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The insulin/insulin-like signaling pathway (IIS) has been shown to mediate life history trade-offs in mam-
malian model organisms, but the function of this pathway in wild and non-mammalian organisms is
understudied. Populations of western terrestrial garter snakes (Thamnophis elegans) around Eagle Lake,
California, have evolved variation in growth and maturation rates, mortality senescence rates, and annual
reproductive output that partition into two ecotypes: ‘‘fast-living” and ‘‘slow-living”. Thus, genes associ-
ated with the IIS network are good candidates for investigating the mechanisms underlying ecological
divergence in this system. We reared neonates from each ecotype for 1.5 years under two thermal treat-
ments. We then used qPCR to compare mRNA expression levels in three tissue types (brain, liver, skeletal
muscle) for four genes (igf1, igf2, igf1r, igf2r), and we used radioimmunoassay to measure plasma IGF-1
and IGF-2 protein levels. Our results show that, in contrast to most mammalian model systems, igf2
mRNA and protein levels exceed those of igf1 and suggest an important role for igf2 in postnatal growth
in reptiles. Thermal rearing treatment and recent growth had greater impacts on IGF levels than genetic
background (i.e., ecotype), and the two ecotypes responded similarly. This suggests that observed
ecotypic differences in field measures of IGFs may more strongly reflect plastic responses in different
environments than evolutionary divergence. Future analyses of additional components of the IIS pathway
and sequence divergence between the ecotypes will further illuminate how environmental and genetic
factors influence the endocrine system and its role in mediating life history trade-offs.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Species show remarkable variation in life history characteristics
such as growth, maturation, reproduction, and lifespan, and biolo-
gists are increasingly interested in the importance of ecological
divergence (i.e., divergent natural selection on traits between envi-
ronments that vary in resource availability, predators, disease,
physical conditions, etc.) as a mechanism promoting such diversity
(Orr and Smith, 1998; Schluter, 2001; Rundle and Nosil, 2005).
Despite the variety of environmental selective pressures acting
on a wide range of life history phenotypes, many potential combi-
nations of life history traits are not actually observed in nature
(Charnov, 1993; Ricklefs, 2000; Ricklefs and Wikelski, 2002).
Rather, traits tend to co-vary systematically, a phenomenon that
has led to the concept of a ‘‘slow-fast continuum” of life history
variation: organisms that grow slowly, exhibit lower reproductive
rate, and live longer occupy the slow end of the continuum,
whereas organisms with the opposite traits fall out at the fast
end of the continuum (Stearns, 1983; Promislow and Harvey,
1990). Life history traits are subject to intrinsic trade-offs
(Stearns, 1989), but the mechanistic underpinnings of such trade-
offs are far from clear (Flatt and Heyland, 2011). The consistent
correlation of entire suites of traits, exemplified by the slow-fast
continuum, suggests that there may be a shared pleiotropic control
mechanism that constrains variation in life history strategies.

The endocrine system plays an integral role in energy allocation
and mediates diverse physiological responses to the environment,
leading many researchers to posit pleiotropic hormonal pathways
as candidate mechanisms underlying life history trade-offs and
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correlated traits (Ketterson and Nolan, 1992; Ricklefs andWikelski,
2002; Dantzer and Swanson, 2012). Extensive study in laboratory
model organisms and domesticated animals has accrued a com-
pelling case for the role of the IIS pathway in mediating such life
history trade-offs (Swanson and Dantzer, 2014; reviewed in Tatar
et al., 2003; Bartke, 2005; Dantzer and Swanson, 2012). Two speci-
fic ligands of the IIS system – insulin-like growth factors 1 and 2 –
can trigger cellular survival, growth, proliferation, migration, and
differentiation. By regulating such responses across diverse tissue
types, the IGFs play a central role in overall growth, development,
reproduction, and lifespan (Stewart and Rotwein, 1996). In verte-
brates, the extracellular components of this complex and evolu-
tionarily conserved system consists primarily of two peptide
hormones (IGF-1, IGF-2) that are paralogous with and structurally
similar to insulin, their cell surface receptors (IGF-1R and IGF-2R,
though they also interact with IR), and a family of at least six
high-affinity ligand-binding proteins (IGFBP-1 to 6) and their pro-
teases (Denley et al., 2005; Annunziata et al., 2011).

The actions of both IGF-1 and IGF-2 are primarily mediated via
binding to IGF-1R, a member of the tyrosine kinase superfamily of
transmembrane receptors (Ewton et al., 1987). In contrast, IGF-2R,
a mannose 6-phosphate receptor, is generally thought to lack sig-
nal transduction capacity (but see El-Shewy et al., 2007) and
instead acts as a sink for IGF-2, decreasing its bioavailability to
bind IGF-1R (Denley et al., 2005). The IGFs also exhibit some
cross-reactivity with the insulin receptor (IR) and hybrid IGF-1R/
IR receptors, though typically with lower binding affinity (Nakae
et al., 2001). The IGFBPs help to modulate IGF action and can both
enhance (increasing the half-life of circulating IGFs and aiding in
delivery of IGFs to receptors) and inhibit (sequestering IGFs) their
activity (Clemmons, 2003). Circulating IGFs are primarily derived
from the liver, but virtually all tissue types are known to produce
these hormones and likely exert autocrine and paracrine effects
(D’Ercole et al., 1984; Yakar et al., 1999). Thus, both endocrine
and local sources of IGF-1 – and potentially IGF-2 – may be impor-
tant in regulating growth and other postnatal traits in vertebrates.

Although laboratory and domestic animal studies have pro-
vided direction and a solid framework for understanding the struc-
ture, function, and regulation of IGFs, studies in wild organisms are
necessary to illuminate the role that the IGF signaling pathway
plays in natural systems. In addition, broader taxonomic represen-
tation across vertebrates is needed to illuminate the evolutionary
patterns of this system. Only a few studies, however, have investi-
gated the link between IGF-1 and life history characters in natural
populations of non-mammalian vertebrates (e.g., Sparkman et al.,
2009; reviewed by Dantzer and Swanson, 2012), with even fewer
focused on IGF-2 (e.g., Peterson et al., 2004; Schrader and Travis,
2012).

In this study we used a laboratory reciprocal transplant study to
test for the effects of temperature, growth, and genetic background
on components of the IIS extracellular system. We conducted our
study in neonates of garter snakes from a natural system where
populations have diverged along a slow-to-fast life history contin-
uum. The western terrestrial garter snakes (Thamnophis elegans) of
the Eagle Lake basin (Lassen County, CA, USA) have two distinct
habitat types and have evolved two contrasting life-history strate-
gies. The fast-living ecotype found along the rocky lakeshore (L-
fast) exhibits faster growth, earlier maturation, larger adult body
size, and higher annual reproduction, but shorter median lifespan,
when compared to the slow-living ecotype found in the nearby
montane meadows (M-slow; Bronikowski and Arnold, 1999;
Schwartz and Bronikowski, 2011, 2013). This life history diver-
gence is likely driven by differing thermal regimes (Bronikowski,
2000), resource availability (Miller et al., 2011), and predation
rates (Sparkman et al., 2013), with the lakeshore environment
experiencing higher mean temperatures, year-to-year stability
and abundance of prey, and increased susceptibility to predation.

In an observational study of free-ranging animals, Sparkman
et al. (2009) found that circulating IGF-1 protein levels were higher
in the L-fast ecotype. Although the findings generally corroborated
predictions based on a basic understanding of IGF-1 function in
domestic and model organisms, patterns of IGF-1 levels were not
clearly dichotomous between the ecotypes but rather depended
upon reproductive status, season, and food availability. Given that
this study was observational, it was not designed to test whether
the differences in plasma IGF-1 levels between the ecotypes were
due to adaptive genetic differences or reflected plastic responses
in varying environmental conditions (e.g., Sparkman et al., 2010).
Furthermore, the importance of other molecules in the IGF system,
such as IGF-2 and the receptors, has yet to be explored.

The goals of the present study were three fold. First, we com-
pare mRNA expression levels of igf1, igf2, igf1r, and igf2r across sev-
eral important tissue types and with circulating IGF-1 and IGF-2
protein levels in lab-reared juvenile snakes to gain a better under-
standing of the IGF system in reptiles. We predicted that liver
should have the highest expression of igf1 and igf2 if, similar to
lab models, it is the main endocrine source of these ligands. We
also predicted that igf1 would be more highly expressed overall
than igf2, if, as in mammalian studies, igf1 is the main mitogen
responsible for postnatal growth. Second, to tease apart the impor-
tance of genetic and environmental effects on the IGF system, we
test whether rearing neonates from both ecotypes under two dif-
ferent thermal treatments alters mRNA and protein levels. We pre-
dicted that the genes thought to promote growth (igf1, igf2, and
igf1r) would be more highly expressed in L-fast than M-slow
snakes, whereas igf2r, which potentially inhibits growth by degrad-
ing IGF-2, may be down-regulated in the L-fast ecotype. We also
anticipated that circulating IGF-1, and potentially IGF-2, protein
levels would be higher in the L-fast animals. Since IGF levels gen-
erally decline with food restriction and lower environmental tem-
peratures in ectotherms (reviewed in Beckman, 2011; Reindl and
Sheridan, 2012), we predicted that animals in the cooler rearing
treatment group should exhibit lower IGF-1 and IGF-2 protein
levels and lower igf1, igf1r, and igf2 mRNA levels than those in
the warm treatment group. Third, to investigate the link between
IGF signaling and postnatal growth, we test for an association
between recent growth and IGF signaling. We predicted a positive
correlation between growth-promoting elements of the IGF system
(igf1, igf1r, igf2, IGF-1, IGF-2) and growth in juvenile snakes.
2. Methods

2.1. Study animals and treatment groups

In June 2010, 44 gravid females were collected from three repli-
cate populations of each of the L-fast and M-slow ecotypes of T. ele-
gans (22 L-fast and 22 M-slow). For the study reported here, 13 L-
fast and 16 M-slow litters provided study subjects. All females
were brought to the laboratory colony at Iowa State University,
where they gave birth to N = 257 live offspring from 12 August –
19 September 2010. Within 24 h of birth, offspring were sexed,
weighed (g), measured for body length (mm from snout-to-vent,
SVL), and moved to individual plastic boxes. Males and females
from each litter were split randomly between two daily tempera-
ture treatment groups for a fully factorial experimental design of
ecotype � rearing treatment � sex. A subset of these offspring
from each ecotype � rearing treatment � sex block were randomly
selected for focal animals for the present study (n = 49) whereas
the rest of the juveniles continued in their treatment groups to
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monitor long-term IGF and growth results for future studies. In the
wild, mean daily temperatures differ between L-fast and higher
elevation M-slow populations (Bronikowski and Arnold, 1999).
However, the relevant thermal difference between L-fast and M-
slow populations is the daily duration of optimally warm retreat
sites (Peterson et al., 1993; Huey et al., 1989), which is of longer
duration in L-fast populations (up to 16 h of 28 �C sites available)
versus M-slow populations (8 h of 28 �C sites). Thus in our labora-
tory study, we sought to mimic this key difference in thermal
regimes – i.e., the duration of access to warmth. Subjects in the
warm (mimicking the L-fast environment) rearing treatment
(n = 12 from L-fast; n = 12 from M-slow) were maintained at an
ambient temperature of 20 �C and received 16 h/day of supple-
mentary heating (via under-tank heating tape placed on one end
of the box). Animals in the cool (mimicking the M-slow environ-
ment) treatment (n = 14 from L-fast; n = 11 from M-slow) were
maintained at the same ambient temperature (20 �C) but received
only 8 h of supplemental heat per day. During the periods of heat
exposure, each tank provided a thermal gradient that ranged from
22 to 32 �C, which enabled the animals to behaviorally regulate
their body temperature. During the periods lacking supplemental
heat, all tanks (and therefore animals) were at 20 �C. All offspring
were kept on a 12:12 light:dark schedule and offered pinky mice,
with amount eaten (grams) recorded at every feeding beginning
at birth. Animals were maintained in these environments, except
for a period of hibernation at 4 �C from January-May 2011.

The subject snakes were measured for body length on 1 Novem-
ber 2011 and again on 12 January 2012 to quantify growth over the
short duration prior to measuring components of IIS. These sub-
jects were a sample of a large laboratory study of growth, including
an analysis of growth efficiency and metabolism (Gangloff et al.,
2015) and a complete colony analysis of food consumption,
growth, and body size over the first 4 years of life (E.A. Addis and
A.M. Bronikowski, unpublished data). On 19–20 January 2012, 5–
6 days post-feeding (and at approximately 1.5 years of age), we
euthanized the study subjects via decapitation, exsanguinated
them, and performed gross dissections to isolate brain, liver, and
de-skinned tail skeletal muscle. These tissues were immediately
snap-frozen in liquid nitrogen. The blood samples were kept on
ice in heparinized tubes until centrifuged to separate the plasma,
which was then snap-frozen in liquid nitrogen. All samples were
stored at �80 �C. Treatment of all experimental animals was in
accordance with Iowa State University animal care protocol #3-
2-5125-J.

2.2. Quantitative PCR

2.2.1. RNA isolation
We used the Qiagen RNAeasy Mini Tissue Kit (Qiagen Cat No.

74104) to isolate RNA according to the manufacturer’s instructions,
with modifications noted below. The tissue amount used ranged
from 16–33 mg for liver, 6–40 mg for brain (used entire organ),
and 30–58 mg for muscle. The muscle segments were coarsely
ground with a mortar and pestle in liquid nitrogen prior to
homogenization. Samples were immediately placed in 50 mL
conical tubes containing 1 mL Buffer RLT and 10 lL Beta-
mercaptoethanol and thoroughly homogenized. For the muscle,
we performed an additional proteinase K treatment for fibrous tis-
sue that involved adding 2 mL RNase-free water and 50 lL of
20 mg/mL proteinase K to the homogenate, incubating for 20 min
in a 60 �C water bath, centrifuging at 5000g for 5 min, and combin-
ing the supernatant with ½ volume of 100% EtOH to capture RNA
on the spin column membrane. For brain and liver, we used 60%
EtOH for capturing RNA on the spin columnmembrane due to their
high fat content. The protocol included a DNase digestion on
the membrane to remove residual genomic DNA. Elution was
performed with the kit-supplied RNase free water. The concentra-
tion and purity of RNA was determined by spectrophotometry
using a NanoDrop (Thermo Scientific). In addition, 2 lL of each
sample were run on a 1.2% agarose gel for visualization of 18S
and 28S ribosomal RNA bands to verify the integrity of the RNA.
Aliquots of RNA were diluted to �150 ng/lL and stored at -80 �C
until assayed.

2.2.2. cDNA synthesis
Individual RNA aliquots were thawed on ice and concentrations

quantified again using a NanoDrop. We used the Superscript III
First-Strand Synthesis kit (Invitrogen, Cat. # 18080-051) to make
cDNA with oligo(dT)20 primers. For each sample we used 0.8 lg
of total RNA, with the exception of four brain samples with low
concentration. We included no template controls (NTC) to detect
the potential presence of nucleic acid contamination in the reverse
transcription reagents, as well as no reverse transcriptase (no RT)
controls to detect the potential presence of genomic DNA contam-
ination in the purified RNA samples. The RNase H step was
included at the end of cDNA synthesis to degrade the RNA comple-
ment and improve PCR efficiency. We made a ‘‘pool” to be used as a
positive control by combining 3 lL from each sample. The cDNA
samples were stored at �20 �C until use.

2.2.3. qPCR assay design
Primers for igf1, igf2, igf1r, and igf2r (Table 1) were designed

from sequences obtained from a T. elegans transcriptome study
(Schwartz et al., 2010; Schwartz and Bronikowski, 2014). Each pri-
mer set was designed to target the 30 end of the mRNA since the 50

end may be under-represented in long transcripts. Primer sets
were also designed to produce an amplicon that spanned an
exon-exon junction to inhibit amplification of genomic contamina-
tion. We conducted trial assays with melt curve analysis followed
by running the product out on an agarose gel to confirm the pres-
ence of a single amplicon of the correct size. In addition, the ampli-
cons were purified, sequenced, and confirmed using BLASTn
against the GenBank nr database. Amplicon sequences are included
as a Supplementary .fasta file.

2.2.4. Standards for absolute quantification
There are two basic quantification methods, absolute quantifica-

tion and relative quantification, and each has its advantages and
drawbacks (Pfaffl, 2004). In this study, we used an absolute quan-
tification approach that involved calculating the number of gene
copies in unknown ‘‘test” samples from comparison with a stan-
dard curve prepared from a dilution series of linearized plasmids
of known concentration. For each gene, we cloned PCR amplicons
using the TOPO TA Cloning Kit with pCR 2.1-TOPO vector and
One Shot TOP10 Chemically Competent Escherichia coli (Invitrogen,
Cat. # K4500-40). Purification of the plasmid DNA containing the
PCR insert was carried out with the Qiaprep Spin Miniprep kit (Qia-
gen, Cat. # 27106). We linearized the plasmid using HindIII restric-
tion enzyme to avoid amplification efficiency problems that arise
from using supercoiled plasmids (Hou et al., 2010), and quantified
the amount of dsDNA using Quant-iT PicoGreen dsDNA Assay Kit
(Invitrogen, Cat. # P7589). We used a website calculator
(Staroscik, 2004) to estimate copy number from the equation:

number of copies ¼ ðamount � 6:022� 1023Þ=ðlength � 1� 109

� 650Þ
where amount of DNA (ng) was derived from the PicoGreen assay
and length (bp) was determined by adding the PCR product length
to the size of the plasmid.

For standard curves, we constructed a 7-point 10� serial dilu-
tion series in the range of 107 to 10 copies per 5 lL or a 9-point



Table 1
Description of the qPCR primers used in assays of four genes.

Gene Amplicon length (bp) Primer name Primer sequence (50-30) Estimated Tm (�C) Location

igf1 119 IGF1_151.Ex3.qF GGCCAAGAAACACTTTGTGG 60.43 Exon3
IGF1_247.Ex4.qR AGTAGAAGAGGAACGCCTACTGC 60.53 Exon4

igf2 156 IGF2_Ex5.qR TGTTTCTACCCACAGGCCTAC 59.11 Exon5
Te_IGF2_AF TATTGCTGCTTGTGCTCACC 60.02 Exon 4

igf1r 132 IGF1R_Ex13-14.qF AGTCTGCTGGTTTAGGTTGGAC 59.68 Exon 13–14
IGF1-R_DR AACTTGCTGGAGCCAAACTG 60.43 Exon13

igf2r 138 IGF2-R_Ex38.qF CAATAGTGCCATCTCATTTGG 58.11 Exon38
IGF2-R_C3R GGGAAGACACAAAGCTCACC 59.11 Exon39

D.M. Reding et al. / General and Comparative Endocrinology 233 (2016) 88–99 91
5� serial dilution series in the range of 107 to 25.6 copies. Use of
these standard curves allowed us to control for differences in
amplification efficiency of the assays and to calculate the ‘‘abso-
lute” number of mRNA transcripts to compare across the genes.

2.2.5. Reactions
For each cDNA sample, we made a 1:8 dilution to assay igf1 and

igf1r, and a 1:12 dilution to assay igf2 and igf2r. We assayed gene
expression for the four genes (Table 2) using quantitative PCR with
the GoTaq qPCR Master Mix system containing BRYT Green (Pro-
mega, Cat. # A6002) on an Eppendorf Mastercycler Realplex 2
real-time thermal cycler. Reaction volumes were 20 lL and con-
tained 30 nM of forward and reverse primer, 1� master mix, DEPC
treated water, and 5 lL diluted cDNA. The thermal cycle program
consisted of a 2 min hot start at 95 �C, followed by 40 cycles of
95 �C for 15 s, 58 �C for 30 s, 68 �C for 20 s. A melting curve analysis
from 68 to 95 �C was performed after the reaction was completed
to confirm the specificity of the assay. All samples, standards, and
negative controls were assayed in duplicate. We re-ran samples for
which the standard deviation of the quantification cycle (Cq) val-
ues between the duplicates was greater than 0.2 cycles. The pooled
sample was included on every plate in order to assess inter-plate
variation in Cq values.

2.2.6. Determination of copy number
When 100% efficient, PCR exponential amplification (EAMP) will

equal 2, reflecting amplicon doubling each cycle. The reliability of
the absolute quantification method is dependent upon identical
amplification efficiencies of the test samples and absolute stan-
dards (Kavanagh et al., 2011), or in mathematically accounting
for differences (Gallup, 2011). A common approach is to estimate
and compare efficiencies derived from the slope of dilution curves.
We calculated EAMP for each absolute plasmid standard curve
(EAMPa) by plugging the slope (m), obtained from plotting Cq
against log10 starting copy number, into the following equation:

EAMPa ¼ 10ð�1=mÞ
Table 2
Details of qPCR absolute standard curves and test samples for four genes.

Gene Sample
dilution

Sample Cq
range

Avg SD
intraplate Cq

Avg SD
interplate Cq

Mean
EAMPs

a
A
r

igf1 1:8 22.2–32.7 0.07 0.05 1.891 1

igf1r 1:8 22.7–30.3 0.04 0.04 1.841 1

igf2 1:12 20.0–28.6 0.06 0.06 1.879 1

igf2r 1:12 23.4–27.4 0.04 0.04 1.873 1

a Based on LinRegPCR.
b Based on slope of dilution series.
However, our target genes were generally expressed at low
levels in the snake cDNA, preventing serial dilution across a broad
enough range to adequately determine EAMP. Thus, we used the
program LinRegPCR (Ramakers et al., 2003; Ruijter et al., 2009)
as an alternative approach to calculate exponential amplification
for the test samples (EAMPs), as well as for the absolute plasmid
standards (to compare with EAMPa derived from serial dilution),
based on individual amplification curves. Briefly, raw fluorescence
data from samples and standards for each gene were imported
from the Eppendorf system, baseline subtraction was performed
individually on each sample, and a common Window-of-Linearity
(WoL) and fluorescence threshold was set for each gene. PCR effi-
ciencies per sample were calculated based on the slope of the curve
within the WoL and Cq values were obtained for each sample by
determining the cycle where the amplification curve crossed the
fluorescence threshold. We initially calculated mean efficiency val-
ues for the standards and each tissue type separately, but efficien-
cies did not differ among tissues and thus were combined to
provide a single estimate of EAMPs for each gene to compare to
the respective EAMPa.

To convert Cq values to estimates of starting copy number (X0s)
for the samples, we first corrected for differences in PCR efficiency
between the samples and absolute standards using the equation
described in Gallup (2011):

X0s ¼ E
ba�logEAMPs

ðEAMPa Þ�Cqs½ �
AMPs

where X0s denotes the starting copy number for a given sample,
EAMPs denotes mean amplification efficiency for the samples as
determined by LinRegPCR, ba denotes the Y-intercept and EAMPa

the amplification efficiency derived from the absolute plasmid dilu-
tion curve, and Cqs denotes the quantification cycle for a given sam-
ple. We adjusted for the cDNA dilution factor and the amount of
cDNA included in each qPCR reaction. To enable comparison across
samples, we normalized the concentrations to the amount of total
RNA (ng) put into each reaction.
bs std Cq
ange

Abs std copy
range

Equations R2 Mean
EAMPa

a
Mean
EAMPa

b

2.5–32.7 107–25.6 Y = �3.5286x +
37.292

0.9988 1.922 1.9204

3.2–33.4 107–10 Y = �3.6169x +
38.903

0.9868 1.871 1.8901

1.1–28.9 107–100 Y = �3.5180x +
35.925

0.9973 1.913 1.9242

2.8–30.7 107–100 Y = �3.5573x +
37.727

0.9969 1.890 1.9103
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2.3. Radioimmunoassays (RIA)

2.3.1. IGF-1 RIA
We assayed plasma IGF-1 concentrations by radioimmunoassay

using GroPep protocol #3002 (GroPep Ltd., Adelaide, Australia),
designed for human IGF-1. This assay had been previously vali-
dated for T. elegans (see Sparkman et al., 2009). Briefly, samples
were extracted using an ethanol-acid solution to strip IGFBPs from
IGF-1. Concentrations of plasma IGF-1 were determined by com-
petitive binding with 125I labeled IGF-1 (PerkinElmer #NEZ033).
Samples were assayed in duplicate in a single assay; intra-assay
variation was 7.5%.

2.3.2. IGF-2 RIA
As for IGF-1, we assayed plasma IGF-2 levels using GroPep’s

protocol #3002, but with several modifications. First, we used
human IGF-2 standards, 125I labeled IGF-2 (PerkinElmer
#NEX429), and anti-human IGF-2 primary antibody. Second, we
doubled the amount of primary antibody, used five times more
secondary antibody, a 12% polyethylene glycol solution, and
polypropylene rather than glass tubes because 125I IGF-2 sticks to
glass (PerkinElmer technical data sheet for product #NEX429).
We extracted all samples using the same acid-ethanol solution.

We validated this assay for T. elegans by serial dilution and com-
paring the T. elegans and human curves. First, we made a standard
curve of human IGF-2 from 1.25 to 20 ng/mL. We then created a
50 lL pool of T. elegans plasma and serially diluted it to create a
standard curve of solutions with the following dilution factors:
undiluted, 1:2, 1:8, 1:64, and 1:1024. Human and T. elegans
samples were run in duplicate; the percent binding (B/B0) of
human and T. elegans 125I IGF-2 are shown in Fig. 1. The serial dilu-
tion curves of human and T. elegans IGF-2 binding are parallel. For
the IGF-2 RIA, all samples were measured in duplicate in a single
assay. Intra-assay variation was 9.5%.

2.4. Statistical analyses

All statistical analyses were conducted using SAS 9.3 software
(SAS Institute, Cary, NC). Protein variables were log10-transformed,
whereas mRNA variables were log2-transformed to improve fit of
residuals to a normal distribution. We removed extreme outliers
that were outside the range of Q1 � 3*IQR and Q3 + 3*IQR, where
Q1 denotes the first quartile, Q3 the third quartile, and IQR the
interquartile range (Q3–Q1). Levels of mRNA in two brain samples
were consistently low (classified as extreme outliers) for igf1r, igf2,
Fig. 1. Validation of a human radioimmunoassay (RIA) for IGF-2 in Thamnophis
elegans. This figure shows the parallelism of human standards of known concen-
tration and a serial dilution (volumes of pooled plasma above curve, with 50 lL
representing the initial undiluted pool) for T. elegans. Percent of 125I bound to the
antibody (B/B0) is dependent upon the concentration of human IGF-2.
and igf2r, and data from these two brain samples were removed for
all four genes. In addition, data from one muscle sample that was
classified as a high outlier for igf1r, and two muscle samples clas-
sified as low outliers for igf2 were also removed from further anal-
ysis. For the protein levels, only IGF-1 contained extreme outliers,
and we omitted data from one low and two high samples.

Preliminary analyses indicated that tissue type was the primary
driver of the observed variation in mRNA abundance across sam-
ples, and thus for each of the four mRNA expression variables
(igf1, igf1r, igf2, and igf2r) we first conducted an analysis of variance
(ANOVA) in PROCMIXED with tissue type as a fixed effect and indi-
vidual as a random effect to quantify overall differences in mRNA
abundance across tissues. We used PROC CORR to compute Pearson
correlation statistics between IGF-1 and IGF-2 protein levels and
between the protein levels and their respective hepatic and muscle
ligand and receptor mRNA abundances.

To examine how ecotype and rearing treatment affect the IGF
system, we used PROC MIXED to perform an analysis of covariance
(ANCOVA) separately for the 12 different combinations of 4 genes
by 3 tissue types, as well as the two protein variables (total of 14
models). Our final models included the following fixed variables:
sex, ecotype, rearing treatment, ecotype � treatment, and body
size at time of euthanasia (SVL). Additional interaction terms, as
well as the effect of population nested within ecotype (i.e., 2
L-fast and 2 M-slow populations) were non-significant and not
included in the final models. We used SVL as a covariate because
it is linked to diverse physiological changes and studies have
shown size effects on IGF expression irrespective of growth rates
(Shimizu et al., 2009; Beckman, 2011).

To test whether recent growth affected protein and mRNA
levels, we computed the change in body length from Nov. 2011
to Jan. 2012. We then used PROC CORR to compute Pearson corre-
lation statistics between recent growth and each of the protein and
mRNA variables. In all tests, significance was assessed with an
a-level of 0.05.
3. Results

3.1. Data quality

Based on the presence of two clear rRNA bands in the agarose
gels, and considering a 260/280 ratio of 1.8–2.2 to indicate high
purity RNA free of contaminating proteins (Shipley, 2011), our
methods yielded high-quality RNA. The standard curves for each
of the qPCR assays were linear over the entire concentration range
(R2 � 0.985), and all Cq values of the test samples fell within the
linear quantifiable range of the assays used (Table 2). The amplifi-
cation efficiency estimates of the standards were similar whether
derived from the slope of the dilution curve or from LinRegPCR,
and were slightly higher than the efficiency estimates for the sam-
ples (Table 2). Only for IGF2 did any of the negative controls pro-
duce a positive result, at �Cq 33.4. Visualization of the melt
curve and agarose gel indicated this result was due to a small
amount of primer dimer in the negative controls, which did not
occur in the test samples. Furthermore, none of the test samples
had Cq values >28.6, and thus could be easily distinguished from
the negative controls. Standard deviations in Cq values were low
among the replicates and between the positive control run on dif-
ferent plates (Table 2), indicating high repeatability within and
among plates.
3.2. Variation in mRNA abundance across tissue type

Abundance levels of mRNA varied substantially across tissue
type for all four genes (igf1: F2,94 = 57.92 and P < 0.0001; igf1r:
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Fig. 2. Differences in mRNA abundances (back-transformed least squares means)
among three tissue types (brain, liver, and skeletal muscle) for each of four genes
(igf1, igf1r, igf2, and igf2r). Whiskers reflect the back-transformed upper and lower
95% confidence limits, and asterisks denote expression levels significantly different
(P < 0.05) from expression levels in the other tissues.

Table 3
Abundance of mRNAs for igf1, igf1r, igf2, and igf2r in brain, liver, and skeletal muscle of
�1.5 year old garter snakes (back-transformed least squares means and 95%
confidence intervals from mixed model ANOVA by gene).a

Brain Liver Skeletal muscle

igf1 mRNA 48 (39–60) 134 (110–164) 38 (31–47)
igf1r mRNA 2910 (2673–3167) 129 (119–141) 956 (879–1040)
igf2 mRNA 204 (183–228) 2553 (2294–2843) 188 (168–210)
igf2r mRNA 1683 (1567–1807) 391 (365–420) 477 (445–512)

a Data expressed as copy number per ng total RNA.

Table 4
Analysis of covariance for body size, measured as snout-vent length (SVL; mm) at
time of euthanasia at approximately 1.5 years of age.

Source of variation F1,43 P Direction of sig. factors

Ecotype 2.70 0.107 Na
Treatment 7.99 0.007⁄⁄ Warm > Cool
Sex 2.85 0.099⁄ Female > Male
Ecotype � Treatment 1.23 0.273 Na
Birth SVL 9.03 0.004⁄⁄ Positive

Asterisks denote marginal (*P < 0.1) and significant effects (**P < 0.05). Na = not
applicable.
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F2,93 = 1532.75 and P < 0.0001; igf2: F2,92 = 805.76 and P < 0.0001;
igf2r: F2,94 = 499.04 and P < 0.0001). For igf1 and igf2, liver had sig-
nificantly higher levels of mRNA than muscle or brain, which had
comparable levels to one another (Fig. 2; Table 3). In contrast,
mRNA of the receptors (igf1r and igf2r) was found in significantly
higher abundance in the brain, followed by muscle, and lowest in
the liver (Fig. 2; Table 3). Expression of igf2was consistently higher
than igf1 (Fig. 2; Table 3).

3.3. Correlations between protein levels and mRNA abundance

IGF-1 and IGF-2 plasma protein levels were only marginally cor-
related to one another (r = 0.259, P = 0.082). Plasma IGF-1 levels
were not correlated with most mRNA levels (P > 0.05), but did
show a negative correlation with muscle igf1 mRNA levels
(r = �0.338, P = 0.022) and brain igf2r levels (r = �0.334,
P = 0.027). Plasma IGF-2 levels also showed no significant correla-
tion with most mRNA levels (P > 0.05), except for a positive corre-
lation with hepatic igf2 mRNA levels (r = 0.307, P = 0.032) and
muscle igf1r mRNA levels (r = 0.373; P = 0.009).

3.4. Effect of ecotype, treatment and other variables on body size and
mRNA abundances

Body size at euthanasia, which was included as a covariate in
the models for mRNA abundance and protein levels, was itself
influenced by temperature. Animals in the warm treatment were
significantly larger than animals in the cool treatment
(F1,43 = 7.99; P = 0.007; Table 4) due to faster growth in the warm
treatment (Fig. 3). At the time of euthanasia, animals were much
smaller than size of maturation (which occurs at a minimum size
of 400 mm SVL) and were still in the exponential phase of their
growth, not yet showing slowed growth that occurs with advanc-
ing adult age in this indeterminately growing species
(Bronikowski, 2000; Bronikowski and Arnold, 1999).

For igf1, mRNA expression in brain was significantly influenced
only by sex, with males having higher levels than females (Table 5).
In liver and muscle, igf1 expression was significantly influenced by
treatment, with animals in the cool treatment having higher levels
(Fig. 4). Expression of muscle igf1 showed a positive relationship to
SVL, and there was a nearly significant positive relationship
between liver igf1 and SVL (Table 5).

For igf1r, none of the variables had a significant effect on
expression levels in the brain or muscle. But in liver, L-fast animals
had significantly higher mRNA abundance than M-slow (Fig. 4),
warm treatment animals had significantly higher levels than cool
(Fig. 4), and females had marginally higher levels than males. There
was also a strong, negative relationship between liver igf1r expres-
sion and SVL (Table 5).

For igf2, none of the variables had a significant effect on brain
expression levels, only SVL had a significant effect on liver expres-
sion levels (positive relationship), and treatment had a marginal
effect on muscle expression levels, with cool treatment animals
having slightly higher levels than the warm treatment group
(Table 5; Fig. 4).

For igf2r, mRNA abundance in the brain was marginally affected
by treatment, with the warm treatment group having slightly
higher levels (Fig. 4), and significantly influenced by sex, with
females having higher levels. Liver igf2r expression was signifi-



Table 5
Analysis of covariance (ANCOVA) for log2 mRNA levels in each of three tissues for four genes and for log10 protein levels in Thamnophis elegans.

Source of
variation

IGF1 mRNA IGF1R mRNA IGF2 mRNA IGF2R mRNA Protein

Brain
F1,41

Liver
F1,43

Muscle
F1,43

Brain
F1,41

Liver
F1,43

Muscle
F1,42

Brain
F1,41

Liver
F1,43

Muscle
F1,43

Brain
F1,41

Liver
F1,43

Muscle
F1,43

IGF-I
F1,40

IGF-2
F1,43

aEco 1.04 0.06 0.75 1.96 15.18⁄⁄⁄ 0.16 0.32 0.06 1.39 0.04 11.78⁄⁄⁄ 0.13 3.29⁄ 0.17
F > S F > S F > S

bTrt 0.20 4.31⁄⁄ 14.30⁄⁄⁄ 1.42 7.34⁄⁄⁄ 0.04 0.94 0.22 3.84⁄ 3.98⁄ 1.54 0.52 5.27⁄⁄ 1.42
C > W C >W W > C C >W W > C W > C

cSex 5.15⁄⁄ 1.23 0.68 0.08 3.79⁄ 1.41 0.03 0.07 0.00 12.46⁄⁄⁄ 1.62 0.75 9.99⁄⁄⁄ 10.12⁄⁄⁄

m > f f > m f > m m > f m > f
dSVL 0.07 3.91⁄ 11.09⁄⁄⁄ 2.23 24.82⁄⁄⁄ 0.00 0.38 4.21⁄⁄ 1.29 1.17 4.73⁄⁄ 2.76 0.45 0.77

(+) (+) (�) (+) (�)
Eco � Trt 0.19 0.22 0.30 0.87 1.88 0.06 1.28 0.88 0.08 0.98 0.00 0.44 3.10⁄ 0.31

FW, FC, SW > SC

Asterisks denote marginal (*P < 0.1) and significant effects (**P < 0.05; ***P < 0.01).
a F = L-fast ecotype; S = M-slow ecotype.
b C = cool treatment; W = warm treatment.
c m = male; f = female.
d (+) = positive relationship; (�) = negative relationship.
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cantly higher in L-fast animals, and there was a significant, nega-
tive relationship between liver igf2r and SVL. None of the variables
were significantly related to igf2r expression in muscle (Table 5).
3.5. Effect of treatment, ecotype and other variables on protein levels

Circulating IGF-1 protein levels were marginally influenced by
the ecotype � treatment interaction (Table 5). This result is driven
by significantly lower IGF-1 levels in M-slow animals in the cool
treatment than in any of the other 3 groups (Fig. 5; Table 5). Circu-
lating IGF-1 protein levels were also significantly influenced by sex,
with males having higher levels than females (Table 5). Circulating
IGF-2 protein levels were only influenced by sex, with males show-
ing significantly higher levels than females (Table 5).
3.6. Correlations between recent growth and mRNA and protein levels

Individual growth rate varied among individuals in the two
months prior to our terminal measures (mean mm ± SD: Warm
L-fast = 9.8 ± 7.4; Cool L-fast = 11.7 ± 7.1; Warm M-slow = 7.3 ±
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4.5; Cool M-slow = 15.4 ± 10.2). In our test for how this growth rate
variation affected IIS variables, we found that plasma IGF-1 levels
were negatively correlated with recent growth (r = -0.583,
P < 0.0001; Fig. 6a), whereas IGF-2 levels showed no significant
relationship to recent growth (r = �0.221, P = 0.127). No correla-
tions were observed between recent growth and hepatic igf1 and
igf2 levels (P > 0.05). However, positive correlations were observed
between recent growth and muscle mRNA levels of igf1 (r = 0.538,
P < 0.001; Fig. 6b) and igf2 (r = 0.377, P = 0.009; Fig. 6c).
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4. Discussion

Much of our understanding of IGF structure, function, and reg-
ulation comes from research on mammalian systems, for which
IGF-1 in particular has been shown to exert diverse and pleiotropic
influences on fundamental physiological functions related to life
history characteristics. For example, IGF-1 signaling promotes
embryonic and postnatal growth and development (Baker et al.,
1993; Stratikopoulos et al., 2008) and increases reproduction via
larger litter sizes and/or early maturation (Gay et al., 1997;
Hiney et al., 1996), but decreases longevity (Holzenberger et al.,
2003; Kappeler et al., 2008). In contrast, IGF-2 is thought to primar-
ily function at prenatal stages by regulating placental and fetal
growth and development (Constancia et al., 2002). However, the
biological role of IGF-2 and its potential overlap in function with
IGF-1 is far from clear, even in well-studied mammals (Holly,
1998; Wolf et al., 1998; Brown et al., 2009). Considerable variation
in postnatal IGF-2 levels has been observed among species. For
example, IGF-2 is virtually absent after birth in rodents but is the
most abundant circulating IGF in juvenile and adult humans
(LeRoith and Roberts, 2003; but see Qiu et al., 2007). The picture
is even more complicated when studies from non-mammalian ver-
tebrates are considered. Systemic IGF-2 appears to be postnatally
expressed in ectothermic reptiles, as McGaugh et al. (2015)
detected igf2mRNA in the liver transcriptomes of 17 diverse reptile
species examined. Some studies in fish (Peterson et al., 2004) and
birds (Beccavin et al., 2001) have even found higher hepatic mRNA
expression levels or circulating protein levels of IGF-2 than IGF-1 in
juveniles. Furthermore, studies in some teleost fish have found not
only high postnatal expression of IGF-2, but also that expression
levels respond to nutritional status and correlate with growth rates
(Wood et al., 2005; Picha et al., 2008; Pierce et al., 2011). Thus, IGF-
2 may contribute substantially to the regulation of postnatal
growth and development, particularly in non-mammalian verte-
brate species.

Previous work in non-avian reptiles has detected: (1) IGF-1 in
the plasma of juvenile and/or adult lizards (Duncan et al., 2015),
snakes (Sparkman et al., 2009, 2010), turtles (Crain et al., 1995a,
b; Daughaday et al., 1985), and alligators (Crain et al., 1995b;
Guillette et al., 1996); (2) IGF-2 in the plasma of turtles
(Daughaday et al., 1985) and adult snakes (E. A. Addis and A. M.
Bronikowski, unpublished data); (3) IGF-1 and IGF-2 in skeletal tis-
sues of lizards (Bautista et al., 1990); (4) IGF-1 and IGF-2 in the
pancreas of lizards and snakes (Reinecke et al., 1995); IGF1R in
the brain of lizards (Shemer et al., 1987); IGF2R in the liver of
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lizards (Yadavalli et al., 2009); (5) mRNA expression of igf1, igf2,
igf1r, and igf2r in the liver of 17 species of reptiles representing tur-
tles, lizards, snakes, and alligators (McGaugh et al., 2015); and (6)
rapid divergence in IGF-1 coding sequence among lizards and
snakes (Sparkman et al., 2012). Here, we add to this limited knowl-
edge of the IGF system in non-avian reptiles.

4.1. mRNA expression and plasma protein levels

We detected both IGF-1 and IGF-2 plasma proteins, and we
detected igf1, igf2, igf1r and igf2r transcripts in all three of the tis-
sue types examined. The overall pattern of mRNA expression in
this system indicates that genes for the IGF ligands are more highly
expressed in the liver than in other tissues such as brain and skele-
tal muscle. These findings are consistent with the general conclu-
sion that, although expressed in most tissue types, the liver is
the primary site of IGF transcription in vertebrates (Reindl and
Sheridan, 2012). We also found that the brain had the highest
expression levels of the IGF receptors. Based on mammalian mod-
els, these receptors may be exposed to IGF ligands produced locally
and/or circulating IGFs transported across the blood brain barrier,
depending on the brain region involved (Fernandez and Torres-
Alemán, 2012). Thus, future work to identify the cellular localiza-
tion of IGFs and receptors in the brain of reptiles would be benefi-
cial to understanding how different regions facilitate or respond to
IGF signaling.

Owing to high mRNA expression, in turn, the liver is thought to
be the main source of endocrine (i.e., circulating in the blood) IGF-1
and IGF-2 peptides (Le Roith et al., 2001). Indeed, numerous stud-
ies have found strong, positive correlations between hepatic mRNA
expression and plasma protein levels (e.g., Pierce et al., 2005; Picha
et al., 2008). Although we found a significant positive correlation
between hepatic mRNA and plasma protein levels for IGF-2, this
was not the case for IGF-1. This result may be indicative of an alter-
native endocrine source for IGF-1. However, we did not observe a
positive correlation between plasma IGF-1 levels and muscle igf1
expression; in fact, we observed a significant negative correlation
between plasma IGF-1 and muscle igf1 suggestive of a negative
feedback mechanism between endocrine protein levels and local
transcription rates. Although our findings do not preclude the pos-
sibility of contributions to plasma IGF-1 from other extra-hepatic
tissues that we did not sample (Reinecke, 2010), there is a general
lack of evidence to support a source of endocrine IGF-1 other than
liver and possibly skeletal muscle (Stratikopoulos et al., 2008).

Opposite to the prediction based on mammalian systems, we
found reptilian postnatal expression of igf2 at levels substantially
higher than igf1 in liver (19.1-fold), brain (4.3-fold), and skeletal
muscle (4.9-fold). Furthermore, our overall untransformed mean
for circulating IGF-2 protein levels in T. elegans (173 ng/mL) was
likely higher than IGF-1 (51 ng/mL), though the heterologous RIA
used here warrants caution when comparing the two protein
levels. Although these findings are contradictory to expectations
based on mammalian model systems, in which IGF-2 expression
generally declines and postnatal growth is primarily controlled
by GH-regulated expression of IGF-1, some studies in other verte-
brates have found results similar to ours. For example, Peterson
et al. (2004) found that igf2 mRNA levels were higher than igf1 in
both liver (5.8-fold) and muscle (12.2-fold) of channel catfish.
Daughaday et al. (1985) detected higher levels of IGF-2 (100 ng/
mL) than IGF-1 (17 ng/mL) in the sera of juvenile turtles, as did
Beccavin et al. (2001) in post-hatch chickens.

Indeed, a growing body of research suggests that IGF-2 abun-
dance, function, and regulation may differ between placental and
non-placental vertebrates. Studies indicate that mammals exhibit
up to 100 times more IGF-1 in their blood than non-mammals
(Kelley et al., 2002) and that IGF-2 is abundantly expressed in juve-
nile and adult teleost fish (Peterson et al., 2004; Wood et al., 2005;
Picha et al., 2008; Pierce et al., 2011) and reptiles (McGaugh et al.,
2015), but nearly absent in rodents (Holly and Perks, 2012). Fur-
thermore, studies in some teleost fish species indicate that liver
igf2 expression and plasma levels are stimulated by growth hor-
mone (GH; Vong et al., 2003; Pierce et al., 2010) and in some cases
respond to metabolic status to a greater degree than IGF-1 (Pierce
et al., 2011). In garter snakes, liver expression of igf2 decreases in
response to a 2-h heat stress treatment (Schwartz and
Bronikowski, 2014), further suggesting that its expression is
responsive to the immediate environmental conditions. Although
affinity of IGF1R for IGF-1 is typically greater than IGF-2 in mam-
mals, Pozios et al. (2001) found similar affinities in zebrafish.
Finally, evolutionary analysis of insulin-like signaling gene
sequences across amniotes indicates that igf2 may have a more
stable role in environmental-sensing and growth-signaling in rep-
tiles than does igf1, which has this function in mammals (McGaugh
et al., 2015). Thus, an understanding of the IGFs system based on
mammalian model systems may not be applicable to fish, reptiles,
and other vertebrate groups.

4.2. Treatment and ecotype

Based on an understanding of the IGFs system from lab model,
commercial, and wild organisms and the life history characteristics
of T. elegans, we predicted that the genetic background character-
ized by slow juvenile growth (M-slow) and cool treatment animals
would exhibit lower IGF-1 and IGF-2 protein levels and lower igf1,
igf1r, and igf2 mRNA levels than the L-fast and warm treatment
animals. Limited data from reptiles also support these predictions,
as hepatic igf1 mRNA and plasma IGF-1 levels were reduced in
lizards under food restriction (Duncan et al., 2015), plasma IGF-1
levels were higher in wild-caught fast-growing L-fast T. elegans
than slow-growing M-slow snakes (Sparkman et al., 2009), and
turtles with a higher protein and energy diet showed elevated
levels of plasma IGF-1 (Crain et al., 1995b).

We found mixed support for these predictions. For example,
IGF-1 protein levels were significantly lower in M-slow, cool treat-
ment animals, and liver igf1rmRNA levels were higher in L-fast and
warm treatment animals. However, opposite to our expectations,
we found that muscle and liver igf1 and igf2 mRNA levels were
higher in the cool than warm treatment, and liver igf2r mRNA
levels were higher in the L-fast than M-slow animals. Part of the
incongruity with our predictions can likely be attributed to the fact
that, although warm treatment animals exhibited more growth
overall (see Fig. 3; see also Gangloff et al., 2015; E.A. Addis and
A.M. Bronikowski, unpublished data), during this short duration
immediately preceding our sampling, the cool treatment animals
grew faster (see Section 3.6).

Another challenge in interpreting these results is that nutri-
tional status can produce not only acute effects on IGF levels, but
also long-term effects that may be opposite to the observed
short-term effects (Holly and Perks, 2012). To better understand
this relationship, data for growth, nutrition, and IGFs collected over
multiple time points would be helpful. Relating to the potential
long-term programming effects of nutrition on IGFs action, another
helpful piece of information would be the extent of variability in
maternal nutrient availability during gestation, as recent studies
have shown that maternal nutrition can have long-term effects
on offspring. For example, Micke et al. (2011) found that maternal
protein restriction during the first trimester in cattle affected post-
natal skeletal muscle growth and igf1, igf1r, igf2, igf2r mRNA
expression in mature offspring, with observed sex-specific effects.
Since we captured gravid females from the wild, maternal nutri-
tional information during early gestation was not available for this
experiment.



D.M. Reding et al. / General and Comparative Endocrinology 233 (2016) 88–99 97
4.3. IGF signaling and postnatal growth

In this experiment, the environment (rearing treatment) signif-
icantly influenced overall growth (increase in length) of juvenile
snakes, whereas genetic backgroud (ecotype) had a minor effect
with L-fast animals tending to grow more than M-slow (see Sec-
tion 3.4; E.A. Addis and A.M. Bronikowski, unpublished data). Many
studies report a positive relationship between postnatal growth
rate, energy intake, and systemic IGF-1 levels (e.g., Sparkman
et al., 2010; Lodjak et al., 2014). Overall, our warm treatment ani-
mals consumed more food (Gangloff et al., 2015), exhibited more
growth (E.A. Addis and A.M. Bronikowski, unpublished data), and
had higher plasma IGF-1 levels than the cool treatment group. Con-
sidering the intra-individual correlations between growth and our
IIS measures, IGF-1 decreased with increasing growth rates,
whereas muscle igf1 and igf2 increased with increasing growth
rates. It is unclear whether IGF-1 plasma levels are more indicative
of future or past growth events, though Beckman et al. (2004)
found that the tightest positive relationship between IGF-1 and
growth in fish occurred within the month prior to sampling. Fur-
thermore, in addition to systemic IGF1, local production of this
protein in tissues such as skeletal muscle may act in a paracrine/
autocrine fashion to stimulate tissue growth (Chauvigné et al.,
2003; Eppler et al., 2007). For example, a study by Eppler et al.
(2007) highlights the potential importance of locally produced
IGF-1, as transgenic tilapia with increased growth showed higher
skeletal igf1 mRNA expression, but lower plasma IGF-1. In non-
mammalian vertebrates, systemic and local IGF-2 may also act as
a mitogen in postnatal life, which may be a factor in this experi-
ment given the high expression and plasma levels of this protein.
Finally, the role of sequence variation in the IGF genes needs to
be explored, as recent evidence indicates that the presence or
absence of a single IGF1 nucleotide polymorphism may determine
body size in dogs (Sutter et al., 2007) and thus potentially other
species.
5. Conclusions

Based on accumulating evidence from laboratory and domestic
animals, the IIS pathway regulates growth, reproduction, lifespan
and other key life history traits. Although some common patterns
regarding the relationship between IGF activity and life history
traits such as growth rate have emerged from studies of mam-
malian species, research on non-mammalian vertebrates from nat-
ural populations is limited. Here we report on the complex
relationship between IGFs (mRNA and protein), postnatal growth,
and the environmental and genetic variation that contribute to
ecotypic differences in life history in garter snakes. One key finding
is that although both igf1 and igf2 were expressed in liver, skeletal
muscle, and brain tissue, igf2 mRNA and protein levels were sub-
stantially higher than igf1 in this reptile, and cool treatment ani-
mals (which grew more in the preceding two months)
demonstrated significantly higher igf2 as well as igf1 expression
in skeletal muscle. Thus, this study adds to a small but growing
body of literature indicating that igf2may play a more evolutionar-
ily stable and prominent role in postnatal growth and environmen-
tal sensing in non-placental vertebrates, whereas igf1 primarily
encompasses this role in placental mammals. A second major out-
come of this study is that rearing temperature treatment had a
more substantial impact on growth and IGF activity than ecotype,
and for the most part the two ecotypes responded similarly (i.e., no
G � E interaction). These results suggest that observed ecotypic
differences in field measures of IGFs may more strongly reflect
plastic responses in different environments than adaptive genetic
divergence. However, future studies should investigate potential
sequence differences among the ecotypes for these four genes, as
well as other components of the IIS pathway, in order to further
tease apart the relative contributions of environmental and genetic
factors in shaping these divergent life history strategies in T.
elegans.
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