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The insulin receptor-related receptor (IRR) is a member of the
insulin receptor family that, on its own, recognizes neither
insulin nor any of the identified insulin-related peptides. In
both the nervous system and peripheral tissues, IRR mRNA is
detected in cells that also express trkA, the nerve growth
factor tyrosine kinase receptor. In the ovary, the trkA gene is
transiently activated in thecal-interstitial cells of large antral
follicles at the time of the preovulatory surge of gonadotro-
pins. The present study shows that the IRR gene is expressed
in the same ovarian compartment, that IRR mRNA content
increases strikingly in these cells in the afternoon of the first
proestrus, and that—as in the case of trkA mRNA—the in-
crease is caused by gonadotropins. The IRR mRNA species
primarily affected is that encoding the full-length receptor; its
increased abundance was accompanied by a corresponding

change in IRR protein content. An extensive molecular search
using several approaches, including the screening of cDNA
libraries and PCR amplification with degenerate primers, did
not yield an IRR ligand. Phylogenetic analysis of 20 insulin-
related sequences and 15 relaxin family peptides from se-
lected vertebrates indicated that the mammalian genome is
unlikely to contain an additional ligand expressed from a
distinct gene that is closely related to the insulin family. Al-
though the functional nature of the relationship between IRR
and trkA receptors is unknown, the remarkable temporal and
spatial specificities of their coordinated expression in the
ovary before ovulation suggests that they target a function-
ally related set of downstream events associated with the ovu-
latory process. (Endocrinology 147: 155–165, 2006)

THE INSULIN RECEPTOR-related receptor (IRR) is an
orphan receptor of the insulin receptor (IR) tyrosine

kinase family, identified due to its similarity to the IR (1). The
human and guinea pig IRR consists of two subunits (� and
�) derived from a single proreceptor molecule that is cleaved
during processing (1, 2). The structure of mouse (3) and rat
(4, 5) IRR is essentially the same. The � subunit consists of
a 716 amino acid polypeptide of molecular weight (Mr)
108,000, and the � subunit consists of a 551 amino acid
polypeptide of Mr 66,000 (1, 6). The two subunits are
connected by intermolecular disulfide bonds. Whereas the
� subunit determines ligand specificity and contains a
cysteine-rich domain located toward the amino terminus that
is required for ligand binding (7, 8), the � subunit comprises
the remainder of the receptor, including an extracellular,
transmembrane, and intracellular domain. The latter con-
tains the tyrosine kinase-encoding region of the receptor. In
addition to the full-length receptor, there are two truncated
forms that result from alternative splicing of the primary

mRNA transcript (9). These truncated forms (sIRR-1 and
sIRR-2) are polypeptides containing 410 and 469 amino acids,
respectively (Mr 49,000 and 53,000); they contain the cysteine-
rich ligand-binding domain of the receptor but cannot as-
sociate with the � subunit and, thus, are thought to be se-
creted (9).

Noteworthy, the IRR gene is located approximately 2 kb
and in the opposite transcriptional orientation from that of
the trkA gene, which encodes the high-affinity nerve growth
factor (NGF) receptor (10–12). This relationship is conserved
in humans, rats, and mice, wherein the genes are located on
chromosomes 1 (13, 14) (GenBank accession numbers: IRR,
NM_014215; trkA, NM_002529), 2 (IRR, NM_022212; trkA,
NM021589), and 3 (IRR, NM_011832; trkA, XM_283871), re-
spectively. In addition to the IRR and trkA genes being near
to each other in the genome, the receptors have been shown
to be coexpressed in both the peripheral and central nervous
system (15, 16). Cholinergic neurons of the basal forebrain
(17, 18) provide a remarkable example of this coexpression.
In addition to the nervous system, the IRR and trkA receptors
are found in kidney (5, 19–24), pancreas (3, 22, 25, 26), and
thymus (4, 22, 27, 28). These findings suggest that the ex-
pression of both of the receptors might be coregulated by
similar factors; however, none of such factors has been
identified.

We previously showed that trkA mRNA abundance in the
ovary increases markedly in thecal-interstitial cells at the
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time of the preovulatory surge of LH (29). This increase is
transient, occurs in a temporally and spatially restricted man-
ner, and is brought about by the preovulatory LH surge,
indicating that expression of the trkA gene in reproductively
competent ovaries is a tightly regulated event. We now re-
port that expression of the IRR gene in the preovulatory
ovary also increases abruptly in the afternoon of proestrus in
thecal-interstitial cells and that, as in the case of trkA, the
increase is gonadotropin dependent. We also present results
of an extensive molecular and bioinformatics search sug-
gesting that an IRR ligand may not exist as a separate, IR
ligand-related gene in the mammalian genome. These find-
ings lend additional support to the view that IRR may func-
tion as a auxiliary member of the IR family (30) and raise the
possibility that such role may extend to coexpressed recog-
nition molecules, such as the trkA receptor.

Materials and Methods
Animals

Sprague Dawley rats (B&K Universal, Fremont, CA) were housed
under controlled conditions of temperature (23–25 C) and light (14-h
light, 10-h dark; lights on from 0500–1900 h). Food (Purina laboratory
chow, Ralston-Purina, St. Louis, MO) and water were provided ad libi-
tum. Animal usage was duly approved by the Institutional Animal Care
and Use Committee of the Oregon National Primate Research Center.

In vivo procedures

To characterize the pattern of IRR gene expression at the time of
puberty, the ovaries were collected at the end of the juvenile period
(postnatal d 28–29) and during the peripubertal phase (d 32–40). Peripu-
bertal rats were classified in different phases of puberty (juvenile, early
proestrus, late proestrus, estrus, and diestrus) according to criteria pre-
viously reported (31). All ovaries were collected at 1700 h, because we
have previously shown that in Sprague Dawley rats the LH surge is
initiated by 1400 h of the day of first proestrus, becoming maximal
between 1600–1800 h (32). To accelerate ovarian development and in-
duce a preovulatory LH surge, juvenile rats were given a single sc
injection of pregnant mare serum gonadotropin (PMSG) (8 IU/rat) on
d 26–27 of age, and the ovaries were collected at 2-h intervals between
1500–2300 h on the expected day of the preovulatory LH surge. The first
set of ovaries was collected 54 h after the administration of PMSG (i.e.
at 1500 h). In one experiment, granulosa cells were separated from the
rest of the ovary [termed residual ovary; (33)] by puncturing the follicles
with a 23-gauge needle and expressing the granulosa cells into DMEM
(Sigma, St. Louis, Mo).

RT-PCR cloning

Total RNA for both RT-PCR cloning (IRR and cyclophilin cDNAs)
and RNase protection assay (RPA) (see below) was prepared by the acid
phenol-extraction method (34).

The cDNA templates used to prepare cRNA probes for RPA were
produced by RT of total RNA (IRR, 1 �g of kidney RNA; cyclophilin, 200
ng of ovary RNA) using Superscript II reverse transcriptase (Life Tech-
nologies, Grand Island, NY) and an oligo-deoxythymidine primer (5�-
GACTCGAGGATCCATCGA-T18-3�) containing sequences for XhoI,
BamHI, and ClaI restriction sites at its 5� end. The RT reaction was carried
out at 42 C for 1 h followed by 30 min at 52 C. The subsequent PCR used
5% of the RT reaction and a set of 20-mer oligodeoxynucleotides in-
tended to amplify a 428-bp segment of IRR mRNA (4) (GenBank ac-
cession no. M90661). The sense primer (5�-CTGGGTGAGGAGTGT-
GCTGA-3�) corresponds to nucleotides (nt) 912–931 in the IRR mRNA
sequence; the antisense primer (5�-CTGCTGCCATTACGGGTGAA-3�)
is complementary to nt 1320–1339. The primers used to amplify cyclo-
philin were a sense primer (5�-GGGAAGTCCATCTACGGA-3�) corre-
sponding to nt 265–282 and an antisense primer (5�-ACATGCTTGC-
CATCCAAC-3�) complementary to nt 405–422 in rat cyclophilin (35)

(GenBank accession no. M19533). The PCR conditions used have been
described previously (36). The resulting 428-bp IRR PCR product cor-
responds to a segment in IRR mRNA encoding a portion of the cysteine-
rich, putative binding domain in the � subunit of IRR (1). This cDNA
includes sequences from both exon 2 and exon 3. The cyclophilin PCR
product was 158 bp. The PCR products were cloned into the pGEM-T
vector (Promega, Madison, WI). Their identity was confirmed by either
restriction endonuclease digestion using at least three diagnostic re-
striction endonucleases or by sequencing.

Because IRR has two splice variants that encode truncated and se-
creted forms of the receptor (9), an additional IRR cDNA was generated
to differentiate, via RPA, the full-length mRNA from the splice variants
sIRR-1 and sIRR-2. The PCR amplification was carried out as described
above with a set of 24-mer oligodeoxynucleotides intended to amplify
a 554-bp segment of IRR mRNA (4). The sense primer (5�-CCGGGCAC-
CTACCAGTATGAGTCT-3�) corresponds to nt 1188–1211 in the IRR
mRNA sequence; the antisense primer (5�-AGGCGTGGGTTGAAGGC-
GAAGTAT-3�) is complementary to nt 1718–1741. The 5� primer was
located in exon 3, whereas the 3� primer was located in exon 6 (4)
spanning the splice variant region (9).

RNase protection assay

RPAs were carried out according to the method of Gilman (37), as
previously described (38). Preparation of templates for transcription and
the transcription procedure itself were performed as reported (39, 40).
Cyclophilin mRNA, which is constitutively expressed in the ovary (41),
was used as an internal control to normalize the gene-specific hybrid-
ization signals obtained. Sense RNA used for preparation of IRR mRNA
standard curves was generated using the cDNA template described
above. The sense RNA was transcribed, purified, and quantified ac-
cording to published procedures (38). The 32P-labeled IRR and cyclo-
philin cRNAs were simultaneously hybridized to total RNA extracted
from tissues. After RNase digestion, the protected species were isolated
by PAGE, visualized, and analyzed as reported (38). As described above,
the RPA probe used for Figs. 1–3 and 5 extends from exon 2 to exon 3
and protects a fragment of 428 nt. The RPA probe used for the exper-
iment described in Fig.4 extends from exon 3 to exon 6; it protects a
554-nt fragment corresponding to the full-length IRR mRNA. It can also
protect fragments of 441 and 294 nt corresponding to the splice variants
1 and 2, respectively.

Quantitation of the IRR mRNA signals was performed as reported
(42), i.e. first exposing the gel to Kodak Blue XB-1 film (Eastman Kodak
Co, Rochester, NY) at �85 C and then analyzing the autoradiographic
signals using a flatbed scanner and the computer program NIH-Image
written by Dr. Wayne Rasband (National Institutes of Health, Bethesda,
MD). An edited version of this program was provided by Dr. Cary
Mariash (University of Minnesota, Minneapolis, MN); this version yields
integrated optical densities following a user-specified method of sub-
traction of the background (29, 43). Thereafter, the sample signals were
referred to those of a standard curve constructed with different con-
centrations of sense IRR mRNA hybridized to the IRR cRNA probe.
Statistical analysis of the quantitative data consisted of ANOVA fol-
lowed by Fisher’s least-significant-difference procedure for comparison
of individual means.

Western blots

Ovaries were collected from saline-treated juvenile rats (negative
control), and age-matched rats treated with PMSG (collected at 2100 h,
2 d after PMSG injection). Kidney and liver tissue samples were collected
and served as positive and negative controls, respectively. To measure
IRR mRNA and protein levels in the ovaries from individual rats, total
RNA from the left ovary of each rat was used for detection of IRR mRNA
by RPA, whereas the right ovary and control tissues were employed for
immunoblots. The tissues were homogenized and prepared for blotting
as previously described (44). An 8% SDS-PAGE gel (4.5% stack) was
loaded with 41 �g of ovarian protein and 50 �g of kidney and liver
proteins. After transfer of the size-fractionated species to polyvinylidene
difluoride membranes (Pierce, Rockford, IL) for 3 h at 4 C, the mem-
branes were blotted with two different IRR antibodies (727 and 774), the
characteristics of which have been previously reported (23).
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Hybridization histochemistry

The procedure employed was based on the method of Simmons et al.
(45) with modifications as reported (46). Cellular expression of IRR
mRNA was determined in 14-�m cryostat sections of ovaries collected
at 2100 h of the second day after a single PMSG injection and imme-
diately fixed by immersion in 4% paraformaldehyde-0.1 m sodium bo-
rate buffer, pH 9.5 (overnight at 4 C). Thereafter, the ovaries were placed
in 10% sucrose-PBS for 24 h at 4 C, embedded in optimal cutting tem-
perature compound (Miles, Elkhart, IN) and frozen on dry ice before
sectioning. After hybridization, the sections were exposed to NTB-2
emulsion (Roche, Indianapolis, IN), the radioactive signal was devel-
oped three weeks later, and the sections were counterstained with he-
matoxylin (Sigma). Control sections were incubated with a 32P-labeled
sense IRR RNA probe transcribed from the same cDNA template used
to prepare antisense IRR RNA probe but transcribed from the opposite
orientation.

Immunohistochemistry

Immunohistochemical detection of IRR was performed in 14-�m
cryostat sections from ovaries collected at 2100 h, 2 d after PMSG. The
ovaries were fixed by immersion in Zamboni’s fixative, as described (42),
and processed for IRR immunohistochemistry using the affinity-puri-
fied polyclonal antisera 727 and 774 (23). The antibodies were raised
against synthetic peptides identical in sequence to portions of the jux-
tamembrane region (antibody 727) and the carboxy terminus [antibody
774 (23)]. Tissue sections were incubated overnight at 4 C with the
antibodies at 2 �g/ml, and the immunoreaction was developed the next
day using the diaminobenzidine procedure previously described (46).

Motif-based PCR with degenerate primers

The similarity of the IRR to IR and IGF receptors (IGF-Rs) suggested
that a ligand for IRR would be of a similar nature or even a member of
the insulin and relaxin family of ligands. Thus, peptide sequences of
members of the insulin family were aligned to select areas of conserved
motifs from which degenerate primers were then generated. RT reac-
tions were carried out, as described above, using total RNA from kidney,
stomach, brain, and ovary from both juvenile and late proestrus rats. The
conditions for the PCRs were as described above, with the exception that
the annealing temperature was varied from 50 to 60 C. In addition to
using reverse-transcribed RNA as the starting template, cDNA libraries
were used as the cDNA template for PCR amplification using the motif-
based degenerated primers paired with �-vector specific primers de-
signed to the left or right arms of the � phage DNA sequence. The cDNA
libraries were prepared from RNA extracted from ovary, uterus, esoph-
agus, colon, whole brain, hippocampus, basal forebrain, and liver. The
libraries were produced by either our lab or were provided by Dr. Eliot
Spindel (Oregon National Primate Research Center, Beaverton, OR), Dr.
Srinivasa Nagalla (Oregon Health & Science University, Portland, OR),
or Dr. Jim Boulter (University of California, Los Angeles, CA).

Screening of cDNA libraries

Two � phage cDNA libraries (made from ovaries of rats in the first
proestrus phase of the estrous cycle and from the adult rat hippocampus,
mentioned above) were screened for the presence of the mammalian
homolog of a novel cDNA sequence isolated from Phyllomedusa sauvagei
(47) (the cDNA was the generous gift of Dr. Srinivasa Nagalla, Oregon
Health & Science University). This cDNA encodes an insulin-like pep-
tide with 54% similarity with human and 75% similarity with Xenopus
laevis insulin prohormone at the amino acid level (47). The encoded
peptide was considered to be an IRR ligand because of its biological
activity. Synthetic peptides representing the A and B chains of the
peptide and the peptide itself (expressed in vitro using rabbit reticulocyte
lysates programmed with synthetic P. sauvagei mRNA) were able to
stimulate autophosphorylation of the IR, IGF-IR, and IRR in cell lines
stably transfected with each of these receptors (47). Both the ovarian and
hippocampal libraries were screened (0.5–1 million clones from each
library) (48, 49) using the 32P-labeled cDNA random oligonucleotide-
primed synthesis method (50).

Genomic search of insulin/relaxin peptide family genes and
phylogenetic analysis of the IRR

Search of insulin and relaxin peptide family genes was initially
started using the human insulin and relaxin precursors as the query for
TBLASTN analyses of genomes from different model organisms. To
identify all potential paralogous genes in different species, the statistical
significance threshold for reporting matches against database sequences
was set at a less stringent level using a higher EXPECT threshold. The
putative insulin and relaxin family peptides from 20 insulin-related
sequences and 15 relaxin family peptides from selected vertebrates were
further verified based on the conserved arrangement of the six disulfide
bridge-forming cysteines in the putative B and A mature domains. If
available, the putative open reading frame was verified using expressed
sequence tag or mRNA sequences in the GenBank. The Block Maker
program (http://blocks.fhcrc.org) was used to align the mature pep-
tides. Phylogenetic analysis was carried out using a routine in ClustalW
(http://blocks.fhcrc.org/blocks/make_blocks.html).

To study the phylogenetic relationship among IR family proteins,
sequences encoding the full-length proteins and the ectodomains of
homologues from human, mouse, and frog X. laevis were downloaded
from the GenBank and analyzed using the Block Maker program. In
these analyses, the insulin/IGF receptor homologue from silkworm
(Bombyx mori) was used as an outside group.

Results
The IRR gene is expressed in the rat ovary only at the time
of the preovulatory surge of gonadotropins

RPA of total RNA from different tissues protected a 428-nt
fragment in several tissues. As previously shown (21), there
was substantial expression of IRR in the kidney, whole stom-
ach, and the fundus of the stomach (Fig. 1A). No IRR mRNA
was detected in the cerebral cortex and liver. Ovaries col-
lected from immature, juvenile rats were also devoid of IRR
mRNA. In marked contrast, ovaries collected in the after-
noon of the first proestrus had readily detectable IRR mRNA
levels (Fig. 1A). By examining ovaries at each stage of the first
estrous cycle we determined that IRR mRNA was only ex-
pressed in the afternoon of proestrus (Fig. 1B), i.e. at the time
of the first preovulatory surge of gonadotropins. The mRNA
was undetectable after ovulation, i.e. on the day of first estrus
and continued to be undetectable at the first diestrus
(Fig. 1B).

Gonadotropins induce IRR mRNA expression in
juvenile ovaries

Juvenile rats treated with PMSG exhibit all the physiologic
events that result in ovulation (29, 51). Because the endog-
enous surge of gonadotropins and ovulation occur at a pre-
dictable time, we treated juvenile 26- to 27-d-old rats with a
single dose of PMSG to determine whether the increase in
IRR mRNA content detected in the ovary in the afternoon of
the day of first proestrus was caused by gonadotropins. The
preovulatory LH surge is already initiated by 1400 h and
reaches peak values by 1800 h of the second day after ad-
ministration of the PMSG; as in normally cyclic rats, ovula-
tion occurs in the early hours of the day of estrus (51), i.e. 8–10
h after the LH surge. Consistent with this afternoon pattern
of serum LH levels, the ovarian levels of IRR mRNA mea-
sured by RPA were elevated at 1500 h, 54 h after the injection
of PMSG, and remained elevated until 2300 h (Fig. 2). To
confirm that the elevation of IRR mRNA is accompanied by
a subsequent increase in IRR protein, we collected ovaries at
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2100 h, 2 d after PMSG treatment, and processed one ovary
from each animal for measurement of IRR mRNA content
and the other for Western blot analysis. As before, the content
of IRR mRNA was markedly increased in the ovaries of
PMSG-treated rats as compared with saline-injected controls
(Fig. 3A). An increase in IRR protein was also apparent (Fig.
3B). The protein species detected was similar in size (68 kDa)
as that detected in the kidney, a tissue rich in IRR (23).

The prepubertal rat ovary predominantly expresses the
mRNA species encoding the full-length IRR

A 32P-labeled RPA probe extending from exon 3 to exon 6
(Fig. 4A) detected all three IRR mRNA isoforms in the PMSG-
treated rat ovary. The protected fragments had a size con-

FIG. 2. Ovarian IRR mRNA content measured by RPA increases at
the time of the LH surge. Juvenile 26- to 27-d-old rats were injected
with PMSG (8 IU, sc), and their ovaries were collected starting 54 h
(1500 h) after the injection and every 2 h thereafter, until 2300 h. The
LH surge in similarly treated animals occurs at 1700 h (29). IRR
mRNA was detected in samples containing 10 �g of total RNA. cyc,
Cyclophilin; Std, 32P-labeled RNA ladder. *, P � 0.05 vs. juvenile.

FIG. 3. Ovaries collected from PMSG-treated rats contain more IRR
mRNA and IRR protein than those from saline-treated rats. A, IRR
mRNA content determined by RPA in one ovary from each animal was
increased in PMSG-injected rats compared with saline-injected rats.
B, Western blot showing that the ovarian content of an approximate
68-kDa IRR immunoreactive protein species, identical in size to kid-
ney IRR, is increased in the ovaries of PMSG-treated rats (lanes 4–6)
compared with saline-injected controls (lanes 1–3). The ovaries were
collected 60 h (2100 h) after PMSG or saline injection. cyc, Cyclophilin;
Kd, kidney; Lv, liver; P, undigested probe; Std, 32P-labeled RNA
ladder.

FIG. 1. A, IRR mRNA detected in different tissues by RPA. The 516-nt probe consists of 428 nt transcribed from an IRR cDNA template plus
88 nt derived from transcribed vector sequences. P, Undigested probe; D, digested probe; Kd, kidney; St, stomach; Fn, stomach fundus; Cc,
cerebral cortex; OvJ, ovary (juvenile); OvP, ovary (first proestrus); Lv, liver; Std, 32P-labeled RNA ladder. B, IRR mRNA expression in the ovary
is restricted to the afternoon of proestrus. The 32P-labeled cRNA probes for IRR and cyclophilin (cyc) (158 nt protected) were hybridized
simultaneously to 10 �g total RNA. The ovaries were collected at different stages of the first estrous cycle. J, Juvenile 28-d-old rat; EP, early
proestrus (uterine fluid detected); LP AM, late (first) proestrus morning (ballooned uterus weighing more than 200 mg); LP PM, late (first)
proestrus (1700 h); E1, first estrus; D1, first diestrus.
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sistent with the presence of mRNA species encoding the
full-length IRR, as well as the splice variants sIRR-1 and
sIRR-2 (Fig. 4B). Despite this, the variant most abundantly
expressed after PMSG stimulation was that corresponding to
the full-length IRR mRNA (Fig. 4B). The sIRR-2 variant was
expressed at much lower levels, and sIRR-1 was present at
even lower, almost negligible levels.

The IRR gene is preferentially expressed in thecal-
interstitial cells of the preovulatory ovary

To identify the compartment of the ovary where IRR
mRNA is expressed, we collected ovaries at 2100 h on the
second day after PMSG administration and separated gran-
ulosa cells from the rest of the ovarian tissue (residual ovary).
Substantially more IRR mRNA was found in the residual
ovary compartment containing both thecal and interstitial
cells than in granulosa cells (Fig. 5). Hybridization histo-
chemistry confirmed this localization by showing abundant
IRR mRNA transcripts in the thecal compartment of antral
follicles and interstitial tissue of the ovary (Fig. 6, A and B).
Little or no IRR mRNA was detected in granulosa cells,
suggesting that the IRR mRNA found in mechanically iso-

lated granulosa cells (Fig. 5) is most likely derived from
contaminating thecal-interstitial cells. No hybridization was
seen in adjacent sections incubated with a sense IRR probe
(Fig. 6, C and D).

Immunohistochemical detection of the IRR protein re-
vealed a distribution identical to that of the mRNA (Fig. 7,
A and B), with more abundant levels of the protein present
in cells of the theca interna (visualized with more detail in the
higher magnification image shown in Fig. 7B). The 727 poly-
clonal antibodies used for these studies were raised against
a synthetic peptide; when antiserum 727 was preadsorbed
with its antigenic peptide, all specific immunoreactivity dis-
appeared (Fig. 7C).

PCR and library screening for an insulin-related sequence

Motif-based PCR with degenerate primers and extensive
screening of cDNA libraries did not identify an insulin-re-
lated sequence different from other members of the insulin
family. This method was successfully used to identify a novel
cDNA sequence from the gastrointestinal tract of the P. sau-
vagei (47) encoding a peptide sequence with similarity to the
insulin family of peptides. Numerous PCRs using cDNAs

FIG. 4. Splice-variant analysis of ovarian IRR mRNA
by RPA. A, Representation of rat IRR, sIRR-1, and
sIRR-2 (data derived from Ref. 9). A PCR product span-
ning exons 3–6 was used as a RPA probe to detect the
mRNA encoding the full-length receptor and both splice
variants. B, The dominant form of IRR mRNA in the
ovary after PMSG treatment (ovaries collected 60 h af-
ter injection) is the full-length isoform. The slight signal
detected in ovarian RNA from saline-treated rats cor-
responds to the sIRR-2 splice variant. D, Digested probe;
P, undigested probe; Std, 32P-labeled RNA ladder.
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derived from both reverse-transcribed RNA and cDNA li-
braries as the template were carried out using various prim-
ers and conditions, and yet all failed to isolate a cDNA
fragment that was different from the known members of the
mammalian insulin family. Hybridization screening of two
cDNA libraries also did not yield a novel insulin-related
sequence.

A genomic search suggests that the mammalian genome
does not contain additional ligands related to the known
peptides of the insulin or relaxin families

A genomic search suggests that organisms from insect to
human contain multiple insulin/relaxin family peptides. In
the D. melanogaster genome, there are a total of seven paralogs
showing closer sequence similarity to human insulin (52). In
contrast, all vertebrates studied contain multiple orthologs
for insulin and IGFs as well as human relaxin. In addition to

insulin, IGF-I, and IGF-II, the human genome encodes seven
peptides belonging to the relaxin subfamily (Fig. 8). Like-
wise, genomes of teleosts (Takifugu rubripes and Danio rerio)
encoded multiple homologs of insulin, IGFs, and relaxins
(Fig. 8). Although the genome search allowed that identifi-
cation of multiple relaxin subfamily members showing di-
verged sequences, no sequence exhibiting a close relatedness
to known insulin or IGFs was identified in the human ge-
nome, suggesting that the human genome encodes only known
insulin and IGF genes. Based on the notion that ligands and
receptors coevolved during evolution, the highly diverged re-
laxin subfamily peptides are unlikely to function as the IRR
ligands. Indeed, recent studies have suggested that all human
relaxin subfamily peptides primarily signal through G protein-
coupled receptors (53–58), as opposed to the IR and IRR re-
ceptors that signal through a tyrosine kinase-dependent mech-
anism (1).

FIG. 6. Cellular localization of IRR mRNA by hybrid-
ization histochemistry, using an 35S-labeled IRR cRNA,
demonstrates the presence of IRR mRNA transcripts
mainly in the thecal layer of large antral follicles and
interstitial cells of ovaries from PMSG-treated rats (A
and B). A, Illustrates this hybridization pattern in dark-
field; B, merged bright- and dark-field images contrast-
ing the abundance of IRR mRNA transcripts in thecal-
interstitial cells as compared with granulosa cells.
Panels C (dark-field) and D (merged bright- and dark-
field images) show the lack of hybridization signals in a
section hybridized with an 35S-labeled sense IRR RNA.
The ovaries were collected 60 h (2100 h) after PMSG
injection. Bar, 100 �m.

FIG. 5. Most IRR mRNA is detected in the residual ovary and not in granulosa cells. Rats were treated with PMSG (8 IU, sc) and the ovaries
removed 60 h later at 2100 h. Follicles were punctured with a 23-gauge needle, and the granulosa cells were expressed by gently pressing the
ruptured follicles. The remaining tissue, referred to as the residual ovary, includes mainly thecal and interstitial cells and some contaminating
granulosa cells. G, Granulosa cells; R, residual ovary; Std, 32P-labeled RNA ladder. *, P � 0.05 vs. all other groups.
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In addition to studies of insulin/relaxin family peptides in
metazoans, we analyzed the evolution of IRR in vertebrates.
Similar to mammals, X. laevis contains an IRR ortholog (Gen-
Bank accession no. AAH60457) in addition to insulin and
IGF-I receptors (IGF-IRs). Phylogenetic analysis based on the
full-length or the ectodomain sequences of IR family proteins
from human, mouse, X. laevis, and silk moth (B. mori) indi-
cated that IRR has a closer relatedness to the IGF-IR as com-
pared with the IR (Fig. 9).

Discussion

The ovarian pattern of IRR expression documented in the
present study, and that of trkA we reported earlier (29),
indicate that expression of both receptors in the ovary is not
only regulated in a cell-specific manner, but it is also tem-
porarily coordinated. Our results also demonstrate that the
preovulatory surge of gonadotropins is the common factor
responsible for the coregulation of both genes. The earlier
identification of LH as the gonadotropin that induces ovarian
trkA gene expression (29), and the present finding of changes
in IRR mRNA and protein content restricted to the time of the
PMSG-induced surge of endogenous LH, indicates that LH
is the gonadotropin triggering both increases. An increase in
IRR mRNA abundance also occurs in the afternoon of the

first, natural preovulatory surge of gonadotropins. Thus, our
findings identify for the first time a physiological mechanism
able to simultaneously up-regulate trkA and IRR expression
in an endocrine or nervous tissue.

Using both in situ hybridization and immunohistochem-
istry, the IRR was localized to the thecal compartment—the
same site of production for trkA receptors in the rat ovary
(29). The presence of both receptors on NGF-sensitive thecal
cells of the follicular wall, and their increased prevalence
during the time of the preovulatory surge of gonadotropins,
suggests that the actions of the NGF receptor (trkA) and the
IRR on the preovulatory follicle might be functionally coop-
erative. Genes that participate in a functional pathway or are
components of a protein complex are often coregulated ex-
hibiting both coordinated up- and down-regulation (59). The
underlying implication of this coordinated control is that the
genes involved are functionally cooperative. It has been spec-
ulated that coregulatory events observed over large evolu-
tionary distances, and the resulting functional cooperation,
create a selective advantage (59). On the other hand, cis-
regulatory DNA motifs present in genomic regions adjacent
to neighboring genes might lead to serendipitous transcrip-
tional coregulation of these genes (59). Although it has yet to
be determined which category the IRR and trkA genes can be
grouped into, the present results argue in favor of a specific,
hormone-dependent coregulation with functional conse-
quences. The selective advantage of such a tissue- and cell-
specific coregulation is obvious because both gene products
would cooperate in activating signaling pathways required
for ovulation. Although trkA-dependent signaling appears
to facilitate follicular rupture (60), the phase(s) of the ovu-
latory process requiring IRR participation is not known. The
possibility that IRR enhances trkA-mediated events leading
to ovulatory rupture deserves consideration. Such a coop-
erative engagement is strongly suggested by the finding that
stimulation of trkA receptors results in activation of insulin-
dependent signaling pathways, including the phosphoryla-
tion of the IR substrates 1 and 2 (IRS-1 and IRS-2), and the
association of these substrates with several downstream pro-
teins (such as phosphatidylinositol 3-kinase, growth factor
receptor-bound protein 2, and Src homology protein 2), char-
acteristically recruited by insulin/IGF-I binding to their re-
spective receptors (61). It is also possible that IRR activation
serves, at least in part, to potentiate IGF-IR-dependent sig-
naling pathways required for ovulation (62).

Because the ligand for IRR has not been identified, defin-
ing the functions of the receptor has been more difficult. Our
current understanding of the intracellular pathways set in
motion by ligand-induced activation of the IRR derives from
chimeric receptors wherein the extracellular domain of IRR
has been replaced with the extracellular domain of a receptor
with a known ligand. The extracellular domains for three
different ligands have been used for such studies, namely,
insulin (3, 19), colony-stimulating factor-1 (63), and brain
derived neurotrophic factor (10, 64). These studies show that
IRR activates similar signaling pathways as IR, including
stimulation of mitogen-activated protein kinase activity (10),
Ser/Thr kinase Akt/PKB (63), phosphatidylinositol 3-kinase
(19), and both IRS-1 and IRS-2 (3). The physiological conse-
quences of IRR activation include stimulation of glucose

FIG. 7. Immunohistochemical detection of IRR in ovaries of PMSG-
treated rats collected 60 h after injection (2100 h). A, Low-magnifi-
cation image of large preovulatory follicles exhibiting IRR immuno-
reactive material in thecal cells. B, Higher magnification image of the
follicular wall of a preovulatory follicle contrasting the presence of
IRR in thecal cells with its absence in granulosa cells. C, Control
section incubated with IRR antibodies (antiserum 727) preadsorbed
with the IRR antigenic peptide before incubation with the tissue.
Bars: A and B, 100 �m; C, 25 �m.
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uptake, inhibition of lipolysis, activation of glycogen syn-
thase, increased thymidine incorporation, enhanced neuro-
nal survival, and differentiation of a neural progenitor cell
(10, 19, 63, 64). The importance of the IR-signaling pathways
to reproduction is shown by the disruption of the signaling-
pathway molecules IRS-1 and IRS-2 by gene targeting. Such
a mutation results in a mild reduction of female fertility in
the case of IRS-1, and almost complete female infertility in
IRS-2 null mutant mice (65).

Although these findings make evident that activation of
specific IR-dependent pathways are critical for normal re-
productive function, the contribution made by the IRR to the
functional integrity of these pathways remains unclear. Dis-
ruption of the IRR gene does not result in any discernible
phenotype. Bodily growth and morphological, reproductive,
and gross behavioral parameters are essentially similar in

IRR-null mutant and wild-type mice (66); likewise, blood
glucose and insulin levels, measured in both fasting and fed
states, are normal in IRR-deficient mice (66). In contrast to
this lack of associated phenotype, deletion of the IR or IGF-IR
led to a very different outcome, because both are necessary
for postnatal life; null mutants for these receptors die at birth
or within 4 d of birth (reviewed in Ref. 30). Because the IRR
has been shown to form hybrid receptors with both IR and
IGF-IR, it has been suggested that instead of functioning as
an independent receptor, the IRR forms a complex with the
other two receptors to initiate intracellular signaling (1, 6, 19,
67, 68). The importance of these interactions was made ap-
parent by the examination of single-, double-, or triple-null
mutant embryonic d 18.5 mice lacking IRR, IR, and IGF-IR
(30). Whereas the absence of all three receptors resulted in a
male to female sex-reversal phenotype, loss of IR and IGF-IR

FIG. 8. Phylogenetic analysis of vertebrate insulin/re-
laxin family peptides. The phylogenetic relationship of
vertebrate insulin/relaxin family peptides was studied
based on the analysis of mature B and A domain se-
quences from human, mouse, frog (P. sauvagei, R. pipi-
ens, and X. laevis), pufferfish (T. rubripes), and zebrafish
(D. rerio). Whereas these species contain a similar num-
ber of insulin and IGF genes, the inventory of relaxin
subfamily paralogs differ greatly among species. For
example, the mouse genome contains only five relaxin
family genes compared with seven found in humans (72).
The pufferfish, T. rubripes, also encodes at least five
relaxin family genes (fRLX1–5) in addition to two insulin
and two IGF genes. However, the five pufferfish relaxin
family genes are highly conserved and are sequence or-
thologs of the human and mouse relaxin3/INSL7 gene
(72). Because orthologs for the less-related human re-
laxin subfamily peptides can be identified in lower ver-
tebrates through sequence analysis, all insulin and IGFs
subfamily peptides in the available genomes are likely to
be identifiable. Thus, the presence of additional human
insulin-like paralogs is unlikely. The GenBank acces-
sion numbers for nonmammalian insulin/relaxin family
gene orthologs are tIGF-I,CAAB01000259; tIGF-II,
CAAB01000017; dIGF-IA, BX510924.10; dIGF-IB,
BX548049.9; dIGF-II, AL928880.5; tINS1, CAAB01001780;
tINS2, CAAB01002502; dINS1, BX465852.6; dINS2,
BX088535.6; tRLX1, CAAB01000252; tRLX2,
CAAB01001006; tRLX3, CAAB01001937; tRLX4,
CAAB01001213; tRLX5, CAAB01004902; xINS1,
AAA49888; xINS2, AAA49887; and rINS, AF227187.
d, Zebrafish (D. rerio); h, human; m, mouse; p, frog (P.
sauvagei); r, frog (R. pipiens); t, pufferfish (T. ru-
bripes); x, frog (X. laevis). The human INSL4 gene (a
member of the relaxin subfamily) appeared to be pri-
mate specific and was not included in the present
analysis.
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in the presence of wild-type IRR alleles resulted in only a
partially sex-reversed phenotype (30). Therefore, the pres-
ence of IRR alone can partially compensate for IR and IGF-IR
in male sex determination, a conclusion consistent with the
idea that the IRR is part of a redundant signaling pathway
initiated by activation of the IR and IGF-IR (19, 30).

Whereas it is clear that IRR can act through the formation
of heterodimeric complexes with IR and IGF-IR, IRR appears
also capable of independent receptor signaling. In the pres-
ence of a monoclonal antibody that forces the formation of
homodimer-receptor complexes, it was found that the acti-
vated IRR was able to elicit intracellular signaling in the
absence of IR and IGF-IR (68). Whether IRR forms hetero-
meric complexes with trkA receptors is currently unknown.

Our molecular and bioinformatics search for IRR ligands
in the mammalian genome did not yield an insulin- or re-
laxin-related molecule with the potential of being the long-
sought-after IRR ligand. These efforts were prompted by
other studies in which a combination of motif-based PCR
with degenerate primers, and a cDNA library prepared from
the gastrointestinal tract of the frog P. sauvagei, was used to
isolate cDNAs encoding an insulin-like peptide able to stim-
ulate IRR autophosphorylation (47). This peptide lacks the
carboxy-terminal extensions characteristic of IGFs, exhibit-

ing instead a short C-peptide domain flanked by dibasic
sequences. Using synthetic peptides encoding the predicted
A and B chains of this insulin-related protein and rabbit
reticulocyte lysates for in vitro expression of the protein, it
was found that the resulting processed product stimulated
autophosphorylation of IR, IGF-IR, and IRR in transfected
cell lines (47). Pairwise comparisons showed that the P. sau-
vagei sequence is ortholog to two X. laevis insulin sequences
(69). Because the two X. laevis sequences share 94% similarity
among themselves, but only 87% similarity with the P. sau-
vagei sequence (when comparing mature peptide sequences
only), it is likely that the X. laevis sequences evolved after
their evolutionary separation from P. sauvagei. In fact, the
results of our phylogenetic analysis, including 20 insulin-
related sequences and 15 relaxin family peptides from se-
lected vertebrates, demonstrated that the P. sauvagei se-
quence clusters with insulins from Rana pipiens and X. laevis
frogs. Thus, it must have evolved after the divergence of
major vertebrate branches, making it unlikely that any other
ortholog of the insulin gene exists in the mammalian genome.
This conclusion is in contrast to the notion, suggested by the
present bioinformatics analysis, that the IRR itself may have
evolved from a common ancestor of IGF-R and IRR after this
common ancestor separated from IR. Based on the under-

FIG. 9. Phylogenetic analysis of IR family proteins from
select model organisms. The phylogenetic relationship
of vertebrate IR family proteins was studied based on
the analysis of the full-length (A) or the ectodomain (B)
sequences of receptors from human, mouse, frog (X. lae-
vis), and silk moth (B. mori). b, Silk moth (B. mori); h,
human; m, mouse; x, frog (X. laevis). The GenBank ac-
cession numbers for nonmammalian receptor sequences
are xINSR, CAB46565; xIGF-IR, AAC12942; xIRR,
AAH60457; and bINSR, AAF21243.
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standing that ligands coevolve with their cognate receptors
and that IRR has a closer relatedness to IGF-R than to IR
receptors, one must consider the possibility that diverse IGF
isoforms generated through alternative posttranslational
cleavage of conserved basic residues (70, 71) may function as
IRR ligands.

Additional studies are underway to determine whether
trkA and IRR interact physically and/or functionally in the
ovary to affect the ovulatory process. As mentioned earlier,
the finding that activation of trkA in nonneural cells results
in phosphorylation of IRS-1 and IRS-2, the major substrates
for insulin and IGF-IRs, and sets in motion several insulin/
IGF-I downstream events (61) raises the possibility that both
receptors may act cooperatively in the ovary to control ovu-
latory events.
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