and probe lengths are: lGpA2,
NM_FJ265881.2, 468 bp (antisense), 458 bp (sense);
lGpHβ, NM_AY730276.1, 555 bp (antisense), 545 bp
(sense); lGpB5, NM_BN001271.1, 575 bp (antisense),
598 bp (sense). Briefly, plasmid DNA was purified and analyzed for concentration and purity by UV spectroscopy; purified plasmids were then sent for sequencing to verify the sequence and establish insert orientation (Hall et al. 2013; Sower
et al. 2015). The purified plasmid DNAs were linearized by
NcoI or SalI restriction enzymes, purified, and used for in vitro
transcription to generate antisense and sense probes using the
Riboprobe® Combination System-SP6/T7 RNA Polymerase
kit (Promega) and 10× DIG-RNA Labeling Mix (Roche,
Indianapolis, IN, USA) (Root et al. 2005; Rubin et al. 1997).
The riboprobes were tested for their specificity by dot blot
analysis (Sower and Baron 2011; Sower et al. 2015)
(Electronic Supplementary Material, Fig. S1). ISH was performed on sagittal (20 μm) brain and hypophysis tissue sections of female ammocoete, female parasitic phase, and adult
female and male lampreys and were hybridized with either
antisense (experimental) or sense (control) riboprobes for
lGpA2, lGpHβ, or lGpB5 and were detected chromogenically
(Root et al. 2005; Rubin et al. 1997; Sower et al. 2015). A
LSM 510 Meta laser-scanning confocal microscope (Zeiss,
Thornton, NY, USA) was used at UNH with visualization of
the NBT-DF/BCI fluorescence by excitation with a 633-nm
helium laser according to the following specifications: 8× scan
averaging, pixel time 1.60 μs, ×20 objective.
Dual-label fluorescent ISH (FISH) Full-length duallabeled DIG/fluorescein riboprobes for lGpA2/lGpHβ
and lGpA2/lGpB5 were synthesized as described above,
with the following modifications: in vitro transcription of
the antisense and sense digests was performed separately,
using either 10× DIG-RNA Labeling Mix or 10×
Fluorescein-RNA Labeling Mix (Roche, Indianapolis,
IN, USA) for lGpA2, lGpHβ and lGpB5 (Hall et al.
2013; Sower et al. 2015). FISH was performed on the
brains and hypophyses of female ammocoete, female parasitic phase, and adult female and male lampreys as described above, with the following modifications: tissue
s e c t i o n s w e r e h y b r i d i z e d with either anti sense
(experimental) or sense (control) dual-labeled riboprobes
for lGpA2/lGpHβ or lGpA2/lGpB5, which were detected
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fluorescently, cover-slipped, and viewed on a confocal
microscope (Sower et al. 2015).
Triple-label FISH Triple-label FISH was also performed
using an RNAscope® Multiplex Fluorescent Reagent Kit
(Advanced Cell Diagnostics, Hayward, CA, USA) according
to the manufacturer’s instructions. Target probes were designed using custom software (Wang et al. 2012). The
GenBank accession numbers (Accession.Version) and probe
regions are: Pma-GPA2, NM_FJ265881.2, region 3-458;
Pma-GPHB, NM_AY730276.1, region 2-445; Pma-GPB5,
NM_BN001271.1, region 3-522. Briefly, 14 μm sagittal sections of fixed frozen female ammocoete, female parasitic
phase, and adult female and male brains and hypophyses were
prepared as described above, washed in 1× PBS (5 min), airdried (60 °C, 30 min), rehydrated at room temperature in a
graded series of ethanol (100 %, 1 min; 70 %, 1 min; 50 %,
1 min), rinsed in nuclease-free Milli-Q water, post-fixed in
4 % formaldehyde/1× PBS (room temperature, 10 min), rinsed
in nuclease-free Milli-Q water, dehydrated in 100 % ethanol
(room temperature, 1 min), and treated with Protease III
(Advanced Cell Diagnostics) (40 °C, 30 min). The slides were
hybridized (40 °C, 2 h) in a HybEZ oven (Advanced Cell
Diagnostics) with target probes for lGpA2, lGpHβ and
lGpB5 (premixed) or a three-plex negative control probe
(Advanced Cell Diagnostics), followed by a series of fluorescence signal amplification and washing steps. Following amplification, sections were counterstained with DAPI
(Advanced Cell Diagnostics) and cover-slipped using
ProLong Gold Antifade Reagent (Invitrogen, Carlsbad, CA,
USA) and VWR Micro Cover Glasses (No. 1.5) (VWR,
Radnor, PA, USA). Confocal images were acquired with visualization of the C1/C2/C3 fluorescence by excitation with
488-nm argon multiline, 543-nm helium/neon, and 633-nm
helium/neon lasers, respectively, according to the following
specifications: emitted fluorescence collected from 505–530
nm, 560–615 nm, and 649–713 nm, respectively; 16× scan
averaging; pixel time 1.60 μs; 1.0 and 1.4 zoom on a ×20
objective for tiled and single images, respectively. RNA staining signal was identified as red (lGpA2), green (lGpHβ), and
blue (lGpB5) punctate dots.
IHC Immunohistochemistry was performed on female
ammocoete, female parasitic phase, and adult female and male
lamprey brains and hypophyses, which were sectioned sagittally (5 μm) using a microtome (AO Rotary Microtome, Model
820; American Optical, Buffalo, NY, USA). Three rabbit
antisera were raised against the synthetic peptides corresponding to lamprey GpA2 (GpA2-4, Lot 130, bleed 3, aa 83–96),
lamprey GtHβ (LH3-0404, aa 52–68) (Sower et al. 2006), and
lamprey GpB5 (GpB5-3, Lot 133, bleed 3, aa 78–92). Antilamprey GpA2 (1:500), anti-lamprey GpB5 (1:500), and antilamprey GtHβ (1:5,000) were used as primary antisera (Sower
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et al. 2006, 2015). Immunostaining was performed using a
Vectastain avidin-biotin peroxidase complex (ABC) Elite kit
(Vector Laboratories, Burlingame, CA, USA) on three successive sections, each exposed to one of the three antibodies.
Briefly, sections were incubated with the primary antibodies
(anti-lGpA2 and anti-lGpB5, 5 h; anti-GtHβ, 4 h), followed
by incubation with the secondary antibody (2 h), then incubated
with the ABC reagent (2 h) and visualized separately by 3,3’diaminobenzidine tetrahydrochloride (DAB) (Sigma-Aldrich,
St. Louis, MO, USA) (20 min). To confirm the specificity
of the immunoreactions, the following control experiments
were done: replacement of primary antisera with normal
rabbit serum, preabsorption of the primary antisera with
corresponding antigens, and preabsorption of the primary
antisera with the other GpH subunit antigens to test for
cross-reactivity between antisera. Following preabsorption,
there were no immunoreactive cells by the primary antisera
preabsorption with the corresponding peptide, and undiminished immunoreactivity in cells by the primary antisera
preabsorption with the other GpH subunit antigens, thereby
confirming specificity of the antiserum. The slides were
cover-slipped using Permount (Fisher Scientific, Fair
Lawn, NJ, USA) and VWR Micro Cover Glasses (No.
1.5) (VWR). Images of adjacent sections were captured
using a Nikon COOLPIX 5000 digital camera (Nikon,
Melville, NY, USA) on ×5, ×10, or ×20 objectives on an
Olympus BH2 light microscope (Olympus) and were overlaid using Adobe Photoshop Creative Suite 6 (Adobe,
Newton, MA, USA).
Adenohypophyseal histology Bromine alcian blue orange G
acid fuchsin light green (Br.AB-OFG) histology was performed (Slidders 1961) on the brains and hypophyses of female ammocoete, female parasitic phase, and adult female and
male lampreys, which were sectioned sagittally (9 μm) using a
microtome (AO Rotary Microtome, Model 820; American
Optical). The sections were de-paraffinized in Histo-Clear I
(National Diagnostics, Atlanta, GA, USA), rehydrated
through graded concentrations of ethanol to water, and treated
with bromine water (5 min). Sections were then stained with
alcian blue (8GX) (1 h) (Electron Microscopy Services,
Hatfield, PA, USA), celestine blue (mordant blue 14) (2
min) (Electron Microscopy Services), and Mayer’s alum hematoxylin (2 min) (Rowley Biochemical, Danvers, MA,
USA); differentiated with acid alcohol; stained with orange
G (acid orange 10) (10 min) (Electron Microscopy Services)
and acid fuchsin (acid violet 19) (1 min) (Electron Microscopy
Services); treated with 1 % phosphotungstic acid (aq) (5 min)
and stained with 1.5 % light green in 1.5 % acetic acid (1 min)
(Electron Microscopy Services). The slides were coverslipped using Permount (Fisher Scientific) and VWR Micro
Cover Glasses (No. 1.5) (VWR). Images were captured using
a Nikon COOLPIX 5000 digital camera (Nikon) on ×5, ×10,
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or ×20 objectives on an Olympus BH2 light microscope
(Olympus). Visual analysis of the hypophyses was performed
to determine the relative percentage proportions of the different tropic cell types.
TEM Embedded female ammocoete, female parasitic phase,
and adult female and male hypophyses were sectioned (60–90
nm) with a diamond knife (Diatome, Hatfield, PA, USA) on a
RMC−MTXL microtome (Boeckeler Instruments, Tucson,
AZ, USA) and mounted on Formvar-carbon-coated 300mesh copper grids (Electron Microscopy Services) for gridstaining. These sections were stained with uranyl acetate (5 %)
and Reynolds lead citrate and viewed on a Zeiss 922 Omega
TEM (Zeiss, Thornton, NY, USA) operated at 120 kV.
Regions of interest within the rostral pars distalis (RPD), proximal pars distalis (PPD), and pars intermedia (PI) were viewed
at ×1000 and ×10,000 magnifications. Diameters and areas of
hormone secretory vesicles and areas of the cell, nucleus, mitochondria, rough endoplasmic reticulum and Golgi apparatus
were measured using the ‘Particle Analysis’ tool of Gatan
Microscopy Suite 3 (GMS3) Digital Micrograph (Gatan,
Inc., Pleasanton, CA, USA), and converted to percent volumes per mean cell volumes (percent volume) according to
the principle: V v ¼ ∑AAαβ (where Vv = percent volume of mean
cell, Aα = area of profile of interest, and Aβ = area of cell
profile), which states the ratio of the sum of profile areas to
the sum of the cell area and thus provides an unbiased estimate
of the profile percent volume per mean cell in that population
(Weibel 1979) (n =10 for each cell type at each life stage).
Cells were sampled randomly for each cell type and within
these selected cells, all organelles and hormone secretory vesicles were analyzed. The diameters of over 23,000 hormone
secretory vesicles were measured and represented in size classes, as described in: Weibel (1979): ch 2.8.1, Profiles Derived
from Spheres of Equal Size.

Results
Gonadal staging histology
All ammocoete lampreys were female that had ovaries in
the oogonia stage. All parasitic phase lampreys were female with ovaries in the early vitellogenic stage. All
adult female and male lampreys were in the final stages
of gonadal maturation. (Sower 2003).
Single-label in situ hybridization (ISH) and dual-label
fluorescent ISH (FISH)
The mRNA transcript for the common alpha (α) subunit,
lGpA2, of lamprey (l) adenohypophyseal glycoprotein
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hormone (GpH) (lGpH) and thyrostimulin was minimally
expressed in the rostral pars distalis (RPD) (Figs. S2a, b,
S5a, b: b3, S6a, b: b3), proximal pars distalis (PPD)
(Figs. S2a, c, S5a, c: c3, S6a, c: c3) and pars intermedia
(PI) (Figs. S2a, d, S5a, d: d3, S6a, d: d3) of female
ammocoete lampreys; moderately expressed in the RPD
(Figs. S2e, f, S5e, f: f3, S6e, f: f3), PPD (Figs. S2e, g,
S5e, g: g3, S6e, g: g3) and PI (Figs. S2e, h, S5e, h: h3,
S6e, h: h3) of female parasitic phase lampreys; and highly
expressed in the RPD (Figs. S2i, j, S5i, j: j3, S6i, j: j3),
dorsal PPD (Figs. S2i, k, S5i, k: k3, S6i, k: k3), ventral
PPD (Figs. S2i, m, S5i, l: l3, S6i, l: l3) and PI (Figs. S2i,
l, S5i, m: m3, S6i, m: m3) of adult female lampreys; and
highly expressed in the RPD (Figs. S2n, o, S5n, o: o3, S6n,
o: o3), dorsal PPD (Figs. S2n, p, S5n, p: p3, S6n, p: p3),
ventral PPD (Figs. S2n, r, S5n, q: q3, S6n, q: q3) and PI
(Figs. S2n, q, S5n, r: r3, S6n, r: r3) of adult male lampreys
by our traditional ISH and FISH techniques. Refer to
Electronic Supplementary Material for Figs. S2, S5 and S6.
The mRNA transcript for the hormone specific beta (β)
subunit of lGpH, lGpHβ, was not expressed in female
ammocoete lampreys (Figs. S3a–d, S5a, b: b1, c: c1, d: d1);
was moderately expressed in the RPD (Figs. S3e, f, S5e, f: f1),
PPD (Figs. S3e, g, S5e, g: g1) and PI (Figs. S3e, h, S5e, h: h1)
of female parasitic phase lampreys; minimally expressed in
the RPD (Figs. S3i, j, S5i, j: j1), moderately expressed in the
dorsal PPD (Figs. S3i, k, S5i, k: k1), ventral PPD (Figs. S3i,
m, S5i, l: l1) and PI (Figs. S3i, l, S5i, m: m1) of adult female
lampreys; and minimally expressed in the RPD (Figs. S3n, o,
S5n, o: o1) and dorsal PPD (Figs. S3n, p, S5n, p: p1), and
highly expressed in the ventral PPD (Figs. S3n, r, S5n, q: q1)
and PI (Figs. S3n, q, S5n, r: r1) of adult male lampreys by our
traditional ISH and FISH techniques. Refer to Electronic
Supplementary Material for Figs. S3 and S5.
The mRNA transcript for the hormone specific β-subunit
of lamprey thyrostimulin, lGpB5, was minimally to moderately expressed in the RPD (Figs. S4a, b, S6a, b: b1), PPD
(Figs. S4a, c, S6a, c: c1) and PI (Figs. S4a, d, S6a, d:d1) of
female ammocoete lampreys; moderately expressed in the
RPD (Figs. S4e, f, S6e, f: f1), PPD (Figs. S4e, g, S6e, g: g1)
and PI (Figs. S4e, h, S6e, h: h1) of female parasitic phase
lampreys; and highly expressed in the RPD (Figs. S4i, j, S6i,
j: j1), dorsal PPD (Fig. S4i, k, S6i, k: k1), ventral PPD
(Figs. S4i, m, S6i, l: l1) and PI (Figs. S4i, l, S6i, m: m1) of
adult female and male lampreys by our traditional ISH and
FISH techniques. Refer to Electronic Supplementary Material
for Figs. S4 and S6.
Lamprey GpH subunits, lGpA2 and lGpHβ, transcripts were
not co-expressed in female ammocoete lampreys (Fig. S5a, b: b2,
c: c2, d: d2); were highly co-expressed in the RPD (Fig. S5e, f:
f2), moderately co-expressed in the PPD (Fig. S5e, g: g2) and
highly co-expressed in the PI (Fig. S5e, h: h2) of female parasitic
phase lampreys; moderately to highly co-expressed in the dorsal

316

PPD (Fig. S5i, k: k2), moderately co-expressed in the ventral
PPD (Fig. S5i, l: l2) and minimally co-expressed in the PI
(Fig. S5i, m: m2) of adult female lampreys; and moderately coexpressed in the dorsal PPD (Fig. S5n, p: p2), moderately to
highly co-expressed in the ventral PPD (Fig. S5n, q: q2) and
highly co-expressed in the PI (Fig. S5n, r: r2) of adult male
lampreys. Refer to Electronic Supplementary Material for
Fig. S5.
Lamprey thyrostimulin subunits, lGpA2 and lGpB5, transcripts were minimally co-expressed in the RPD (Fig. S6a, b:
b2) and PPD (Fig. S6a, c:c2), and moderately co-expressed in the
PI of female ammocoete lampreys (Fig. S6a, d: d2); highly coexpressed in the RPD (Fig. S6e, f: f2), PPD (Fig. S6e, g: g2) and
PI (Fig. S6e, h: h2) of female parasitic phase lampreys; highly coexpressed in the RPD (Fig. S6i, j: j2), dorsal PPD (Fig. S6i, k:
k2), ventral PPD (Fig. S6i, l: l2) and PI (Fig. S6i, m: m2) of adult
female lampreys; and highly co-expressed in the RPD (Fig. S6n,
o: o2), dorsal PPD (Fig. S6n, p: p2), ventral PPD (Fig. S6n, q:
q2) and PI (Fig. S6n, r: r2) of adult male lampreys. Refer to
Electronic Supplementary Material for Fig. S6.
Expression results are summarized in Electronic
Supplementary Material, Table S1.
Triple-label FISH
In female ammocoete lampreys, the common α-subunit,
lGpA2, of lamprey (l) glycoprotein hormone (GpH) (lGpH)
and thyrostimulin, was highly expressed in the RPD (Fig. 1b:
b7), PPD (Fig. 1c: c7) and PI (Fig. 1d: d7). Lamprey
thyrostimulin β-subunit, lGpB5, was highly expressed in the
RPD (Fig. 1b: b4), PPD (Fig. 1c: c4) and PI (Fig. 1d: d4) of
ammocoetes. Lamprey GpH β-subunit, lGpHβ, was not
expressed in the RPD (Fig. 1b: b6), PPD (Fig. 1c: c6), or PI
(Fig. 1d: d6) of ammocoetes. The thyrostimulin subunits
(lGpA2/lGpB5) were highly co-expressed throughout the adenohypophysis (AH) (Fig. 1a), in the RPD (Fig. 1b: b1), PPD
(Fig. 1c: c1) and PI (Fig. 1d: d1) of ammocoetes.
In female parasitic phase lampreys, lGpA2 was moderately
expressed in the RPD (Fig. 2b: b7), PPD (Fig. 2c: c7) and PI
(Fig. 2d: d7). lGpB5 was highly expressed in the RPD
(Fig. 2b: b4), and moderately expressed in the PPD (Fig. 2c:
c4) and PI (Fig. 2d: d4) of parasitic phase lampreys. lGpHβ
was not expressed in the RPD (Fig. 2b: b6), PPD (Fig. 2c: c6),
or PI (Fig. 2d: d6) of parasitic phase lampreys. The
thyrostimulin subunits (lGpA2/lGpB5) were highly coexpressed throughout the AH (Fig. 2a), in the RPD (Fig. 2b:
b1), PPD (Fig. 2c: c1) and PI (Fig. 2d: d1) of parasitic phase
lampreys.
In adult female lampreys, lGpA2 was highly expressed in the
RPD (Fig. 3b: b7), dorsal PPD (Fig. 3c: c7), ventral PPD
(Fig. 3e: e7) and PI (Fig. 3d: d7). lGpB5 was highly expressed
in the RPD (Fig. 3b: b4), dorsal PPD (Fig. 3c: c4), ventral PPD
(Fig. 3e: e4) and PI (Fig. 3d: d4) in adult females. lGpHβ was

Cell Tissue Res (2017) 367:311–338

highly expressed only in the ventral half of the PPD (Fig. 3e: e6)
and not in the RPD (Fig. 3b: b6), dorsal PPD (Fig. 3c: c6), or PI
(Fig. 3d: d6) of adult females. The thyrostimulin subunits
(lGpA2/lGpB5) were highly co-expressed throughout the AH
(Fig. 3a), in the RPD (Fig. 3b: b1), dorsal PPD (Fig. 3c: c2),
ventral PPD (Fig. 3e: e1) and PI (Fig. 3d: d1) in adult females.
The lGpH subunits (lGpA2/lGpHβ) were highly co-expressed
only in the ventral PPD (Fig. 3e: e3); the thyrostimulin and lGpH
specific β-subunits, lGpB5 and lGpHβ, were also highly coexpressed only in the ventral PPD (Fig. 3e: e5); and all of the
thyrostimulin and lGpH subunits, lGpA2, lGpB5, and lGpHβ,
were triple co-expressed only in the ventral PPD (Fig. 3e: e2) of
the AH (Fig. 3a) in adult females, shown magnified in Electronic
Supplementary Material, Fig. S7a.
In adult male lampreys, lGpA2 was highly expressed in the
RPD (Fig. 4b: b7), dorsal PPD (Fig. 4c: c7), ventral PPD
(Fig. 4e: e7) and PI (Fig. 4d: d7). lGpB5 was highly expressed
in the RPD (Fig. 4b: b4), dorsal PPD (Fig. 4c: c4), ventral PPD
(Fig. 4e: e4) and PI (Fig. 4d: d4) in adult males. lGpHβ was
highly expressed only in the ventral half of the PPD (Fig. 4e: e6)
and not in the RPD (Fig. 4b: b6), dorsal PPD (Fig. 4c: c6), or PI
(Fig. 4d: d6) of adult males. The thyrostimulin subunits (lGpA2/
lGpB5) were highly co-expressed throughout the AH (Fig. 4a),
in the RPD (Fig. 4b: b1), dorsal PPD (Fig. 4c: c1), ventral PPD
(Fig. 4e: e1) and PI (Fig. 4d: d1) in adult males. The lGpH
subunits (lGpA2/lGpHβ) were highly co-expressed only in the
ventral PPD (Fig. 4e: e3); the thyrostimulin and lGpH specific βsubunits, lGpB5 and lGpHβ, were also highly co-expressed only
in the ventral PPD (Fig. 4e: e5); and all of the thyrostimulin and
lGpH subunits, lGpA2, lGpB5 and lGpHβ, were triple coexpressed only in the ventral PPD (Fig. 4e: e2) of the AH
(Fig. 4a) in adult males, shown magnified in Electronic
Supplementary Material, Fig. S7b.
Expression results are summarized in Table 1.
Immunohistochemistry (IHC)
In female ammocoete lampreys, the common α-subunit, lGpA2,
of lamprey (l) glycoprotein hormone (GpH) (lGpH) and
thyrostimulin, was highly expressed in the RPD (Fig. 5b: b7),
PPD (Fig. 5c: c7) and PI (Fig. 5d: d7). Lamprey thyrostimulin βsubunit, lGpB5, was highly expressed in the RPD (Fig. 5b: b4),
PPD (Fig. 5c: c4) and PI (Fig. 5d: d4) of ammocoetes. Lamprey
GpH β-subunit, lGpHβ, was not expressed in the RPD (Fig. 5b:
b6), PPD (Fig. 5c: c6), or PI (Fig. 5d: d6) of ammocoetes. The
thyrostimulin subunits (lGpA2/lGpB5) were highly co-expressed
throughout the AH (Fig. 5a: a1, a2), in the RPD (Fig. 5b: b1),
PPD (Fig. 5c: c1) and PI (Fig. 5d: d1) of ammocoetes.
In female parasitic phase lampreys, lGpA2 was moderately
expressed in the RPD (Fig. 6b: b7), PPD (Fig. 6c: c7) and PI
(Fig. 6d: d7). lGpB5 was highly expressed in the RPD (Fig. 6b:
b4) and moderately expressed in the PPD (Fig. 6c: c4) and PI
(Fig. 6d: d4) of parasitic phase lampreys. lGpHβ was not
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Fig. 1 FISH: ammocoete. Triple-labeled FISH of thyrostimulin subunits (α: GpA2, β: GpB5) and GpH subunits (α: GpA2, β: GpHβ) in
female ammocoete lamprey AH. GpA2 (red) was highly expressed in
the RPD (b: b7), PPD (c: c7) and PI (d: d7). GpB5 (blue) was highly
expressed in the RPD (b: b4), PPD (c: c4) and PI (d: d4). GpHβ was
not expressed (no green) in the RPD (b: b6), PPD (c: c6), or PI (d: d6).
The thyrostimulin subunits, GpA2 and GpB5, were highly coexpressed (purple) throughout the AH (a), in the RPD (b: b1), PPD
(c: c1) and PI (d: d1). Probe specificity was confirmed by a negligible
background signal in negative controls, in the RPD (b: b8), PPD (c:
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c8) and PI (d: d8). Arrowheads in merged and individual images
indicate the regions of co-expression of the thyrostimulin subunits,
GpA2 and GpB5. Scale bars (a) 100 μm, (b–d) 20 μm. GpH lamprey
glycoprotein hormone (lGpH), GpA2 shared lamprey thyrostimulin
and GpH alpha (α) subunit (lGpA2), GpB5 hormone-specific lamprey
thyrostimulin beta (β) subunit (lGpB5), GpHβ hormone-specific lamprey GpH beta (β) subunit (lGpHβ), AH adenohypophysis (anterior
pituitary), RPD rostral pars distalis (region of AH), PPD proximal
pars distalis (region of AH), PI pars intermedia (region of AH), NH
neurohypophysis (posterior pituitary), III third ventricle
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Fig. 2 FISH: parasitic phase. Triple-labeled FISH of thyrostimulin
subunits (α: GpA2, β: GpB5) and GpH subunits (α: GpA2, β:
GpHβ) in female parasitic phase lamprey AH. GpA2 (red) was
moderately expressed in the RPD (b: b7), PPD (c: c7) and PI (d:
d7). GpB5 (blue) was highly expressed in the RPD (b: b4) and
moderately expressed in the PPD (c: c4) and PI (d: d4). GpHβ
was not expressed (no green) in the RPD (b: b6), PPD (c: c6), or
PI (d: d6). The thyrostimulin subunits, GpA2 and GpB5, were
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highly co-expressed (purple) throughout the AH (a), in the RPD
(b: b1), PPD (c: c1) and PI (d: d1). Probe specificity was confirmed
by a negligible background signal in negative controls, in the RPD
(b: b8), PPD (c: c8) and PI (d: d8). Arrowheads in merged and
individual images indicate the regions of co-expression of the
thyrostimulin subunits, GpA2 and GpB5. Scale bars (a) 100 μm,
(b–d) 20 μm. For abbreviations, see Fig. 1
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Fig. 3 FISH: adult female. Triple-labeled FISH of thyrostimulin subunits
(α: GpA2, β: GpB5) and GpH subunits (α: GpA2, β: GpHβ) in adult
female lamprey AH. GpA2 (red) was highly expressed in the RPD (b:
b7), dorsal PPD (c: c7), ventral PPD (e: e7) and PI (d: d7). GpB5 (blue)
was highly expressed in the RPD (b: b4), dorsal PPD (c: c4), ventral PPD
(e: e4) and PI (d: d4). GpHβ (green) was highly expressed only in the
ventral half of the PPD (e: e6). The thyrostimulin subunits, GpA2 and
GpB5, were highly co-expressed (purple) throughout the AH (a), in the
RPD (b: b1), dorsal PPD (c: c1), ventral PPD (e: e1) and PI (d: d1). The
GpH subunits, GpA2 and GpHβ, were highly co-expressed (yellow) only
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in the ventral PPD (e: e3); the thyrostimulin and GpH specific β-subunits,
GpB5 and GpHβ, were also highly co-expressed (teal) only in the ventral
PPD (e: e5); and all of the thyrostimulin and GpH subunits, GpA2, GpB5
and GpHβ were triple co-expressed (light teal) only in the ventral PPD (e:
e2) of the AH (a). Probe specificity was confirmed by a negligible background signal in negative controls, in the RPD (b: b8), PPD (c: c8) and PI
(d: d8). Arrowheads in merged and individual images indicate the regions
of triple co-expression of the lGpH and thyrostimulin subunits, GpA2,
GpHβ and GpB5. Scale bars (a) 100 μm, (b–d) 20 μm. For abbreviations, see Fig. 1
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Fig. 4 FISH: adult male. Triple-labeled FISH of thyrostimulin subunits (α: GpA2, β: GpB5) and GpH subunits (α: GpA2, β: GpHβ) in
adult male lamprey AH. GpA2 (red) was highly expressed in the
RPD (b: b7), dorsal PPD (c: c7), ventral PPD (e: e7) and PI (d:
d7). GpB5 (blue) was highly expressed in the RPD (b: b4), dorsal
PPD (c: c4), ventral PPD (e: e4) and PI (d: d4). GpHβ (green) was
highly expressed only in the ventral half of the PPD (e: e6). The
thyrostimulin subunits, GpA2 and GpB5, were highly co-expressed
(purple) throughout the AH (a), in the RPD (b: b1), dorsal PPD (c:
c1), ventral PPD (e: e1) and PI (d: d1). The GpH subunits, GpA2 and
GpHβ, were highly co-expressed (yellow) only in the ventral PPD (e:
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e3); the thyrostimulin and GpH specific β-subunits, GpB5 and
GpHβ, were also highly co-expressed (teal) only in the ventral
PPD (e: e5); and all of the thyrostimulin and GpH subunits, GpA2,
GpB5 and GpHβ were triple co-expressed (light teal) only in the
ventral PPD (e: e2) of the AH (a). Probe specificity was confirmed
by negligible background signal in negative controls, in the RPD (b:
b8), PPD (c: c8) and PI (d: d8). Arrowheads in merged and individual
images indicate the regions of triple co-expression of the lGpH and
thyrostimulin subunits, GpA2, GpHβ and GpB5. Scale bars (a) 100
μm, (b–d) 20 μm. For abbreviations, see Fig. 1
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expressed in the RPD (Fig. 6b: b6), PPD (Fig. 6c: c6), or PI
(Fig. 6d: d6) of parasitic phase lampreys. The thyrostimulin subunits (lGpA2/lGpB5) were highly co-expressed throughout the
AH (Fig. 6a: a1, a2), in the RPD (Fig. 6b: b1), PPD (Fig. 6c: c1)
and PI (Fig. 6d: d1) of parasitic phase lampreys.
In adult female lampreys, lGpA2 was highly expressed in
the RPD (Fig. 7b: b7), dorsal PPD (Fig. 7c: c7), ventral PPD
(Fig. 7e: e7) and PI (Fig. 7d: d7). lGpB5 was highly expressed
in the RPD (Fig. 7b: b4), dorsal PPD (Fig. 7c: c4), ventral PPD
(Fig. 7e: e4) and PI (Fig. 7d: d4) in adult females. lGpHβ was
highly expressed only in the ventral half of the PPD (Fig. 7e:
e6) and not in the RPD (Fig. 7b: b6), dorsal PPD (Fig. 7c: c6),
or PI (Fig. 7d: d6) of adult females. The thyrostimulin subunits
(lGpA2/lGpB5) were highly co-expressed throughout the AH
(Fig. 7a: a1, a2), in the RPD (Fig. 7b: b1), dorsal PPD (Fig. 7c:
c1), ventral PPD (Fig. 7e: e1) and PI (Fig. 7d: d1) in adult
females. The lGpH subunits (lGpA2/lGpHβ) were highly coexpressed only in the ventral PPD (Fig. 7e: e3); the
thyrostimulin and GpH specific β-subunits, lGpB5 and
lGpHβ, were also highly co-expressed only in the ventral
PPD (Fig. 7e: e5); and all of the thyrostimulin and lGpH
subunits, lGpA2, lGpB5 and lGpHβ, were triple coexpressed only in the ventral PPD (Fig. 7e: e2) of the AH
(Fig. 7a: a1–a3) in adult females, shown magnified in
Electronic Supplementary Material, Fig. S7c.
In adult male lampreys, lGpA2 was highly expressed in the
RPD (Fig. 8b: b7), dorsal PPD (Fig. 8c: c7), ventral PPD (Fig. 8e:
e7) and PI (Fig. 8d: d7). lGpB5 was highly expressed in the RPD
(Fig. 8b: b4), dorsal PPD (Fig. 8c: c4), ventral PPD (Fig. 8e: e4)
and PI (Fig. 8d: d4) in adult males. lGpHβ was highly expressed
only in the ventral half of the PPD (Fig. 8e: e6) and not in the
RPD (Fig. 8b: b6), dorsal PPD (Fig. 8c: c6), or PI (Fig. 8d: d6) of
adult males. The thyrostimulin subunits (lGpA2/lGpB5) were
highly co-expressed throughout the AH (Fig. 8a: a1, a2), in the
RPD (Fig. 8b: b1), dorsal PPD (Fig. 8c: c1), ventral PPD (Fig. 8e:
e1) and PI (Fig. 8d: d1) in adult males. The lGpH subunits
(lGpA2/lGpHβ) were highly co-expressed only in the ventral
PPD (Fig. 8e: e3); the thyrostimulin and lGpH specific β-subunits, lGpB5 and lGpHβ, were also highly co-expressed only in
the ventral PPD (Fig. 8e: e5); and all of the thyrostimulin and
lGpH subunits, lGpA2, lGpB5 and lGpHβ, were triple coexpressed only in the ventral PPD (Fig. 8e: e2) of the AH
(Fig. 8a: a1-a3) in adult males, shown magnified in Electronic
Supplementary Material, Fig. S7d.
Expression results are summarized in Table 1.
Adenohypophyseal histology
Several histochemically distinct cell types are present
throughout the adenohypophysis of adult sea lampreys
(Table 1). Under light microscopy, a previously unidentified
single small round basophilic cell type (proto-glycotrope),
stained a magenta-purple color, was present in all three
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regions of the adenohypophysis (AH), rostral pars distalis
(RPD), proximal pars distalis (PPD) and pars intermedia
(PI), at all life stages (ammocoete, parasitic phase, and adult)
(Fig. 9a–r). These proto-glycotropes are found throughout the
RPD (Fig. 9a, b), PPD (Fig. 9a, c) and PI (Fig. 9a, d) of female
ammocoete lampreys; RPD (Fig. 9e, f), PPD (Fig. 9e, g) and
PI (Fig. 9e, h) of female parasitic phase lampreys; and in
particularly high density along the sinusoids of the RPD
(Fig. 9i, j), dorsal PPD (Fig. 9i, k), and ventral PPD (Fig. 9i,
m) of adult female lampreys, and RPD (Fig. 9n, o), dorsal
PPD (Fig. 9n, p), and ventral PPD (Fig. 9n, r) of adult male
lampreys; variable density in the median of the cell cords of
the dorsal PPD (Fig. 9i, k) and ventral PPD (Fig. 9i, m) of
adult female lampreys, and dorsal PPD (Fig. 9n, p) and ventral
PPD (Fig. 9n, r) of adult male lampreys; and variable density
in the PI of adult female (Fig. 9i, l) and male (Fig. 9n, q)
lampreys. In the RPD of adult female (Fig. 9i, j) and male
(Fig. 9n, o) lampreys, large oblong basophilic corticotropes
of variable size and shape are present, stained a teal color;
these cells are very faintly stained in the RPD of female
ammocoete (Fig. 9a, b) and female parasitic phase (Fig. 9e,
f) lampreys.
In the PPD, there are three histochemically distinguishable cell types. In addition to the basophilic protoglycotropes, there are also acidophilic somatotropes of similar size and shape, stained an orange-brown color, predominantly in the dorsal half of the PPD with sparse distribution
in the ventral PPD. However, these acidophilic cells are
only found in adult female lampreys (Fig. 9i, k); they are
absent in female ammocoete (Fig. 9a, c), female parasitic
phase (Fig. 9e, g) and adult male (Fig. 9n, p) lampreys.
Rather, in adult male lampreys, the acidophilic cells appear
to be replaced by chromophobic cells devoid of any staining (Fig. 9n, p). The density of these chromophobic cells
varies across the PPD; it is greater in the dorsal PPD
(Fig. 9i, k, 9n, p) than the ventral PPD of both adult female
(Fig. 9i, m) and male (Fig. 9n, r) lampreys, which is consistent with the distribution of the somatotropes.
The PI consists of a plethora of somewhat indistinct cells.
Present are the small round magenta-purple proto-glycotropes
found throughout the RPD and PPD and sparsely distributed
oblong cells of similar staining (presumed melanotropes), as
well as variable chromophobic cells in female ammocoete
(Fig. 9a, d), female parasitic phase (Fig. 9e, h), adult female
(Fig. 9i, l) and male (Fig. 9n, q) lampreys. One of the most
common cell types appears generally stellate-like and is often
found next to the stroma with long projections nestled in between similar and contrasting cells, relatively medial to the PI,
and is particularly evident in adult female (Fig. 9i, l) and male
(Fig. 9n, q) lampreys. Lining the cords of cells and the adenohypophysis itself, stroma is clearly visible, stained an invariably vivid green (Fig. 9a–r).
Histology results are summarized in Table 1.
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Fig. 5 IHC: ammocoete. IHC of thyrostimulin subunits (α: GpA2, β:
GpB5) and GpH subunits (α: GpA2, β: GpHβ) in female ammocoete
lamprey AH. GpA2 (brown) was highly expressed throughout the AH (a:
a2), in the RPD (b: b7), PPD (c: c7) and PI (d: d7). GpB5 (pink) was
highly expressed throughout the AH (a: a1, brown), in the RPD (b: b4),
PPD (c: c4) and PI (d: d4). GpHβ was not expressed (no dark gray) in the
RPD (b: b6), PPD (c: c6), or PI (d: d6) of the AH (a: a3, no brown). The
thyrostimulin subunits, GpA2 and GpB5, were highly co-expressed
(magenta) throughout the AH in the RPD (b: b1), PPD (c: c1) PI (d:
d1). Antibody specificity was confirmed by a negligible background signal in preabsorption negative controls outlined in black in the bottom
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right of the panels for GpB5 (a: a1), GpA2 (a: a2) and GpHβ (a: a3).
Arrowheads in merged and individual images indicate the regions of coexpression of the thyrostimulin subunits, GpA2 and GpB5. Scale bars (a)
100 μm, (b–d) 20 μm. GpH lamprey glycoprotein hormone (lGpH),
GpA2 shared lamprey thyrostimulin and GpH alpha (α) subunit
(lGpA2), GpB5 hormone-specific lamprey thyrostimulin beta (β) subunit
(lGpB5), GpHβ hormone-specific lamprey GpH beta (β) subunit
(lGpHβ), AH adenohypophysis (anterior pituitary), RPD rostral pars
distalis (region of AH), PPD proximal pars distalis (region of AH), PI
pars intermedia (region of AH), NH neurohypophysis (posterior pituitary), III third ventricle
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Fig. 6 IHC: parasitic phase. IHC of thyrostimulin subunits (α:
GpA2, β: GpB5) and GpH subunits (α: GpA2, β: GpHβ) in
female parasitic phase lamprey AH. GpA2 (brown) was
moderately expressed throughout the AH (a: a2), in the RPD (b:
b7), PPD (c: c7) and PI (d: d7). GpB5 (pink) was highly expressed
throughout the AH (a: a1, brown), in the RPD (b: b4), PPD (c: c4)
and PI (d: d4). GpHβ was not expressed (no dark gray) in the
RPD (b: b6), PPD (c: c6), or PI (d: d6) of the AH (a: a3, no
brown). The thyrostimulin subunits, GpA2 and GpB5, were
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highly co-expressed (magenta) in the RPD (b: b1) and PPD (c:
c1) and moderately in the PI (d: d1). Antibody specificity was
confirmed by a negligible background signal in preabsorption negative controls outlined in black in the bottom right of the panels
for GpB5 (a: a1), GpA2 (a: a2) and GpHβ (a: a3). Arrowheads in
merged and individual images indicate the regions of co-expression
of the thyrostimulin subunits, GpA2 and GpB5. Scale bars (a) 100
μm, (b–d) 20 μm. For abbreviations, see Fig. 5
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Fig. 7 IHC: adult female. IHC of thyrostimulin subunits (α: GpA2, β:
GpB5) and GpH subunits (α: GpA2, β: GpHβ) in adult male lamprey
AH. GpA2 (brown) was highly expressed throughout the AH (a: a2), in
the RPD (b: b7), dorsal PPD (c: c7), ventral PPD, (e: e7) and PI (d: d7).
GpB5 (pink) was highly expressed throughout the AH (a: a1, brown), in
the RPD (b: b4), dorsal PPD (c: c4), ventral PPD (e: e4) and PI (d: d4).
GpHβ (dark gray) was highly expressed only in the ventral half of the
PPD (a: a2, e: e6). The thyrostimulin subunits, GpA2 and GpB5, were
highly co-expressed (magenta) in the RPD (b: b1), dorsal PPD (c: c1),
ventral PPD (e: e1) and PI (d: d1). The GpH subunits, GpA2 and GpHβ,
were highly co-expressed (dark gray-brown) only in the ventral half of
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the PPD (e: e3); therefore, the thyrostimulin and GpH specific β-subunits,
GpB5 and GpHβ, were also highly co-expressed (dark gray-purple) only
in the ventral half of the PPD (e: e5); and the thyrostimulin and GpH
subunits, GpA2, GpB5 and GpHβ triple co-expressed (dark graymagenta) only in the ventral PPD (e: e2). Antibody specificity was confirmed by a negligible background signal in preabsorption negative controls outlined in black in the bottom right of the panels for GpB5 (a: a1),
GpA2 (a: a2) and GpHβ (a: a3). Arrowheads in merged and individual
images indicate the regions of triple co-expression of the lGpH and
thyrostimulin subunits, GpA2, GpHβ and GpB5. Scale bars (a) 100
μm, (b–d) 20 μm. For abbreviations, see Fig. 5
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Fig. 8 IHC: adult male. IHC of thyrostimulin subunits (α: GpA2, β:
GpB5) and GpH subunits (α: GpA2, β: GpHβ) in adult male lamprey
AH. GpA2 (brown) was highly expressed throughout the AH (a: a2), in
the RPD (b: b7), dorsal PPD (c: c7), ventral PPD, (e: e7) and PI (d: d7).
GpB5 (pink) was highly expressed throughout the AH (a: a1, brown), in
the RPD (b: b4), dorsal PPD (c: c4), ventral PPD (e: e4) and PI (d: d4).
GpHβ (dark gray) was highly expressed only in the ventral half of the
PPD (a: a2, e: e6). The thyrostimulin subunits, GpA2 and GpB5, were
highly co-expressed (magenta) in the RPD (b: b1), dorsal PPD (c: c1),
ventral PPD (e: e1), and PI (d: d1). The GpH subunits, GpA2 and GpHβ,
were highly co-expressed (dark gray-brown) only in the ventral half of
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the PPD (e: e3); therefore, the thyrostimulin and GpH specific β-subunits,
GpB5 and GpHβ, were also highly co-expressed (dark gray-purple) only
in the ventral half of the PPD (e: e5); and the thyrostimulin and GpH
subunits, GpA2, GpB5 and GpHβ triple co-expressed (dark graymagenta) only in the ventral PPD (e: e2). Antibody specificity was confirmed by a negligible background signal in preabsorption negative controls outlined in black in the bottom right of the panels for GpB5 (a: a1),
GpA2 (a: a2) and GpHβ (a: a3). Arrowheads in merged and individual
images indicate the regions of triple co-expression of the lGpH and
thyrostimulin subunits, GpA2, GpHβ and GpB5. Scale bars (a) 100
μm, (b–d) 20 μm. For abbreviations, see Fig. 5
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Fig. 9 HISTOLOGY: ammocoete, parasitic phase, and adult Br.ABOFG staining in the AH of female ammocoete, female parasitic phase,
and adult female and male lampreys. The somatotropes produce GH and
were stained orange-brown in the dorsal half of the PPD of adult female
lampreys only (i: k) (orange arrowheads); chromophobic somatotropes
were unstained in the dorsal half of the PPD of adult male lampreys (n: p)
(orange arrowheads). The corticotropes produce ACTH and were stained
light blue-green in the interior of the cell cords of the RPD of adult female
(i: j) and male lampreys (n: o) and minimally stained in female
ammocoete (a: b) and female parasitic phase (e: f) lampreys (teal
arrowheads). The novel proto-glycotropes express thyrostimulin and
GpH and were stained magenta-purple along the edges of the cell cords
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of the RPD (i: j; n: o), throughout the dorsal PPD (i: k; n: p), ventral PPD
(i: m; n: r) and PI (i: l; n: q) of adult female and male lampreys, respectively, and indiscriminately throughout the RPD (a: b; e: f), PPD (a: c; e:
g) and PI (a: d; e: h) of female ammocoete and female parasitic lampreys,
respectively (purple arrowheads). Erythrocytes were stained vibrant
yellow-orange (a: d; e: g, h; i: j–l; n: o–r) (yellow arrowheads); connective stroma was stained vivid green (a: b–d; e: f–h; i: j–m; n: o–r). Scale
bars (a, e, i, n) 100 μm, (b–d, f–h, j–m, o–r) 20 μm. GH growth hormone, ACTH adrenocorticotropin, GpH lamprey glycoprotein hormone
(lGpH), AH adenohypophysis (anterior pituitary), RPD rostral pars
distalis (region of AH), PPD proximal pars distalis (region of AH), PI
pars intermedia (region of AH)

Cell Tissue Res (2017) 367:311–338

Transmission electron microscopy (TEM)
The corticotropes were oblong, irregularly shaped cells,
generally found in the internal regions of the cell cords of
the RPD, and were of similar size to the other adenohypophyseal cells in female ammocoete (10 μm average diameter) (Fig. 10a, c) and female parasitic phase (10 μm
average diameter) (Fig. 11a, c) lampreys, and were the
largest adenohypophyseal cells in adult female (16 μm average diameter) (Fig. 12a, c) and male (18 μm average
diameter) (Fig. 13a, c) lampreys. There were notable differences in the volume of rough endoplasmic reticulum
(RER) (average percentage of total cell volume (V v ):
19 % in female ammocoete, 6 % in female parasitic phase
lampreys, 7 % in adult female and 2 % in adult male lampreys). At all life stages the corticotropes had low volumes
of Golgi apparatus (Vv: <1 % in female ammocoete, parasitic phase and adult female and male lampreys) and few
mitochondria (Vv: <1 % in female ammocoete and adult
female and male lampreys; 1 % in female parasitic phase
lampreys). The volume of hormone secretory vesicles increased with development during different life stages (Vv:
<1 % in female ammocoete, 5 % in female parasitic phase
lampreys, 12 % in adult female and 19 % in adult male
lampreys). The hormone secretory vesicles were generally
oblong in shape and in the same size class throughout female ammocoete (151-200 nm; average 167 nm), female
parasitic phase (101-150 nm; average 122 nm) and adult
female (151-200 nm; average 206 nm) and male (151-200
nm; average 210 nm) lampreys.
The somatotropes were round, irregularly shaped cells,
generally found in the dorsal half of the PPD, and were
relatively small in comparison to the corticotropes in female ammocoete (7 μm average diameter) (Fig. 10d, f) and
female parasitic phase (9 μm average diameter) (Fig. 11d,
f) lampreys and adult female (12 μm average diameter)
(Fig. 12d, f) and male (11 μm average diameter)
(Fig. 13d, f) lampreys. In comparison to the other tropic
cells of the lamprey adenohypophysis, the somatotropes
had distinctly extensive RER (V v : 14 % in female
ammocoete, 31 % in female parasitic phase lampreys,
15 % in adult female and 13 % in adult male lampreys).
However, the somatotropes had similar volumes of Golgi
apparatus (Vv: <1 % in female ammocoete, parasitic phase
and adult female and male lampreys) and mitochondria
(Vv: <1 % in female ammocoete and adult female and male
lampreys; 2 % in female parasitic phase lampreys) compared to the corticotropes. The volume of hormone secretory vesicles increased slightly during development (Vv:
<1 % in female ammocoete and female parasitic phase
lampreys, 5 % in adult female and 3 % in adult male lampreys). The secretory vesicles in the somatotropes were
strictly round, rather than oblong as observed in the

327

corticotropes, and increased in class and average sizes
from female ammocoete (51–100 nm; average 83 nm), to
female parasitic phase (101–150 nm; average 157 nm) and
to adult female (151–200 nm; average 160 nm) and male
(151–200 nm; average 155 nm) lampreys.
The melanotropes were oblong, irregularly shaped cells,
which were interspersed with the proto-glycotropes of the
PI, and were of similar size to the other adenohypophyseal
cells in female ammocoete (7 μm average diameter)
(Fig. 10g, i) and female parasitic phase (11 μm average
diameter) (Fig. 11g, i) lampreys, and were the smallest
adenohypophyseal cells in adult female (8 μm average diameter) (Fig. 12g, i) and male (8 μm average diameter)
(Fig. 13g, i) lampreys. The melanotropes were similar in
ultrastructural characteristics to the corticotropes, but appeared to have less dense cytoplasm, which commonly had
cytoplasmic vacuoles and distended RER. The
melanotropes had a similar extent of RER to the
corticotropes, particularly at later life stages (Vv: 6 % in
female ammocoete, 7 % in female parasitic phase lampreys, 6 % in adult female and 3 % in adult male lampreys). The melanotropes had similar volumes of Golgi
apparatus (Vv: <1 % in female ammocoete, parasitic phase
and adult female and male lampreys) and mitochondria
(Vv: <1 % in female ammocoete, parasitic phase and adult
female and male lampreys) compared to the corticotropes
and somatotropes. The volumes of hormone secretory vesicles remained consistent throughout the different life
stages, but were the highest in adult female lampreys (Vv:
<1 % in female ammocoete and parasitic phase lampreys
and adult male lampreys, and 7 % in adult female lampreys). Similar to the corticotropes, the hormone secretory
vesicles of the melanotropes were generally oblong in
shape, in a smaller size class than the corticotropes in female ammocoete lampreys (51–100 nm; average 133 nm),
and in the same size class as the corticotropes in female
parasitic phase (151–200 nm; average 189 nm) and adult
female (151–200 nm; average 158 nm) and male (151–200
nm; average 166 nm) lampreys.
The proto-glycotropes were round, regularly shaped
cells, which were distributed mainly along the edges of
the cell cords of the RPD, adjacent to the sinusoids, and
in between the corticotropes; they were also distributed
throughout the cell cords of the PPD; and these cells were
found ubiquitously throughout the PI with no notable arrangement. The proto-glycotropes were similar in size to
the somatotropes in female ammocoete (8 μm average diameter) (Fig. 10, RPD: a, b; PPD: d, e; PI: g, h) and female
parasitic phase (11 μm average diameter) (Fig. 11, RPD: a,
b; PPD: d, e; PI: g, h) lampreys and adult female (12 μm
average diameter) (Fig. 12, RPD: a, b; PPD: d, e; PI: g, h)
and male (12 μm average diameter) (Fig. 13, RPD: a, b;
PPD: d, e; PI: g, h) lampreys. The proto-glycotropes had
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Fig. 10 TEM: ammocoete. Cellular ultrastructural analysis to help
identify the different tropic cells of the AH in female ammocoete
lampreys by TEM. The classical corticotropes were best
ultrastructurally identified by their relatively large oblong,
irregular cellular shape (10 μm average cell size) and by their
relatively large, oblong-shaped hormone secretory vesicles (151–
200 nm class size; 167 nm average) and were found only in the
RPD (a: c). The classical somatotropes were best ultrastructurally
identified by their relatively small, round, irregular shape (7 μm
average cell size) and relatively large, round hormone secretory
vesicles (51–100 nm class size; 83 nm average) and were found
only in the dorsal half of the PPD (d: f). The classical
melanotropes were best ultrastructurally identified by their oblong,
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irregular cellular shape (7 μm average cell size), less dense cytoplasm with cytoplasmic vacuoles and distended RER and by their
relatively large, oblong-shaped hormone secretory vesicles (51–
100 nm class size; 133 nm average) and were found only in the
PI (g: i). The novel proto-glycotropes were best ultrastructurally
identified by their relatively small, round, regular shape (8 μm
average cell size) and relatively small, round-shaped hormone secretory vesicles (51–100 nm class size; 90 nm average) and were
found throughout the AH, in the RPD (a: b), PPD (d: e) and PI (g:
h). Arrowheads indicate hormone secretory vesicles of the respective cell type. Scale bars (a, d, g) 5 μm, (b, c, e, f, h, i) 500 nm.
AH adenohypophysis (anterior pituitary), RPD rostral pars distalis
(region of AH), PPD proximal pars distalis (region of AH)
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Fig. 11 TEM: parasitic phase. Cellular ultrastructural analysis to
help identify the different tropic cells of the AH in female
parasitic phase lampreys by TEM. The classical corticotropes
were best ultrastructurally identified by their relatively large
oblong, irregular cellular shape (10 μm average cell size) and by
their relatively large, oblong-shaped hormone secretory vesicles
(101–150 nm class size; 122 nm average) and were found only
in the RPD (a: c). The classical somatotropes were best ultrastructurally identified by their relatively small round, irregular shape
(9 μm average cell size) and relatively large, round hormone secretory vesicles (101–150 nm class size; 157 nm average) and were
found only in the dorsal half of the PPD (d: f). The classical
melanotropes were best ultrastructurally identified by their oblong,
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irregular cellular shape (11 μm average cell size), less dense cytoplasm with cytoplasmic vacuoles and distended RER and by their
relatively large, oblong-shaped hormone secretory vesicles (151–
200 nm class size; 189 nm average) and were found only in the
PI (g: i). The novel proto-glycotropes were best ultrastructurally
identified by their relatively small, round, regular shape (11 μm
average cell size) and relatively small, round-shaped hormone secretory vesicles (51–100 nm class size; 120 nm average) and were
found throughout the AH, in the RPD (a: b), PPD (d: e) and PI (g:
h). Arrowheads indicate hormone secretory vesicles of the respective cell type. Scale bars (a, d, g) 5 μm, (b, c, e, f, h, i) 500 nm.
For abbreviations, see Fig. 10
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Fig. 12 TEM: adult female. Cellular ultrastructural analysis to help identify the
different tropic cells of the AH in adult female lampreys by TEM. The classical
corticotropes were best ultrastructurally identified by their relatively large oblong,
irregular cellular shape (16 μm average cell size) and by their relatively large,
oblong-shaped hormone secretory vesicles (151–200 nm class size; 206 nm
average) and were found only in the RPD (a: c). The classical somatotropes
were best ultrastructurally identified by their relatively small round, irregular
shape (12 μm average cell size) and relatively large, round hormone secretory
vesicles (151–200 nm class size; 160 nm average) and were found only in the
dorsal half of the PPD (d: f). The classical melanotropes were best
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ultrastructurally identified by their oblong, irregular cellular shape (8 μm average
cell size), less dense cytoplasm with cytoplasmic vacuoles and distended RER
and by their relatively large, oblong-shaped hormone secretory vesicles (151–
200 nm class size; 158 nm average) and were found only in the PI (g: i). The
novel proto-glycotropes were best ultrastructurally identified by their relatively
small, round, regular shape (12 μm average cell size) and relatively small, roundshaped hormone secretory vesicles (101–150 nm class size; 152 nm average) and
were found throughout the AH, in the RPD (a: b), PPD (d: e) and PI (g: h).
Arrowheads indicate hormone secretory vesicles of the respective cell type. Scale
bars (a, d, g) 5 μm, (b, c, e, f, h, i) 500 nm. For abbreviations, see Fig. 10

Cell Tissue Res (2017) 367:311–338

Fig. 13 TEM: adult male. Cellular ultrastructural analysis to help identify the
different tropic cells of the AH in adult male lampreys by TEM. The classical
corticotropes were best ultrastructurally identified by their relatively large oblong,
irregular cellular shape (18 μm average cell size) and by their relatively large,
oblong-shaped hormone secretory vesicles (151–200 nm class size; 210 nm
average) and were found only in the RPD (a: c). The classical somatotropes
were best ultrastructurally identified by their relatively small round, irregular
shape (11 μm average cell size) and relatively large, round hormone secretory
vesicles (151–200 nm class size; 155 nm average) and were found only in the
dorsal half of the PPD (d: f). The classical melanotropes were best
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ultrastructurally identified by their oblong, irregular cellular shape (8 μm
average cell size), less dense cytoplasm with cytoplasmic vacuoles and
distended RER and by their relatively large, oblong-shaped hormone secretory
vesicles (151–200 nm class size; 166 nm average) and were found only in the PI
(g: i). The novel proto-glycotropes were best ultrastructurally identified by their
relatively small, round, regular shape (12 μm average cell size) and relatively
small, round-shaped hormone secretory vesicles (101–150 nm class size; 142 nm
average) and were found throughout the AH, in the RPD (a: b), PPD (d: e) and PI
(g: h). Arrowheads indicate hormone secretory vesicles of the respective cell type.
Scale bars (a, d, g) 5 μm, (b, c, e, f, h, i) 500 nm. For abbreviations, see Fig. 10
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relatively extensive RER at earlier life stages (Vv: 13 % in
female ammocoete and female parasitic phase lampreys)
and less RER in adults (Vv: 3 % in adult female and 4 %
in adult male lampreys). Similar to the other lamprey adenohypophyseal cell types, the proto-glycotropes had low
volumes of Golgi apparatus (V v : <1 % in female
ammocoete, parasitic phase and adult female and male
lampreys). However, these cells had notably more mitochondria than the corticotropes, somatotropes and
melanotropes at all life stages (V v : 1 % in female
ammocoete, 3 % in female parasitic phase lampreys, 2 %
in adult female, and 4 % in adult male lampreys). The
volume of the hormone secretory vesicles in the protoglycotropes increased during development in parallel with
the somatotropes (Vv: <1 % in female ammocoete and female parasitic phase lampreys, 4 % in adult female and 2 %
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in adult male lampreys). The secretory vesicles in the
proto-glycotropes were the smallest of all the tropic adenohypophyseal cells in female ammocoete (51–100 nm;
average 90 nm), female parasitic phase (51–100 nm; average 120 nm) and adult female (101–150 nm; average 152
nm) and male (101–150 nm; average 142 nm) lampreys.
The average percentages of total cell volume of the
hormone secretory vesicles in the somatotropes,
corticotropes, melanotropes and proto-glycotropes in female ammocoete, female parasitic phase and adult female
and male lampreys are consistent with the more intense
histochemical staining and generally greater hormone expression observed in the adult female and male
adenohypophyses.
Transmission electron microscopy results are summarized
in Table 1.

Table 1 Summary table of the lamprey adenohypophyseal cell types based on the hormones they produce and where the hormones are expressed, the
histochemical staining observed and the ultrastructural cellular characteristics at different life stages

(GH growth hormone, ACTH adrenocorticotropin, MSH melanocyte-stimulating hormone, TS thyrostimulin (α: lGpA2, β: lGpB5), lGpH lamprey glycoprotein hormone (α: lGpA2, β: lGpHβ), Br.AB-OFG Slidders’ (1961) bromine alcian blue orange G acid fuchsin light green (Br.AB-OFG) staining method
for the adenohypophysis, AH adenohypophysis (anterior pituitary), RPD rostral pars distalis (region of AH), PPD proximal pars distalis (region of AH), PI
pars intermedia (region of AH), Vv average percentage of total cell volume, ♀ female, ♂ male, Ves hormone secretory vesicles, RER rough endoplasmic
reticulum, Mito mitochondria, Cyto cytoplasm, Nuc nucleus, + minimal expression, ++ moderate expression, +++ high expression, — no expression)
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Discussion
In this study, we report the identification of a novel vertebrate adenohypophyseal (anterior pituitary) cell type
that we propose to call a proto-glycotrope, which we consider to be a prototypical tropic cell type producing the
two lamprey adenohypophyseal glycoprotein hormones,
lamprey (l) glycoprotein hormone (GpH) (lGpH) and
thyrostimulin. This proto-glycotrope is the predominant
cell type throughout all regions of the adenohypophysis
[rostral pars distalis (RPD), proximal pars distalis (PPD),
and pars intermedia (PI)] at all major life stages (larval,
parasitic and adult) of the sea lamprey (Petromyzon
marinus). While some previous studies examined the transcript and protein expression of the lGpH subunits

Fig. 14 Summary figure of the distribution of the different tropic cell
types in the lamprey adenohypophysis and the tropic hormones they
produce. The classical corticotropes (teal), which produce
adrenocorticotropic hormone (ACTH), are found predominantly along
the internal regions of the cells cords of the RPD. The classical
somatotropes (orange), which produce growth hormone (GH), are
found predominantly in the dorsal half of the PPD. The classical
melanotropes (pink), which produce melanocyte-stimulating hormone
(MSH), are found predominantly in the PI. The novel proto-glycotropes,
which we have shown to dual- and triple-co-express the shared α
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(Nozaki et al. 1999; Sower et al. 2006, 2015), this is the
first study to extensively examine the co-expression and
co-localization of all the subunits of the lamprey adenohypophyseal glycoprotein hormones: lGpH (α: lGpA2, β:
lGpHβ) and thyrostimulin (α: lGpA2, β: lGpB5) at different life stages by an array of histological techniques. In
this study, the comprehensive use of specialized histology,
transmission electron microscopy (TEM), single-labeled
chromogenic in situ hybridization (ISH), dual- and
triple-labeled fluorescent ISH (FISH) and immunohistochemistry (IHC), provide strong supporting evidence for
each of the four specific lamprey adenohypophyseal cell
types, including the corticotropes, somatotropes and
melanotropes, as well as the identification of novel
proto-glycotropes, summarized in Fig. 14 and Table 1.

(lGpA2) and hormone specific β subunits (lGpHβ and lGpB5) for both
lamprey adenohypophyseal glycoprotein hormones, lamprey (l) glycoprotein hormone (GpH) (lGpH) and thyrostimulin, respectively, were
found throughout the adenohypophysis, predominantly along the edges
of the cell cords of the RPD and ubiquitously throughout the PPD and PI.
AH adenohypophysis (anterior pituitary), RPD rostral pars distalis (region
of AH), PPD proximal pars distalis (region of AH), PI pars intermedia
(region of AH), NH neurohypophysis (posterior pituitary), III third
ventricle.
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Proto-glycotropes
The novel proto-glycotropes were the primary histochemically and ultrastructurally identifiable adenohypophyseal
cell type and were found throughout the RPD, PPD and
PI of female larval (oogonia stage) and female parasitic
phase (early vitellogenic stage) lampreys, with more developed morphological distribution in the RPD of adult female and male lampreys (final maturation), along the
edges of the cell cords lining the sinusoids. Singlelabeled ISH, dual- and triple-labeled FISH, and IHC
showed the individual expression of the common α-subunit, α-2 (lGpA2) of lamprey (l) GpH (lGpH) and
thyrostimulin throughout the RPD, PPD and PI of female
larval, female parasitic phase, and adult female and male
lampreys. These combined techniques also showed the
lamprey GpH β-subunit (lGpHβ) to be expressed predominantly within the ventral half of the PPD of adult female
and male lampreys only, which is consistent with previous
immunohistological studies (Nozaki et al. 1999; Sower
et al. 2006, 2015). For the first time, we showed that
lamprey thyrostimulin β-subunit, β-5 (lGpB5), paralleled
the expression and distribution of lGpA2 in female larval,
female parasitic phase, and adult female and male lampreys. Lamprey GpH subunits, lGpA2 and lGpHβ, were
highly co-expressed in the ventral PPD of adult lampreys
only. Nozaki et al. previously proposed that the lGpHβ
(formerly GTHβ) immunoreactive cells were most active
in pre-spawning adult lampreys, when sexual maturation is
nearly complete and are probably functional gonadotropes
(Nozaki et al. 2008). However, we showed that lamprey
thyrostimulin subunits, lGpA2 and lGpB5, were highly coexpressed throughout the RPD, PPD, and PI of female
larval, female parasitic phase, and adult female and male
lampreys. All three subunits, lGpA2, lGpHβ and lGpB5,
were robustly triple co-expressed in the ventral half of the
PPD of adult female and male lampreys only. Therefore,
given the absence of thyroid stimulating hormone (TSH)
in lampreys (Sower, et al. 2015), thyrostimulin’s presumed activation of the TSH-receptor in humans (Okada
et al. 2006), and the presence of a functional pre-thyroidal
endostyle in ammocoetes that develops into a non-discrete
thyroid gland in parasitic phase lampreys and fully
formed thyroid follicles in adults, our data strongly support the presence of one cell type producing the two lamprey glycoprotein hormones, lGpH and thyrostimulin,
rather than two cell types individually producing lGpH
or thyrostimulin. Thus, we hypothesize that this one cell
type, the novel proto-glycotropes, in response to internal
and external cues, such as gonadotropin-releasing hormone (GnRH) or water temperature, respectively, differentially expresses the two lamprey glycoprotein hormones, lGpH and thyrostimulin, in different life stages
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of the lamprey. Future studies will be required to determine the potential differential roles of the two glycoprotein hormones in reproduction, metabolism and/or development in lampreys.
There are very limited studies on the function of
thyrostimulin in other organisms, either in vertebrates
or invertebrates. In one study examining the human adenohypophysis, transcripts for both GpA2 and GpB5
were found in the corticotropes, while GpA2 protein
had scattered distribution throughout the adenohypophyseal cells and GpB5 protein was found to co-localize
with only adrenocorticotropin (ACTH) markers (Okada
et al. 2006). Therefore, these studies might suggest that
the corticotropes may serve as a site of thyrostimulin
synthesis in humans (Okada et al. 2006). Invertebrate
thyrostimulin subunit homologs have also been found
in the fruit fly (Drosophila melanogaster), but its functions are currently unknown (Sellami et al. 2011), and
additionally in the mosquito (Aedes aegypti), where it
has been shown to regulate ion transport across the
hindgut (Paluzzi et al. 2014). However, in another
agnathan, the brown hagfish (Paramyxin atami), which
is the most primitive vertebrate known, living or extinct,
the subunits of a single functional heterodimeric adenohypophyseal GpH are co-expressed, but it is unknown
whether TSH or thyrostimulin is also present (Nozaki
2008; Uchida et al. 2010). Therefore, it is likely that
thyrostimulin, if present, is produced in different cells
in different organisms based on its likely organismspecific physiological role and expression during development and maturation.
Somatotropes
In gnathostomes, growth hormone (GH) and prolactin
(PRL) are produced in the somatotropes and lactotropes,
respectively (Norris and Carr 2013). Lampreys only
have GH and do not have PRL (Kawauchi et al.
2002). In the lamprey adenohypophysis, classical
somatotropes were identified predominantly in the dorsal
half of the PPD and in scattered groups in the ventral
PPD, consistent with the expression of GH protein
(Kawauchi et al. 2002; Nozaki et al. 2008). In most
vertebrates, the somatotropes are found in groups relatively close or adjacent to the sinusoids of the PPD
(Bloom and Fawcett 1975). In the current study, the
somatotropes were best identified ultrastructurally by
their large, uniformly round hormone secretory vesicles
and distinctly extensive rough endoplasmic reticulum
(RER) in female larval (oogonia stage), female parasitic
phase (early vitellogenic stage), and adult female and
male lampreys (final maturation). Histochemically, the
somatotropes were identified by their orange-brown

Cell Tissue Res (2017) 367:311–338

staining in adult female lampreys only. We observed
chromophobic cells in the dorsal PPD in adult male
lampreys, which we believe are likely somatotropes that
have been depleted of hormone secretory vesicles due to
ceased or suppressed GH synthesis (Norris and Carr
2013). No histochemical staining was seen in female
ammocoete or parasitic phase lampreys. There were
scattered chromophobe cells in the PPD of these life
stages but the distinct localization in the dorsal PPD
observed in adults was absent. These data are consistent
with and supported by TEM, which showed that the
hormone secretory vesicles of somatotropes had a low
average percentage of cell volume in female larval, female parasitic phase, and adult female and male lampreys, with a slightly higher volume in adult female
lampreys. These characteristics mostly parallel the general trends of slow growth during larval and metamorphic stages (Percy et al. 1975), increased somatic
growth during parasitic phase (Nozaki et al. 2008),
followed by rapid growth in sexually immature adults,
and ceased growth during spawning in sexually mature
adults (Percy et al. 1975). Similarly, Nozaki et al.
(2008) showed that there was minimal expression of
GH in larval and metamorphic stage lampreys, moderate
expression in parasitic phase lampreys, and high expression in adult lampreys; thus, these data suggest that GH
is a functional somatotropin in lampreys. It is possible
that the lack of histochemical staining and minimal hormone
secretory vesicle volume observed in female larval, female
parasitic phase, and adult male lampreys is not due to a lack
of GH production, but rather due to increased rates of GH
release by the somatotropes because of greater physiological
needs in these life stages and sexes.
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during early and middle developmental stages and is consistent with previous studies examining transcript and protein
expression, which showed that although the ACTH-like cells
appeared to be active in larval lampreys, they exhibited peak
levels of activity during the pre-spawning phase of adult lampreys (Ficele et al. 1998; Heinig et al. 1995; Nozaki et al.
1995, 2008; Youson et al. 2006). We showed similar results
by TEM analysis, in which the hormone secretory vesicles of
corticotropes had a low average percentage of cell volume
during female larval and female parasitic phases, which are
common characteristics of corticotropes in other vertebrates
and the main reason for reduced staining (Bloom and Fawcett
1975). In contrast, in adult female and male lampreys, the
corticotrope hormone secretory vesicles had high average percentages of cell volume, which is consistent with our histochemical staining and the earlier studies described above
(Ficele et al. 1998; Heinig et al. 1995; Nozaki et al. 1995,
2008; Youson et al. 2006), suggesting that ACTH may play
an increasingly important physiological role in lampreys as
they develop and mature into adults. These results parallel
developmental characteristics described by Percy et al.
(1975), in which there was a slow increase in the number of
interrenal cells in larval and metamorphic stages, halted
growth during parasitic phase, and rapid increase in cell numbers as sexually immature adults mature to their spawning
phase. Similar to the somatotropes, as previously discussed,
the lack of histochemical staining and minimal hormone secretory vesicle volume observed in the corticotropes of female
larval lampreys may be due to increased rates of ACTH release by the corticotropes. Additionally, lamprey ACTH has
been shown to stimulate in vitro steroidogenesis (Takahashi
et al. 1995a); thus, the corticotropes in lampreys likely have
functions similar to those found in gnathostomes (Nozaki
et al. 2008).

Corticotropes
Melanotropes
The classical corticotropes were the largest of the lamprey
tropic adenohypophyseal cell types, generally oblong in
shape, and found predominantly in the interior of the cell
cords of the RPD, where ACTH protein has been previously
shown to be localized in lampreys, in most parts of the RPD as
well as some scattered cells in the PPD (Nozaki et al. 1995,
2008; Ominato and Nozaki 2002), which is consistent with
most vertebrates that exhibit close proximity of the
corticotropes to the sinusoids of the pars distalis (Bloom and
Fawcett 1975). The corticotropes were best identified by their
distinctive oblong hormone secretory vesicles that were the
largest of the tropic adenohypophyseal cells at all life stages,
female larval (oogonia stage), female parasitic phase (early
vitellogenic stage), and adult female and male lampreys (final
maturation). The faint histochemical staining observed in female larval and female parasitic phase lampreys, suggests that
ACTH is not a predominant adenohypophyseal hormone

In jawed vertebrates, ACTH and MSH are encoded by the
same POMC gene; however, in lampreys, ACTH and
MSH are transcribed from two distinct genes,
proopiocortin (POC) and proopiomelanotropin (POM), respectively (Heinig et al. 1995; Takahashi et al. 1995a, b,
2006). In most vertebrates, tissue-specific post-translational proteolytic processing of the POMC gene yields
ACTH expression in the corticotropes of the pars distalis
and MSH expression in the melanotropes of the PI (Dores
and Baron 2011; Nakanishi et al. 1979; Smith and Funder
1988). Nozaki et al. (1995; 2008) and Ominato and
Nozaki (2002) also showed that MSH was expressed in
the PI of lampreys in MSH-like cells (presumed
melanotropes) and that MSH is likely involved in pigmentation changes in the lamprey (Nozaki et al. 2008). By
TEM, we observed melanotropes in the PI that were
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ultrastructurally similar to the corticotropes, but they were
histochemically indifferent from the proto-glycotropes in
the PI and did not exhibit the distinct histochemical staining seen in the corticotropes of the RPD. In most vertebrates, TEM shows that the corticotropes and
melanotropes are similar in their cellular ultrastructural
characteristics. The consistently moderate volumes of
RER and low volumes of hormone secretory vesicles in
the melanotropes at all life stages may suggest that they
are actively synthesizing and secreting MSH throughout
development and maturation. Our data support the immunohistochemical data from Nozaki et al. (1995, 2008) and
Ominato and Nozaki (2002). The antisera raised to lamprey MSH-A, MSH-B, and ACTH used in Nozaki et al.
(1995) did have some cross-reactivity with one another;
however, there was very high MSH-A and -B immunoreactivity in the PI. The antiserum to MSH-B showed no
cross-reactivity to ACTH or MSH-A (Nozaki et al. 1995).
Based on the data from these previous studies and our
current data, we propose that there are distinct
melanotropes in the PI of lampreys.
General discussion
Historically, different adenohypophyseal cell types have
been identified based on their ultrastructural characteristics,
such as cell size and shape, relative abundance and size of
hormone secretory vesicles, relative abundance of mitochondria, extent of endoplasmic reticulum and Golgi apparatus, and nuclear characteristics as well as histochemical
affinities based on hormone production and expression. In
this study, we have shown that histochemically we were
able to identify most of the tropic cells of the lamprey
adenohypophysis using Slidders’ (1961) specialized staining method for the adenohypophysis, which is generally
consistent with the immunohistological expression of the
various tropic hormones in female larval, female parasitic
phase, and adult female and male lampreys. Additionally,
we have shown that the sizes and shapes of the hormone
secretory vesicles were the best ultrastructural cellular characteristics to definitively identify the lamprey adenohypophyseal tropic cells at all life stages, in addition to the volume
of RER in somatotropes. However, cells are dynamic systems; therefore, variations in cellular ultrastructural characteristics may be a consequence of how central or peripheral
the observed section is within a cell. Furthermore, as recognized by Tsuneki and Gorbman (1975a, b), some cell
types that were previously identified as different from one
another may simply be the same cells at different cellular
depths or cells at different stages of development or synthetic activity. Therefore, the ultrastructural appearance of
the tropic cells may be transient relative to the cell’s secretory and life cycles (Yoshimura 1984), which is consistent
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with our observations of changes in the ultrastructural characteristics of the lamprey tropic adenohypophyseal cells at
different life stages. Similarly, while histology is a useful
technique in helping to identify different adenohypophyseal
cell types, some cells may not be visualized as histochemically different cell types due to similarities in cellular or
hormonal characteristics. Therefore, classical techniques
such as TEM and histology must be appreciated and
interpreted with a broad perspective and necessarily used
in conjunction with more modern expression techniques
like FISH and IHC to best analyze and understand the
differences and relationships between the specialized cell
types of the adenohypophysis (Yoshimura 1984).
In summary, this is the first comprehensive study using
essential classical histochemical and TEM techniques, in
conjunction with indispensible immunohistological coexpression techniques, to reveal the different tropic cell types
of the lamprey adenohypophysis. We identified a novel tropic cell type, the proto-glycotrope, which is differentially expressing the two lamprey adenohypophyseal glycoprotein
hormones, lGpH (α: lGpA2, β: lGpHβ) and thyrostimulin
(α: lGpA2, β: lGpB5), in overlapping and unique regions of
the adenohypophysis in different stages of development (larval, parasitic phase, and adult). We also definitively identified the classical corticotropes, somatotropes, and
melanotropes. The localization of the tropic adenohypophyseal cells in the pars distalis cell cords of adult lampreys is
paralleled in other vertebrates. In contrast to previous studies
of later evolved vertebrates (Okada et al. 2006), we have
shown that thyrostimulin is expressed in the novel protoglycotropes rather than the corticotropes; therefore, it is possible that the distinct spatial organization of the protoglycotropes and corticotropes in the RPD of lampreys may
indicate paracrine and/or juxtacrine signaling mechanisms
between the two cell types as a means of intercellular regulation of thyrostimulin and/or ACTH production and secretion. Our results suggest that as lampreys mature, along with
other developmental changes in the body, the adenohypophysis undergoes dramatic development as well, leading to
highly organized arrangements of tropic cells with unique
ultrastructural cellular characteristics. Hagfish, similar to earlier stage lampreys, and in contrast to adult lampreys, lack
this morphological organization in the adenohypophysis;
rather consisting of disorganized groups of tropic cells
(Nozaki 2008), which may indicate an important evolutionary step in the development of the adenohypophysis from
hagfish to lampreys that is paralleled by a more hierarchical
neuroendocrine axis in lampreys, and that allows for more
finely tuned control of physiological systems, such as reproduction. Thus, these data elucidating the number of tropic
cell types in the lamprey adenohypophysis, including the
corticotropes, somatotropes and melanotropes, in addition
to the novel proto-glycotropes, support our working
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hypothesis that lampreys are in an evolutionary intermediate
stage of hypophyseal development, leading to the differentiation of the more highly specialized tropic hormones and
synthesizing tropic cells found in gnathostomes (Sower
et al. 2009, 2015).
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