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ABSTRACT

Various aspects of social behavior are influenced by the
highly conserved corticotrophin-releasing factor (CRF)
family of peptides and receptors in the mammalian telen-
cephalon. This study has mapped and compared the tel-
encephalic distribution of the CRF receptors, CRF; and
CRF,, and two of their ligands, CRF and urocortin 3,
respectively, in African mole-rat species with diametrically
opposed social behavior. Naked mole-rats live in large
eusocial colonies that are characterized by exceptional
levels of social cohesion, tolerance, and cooperation in
burrowing, foraging, defense, and alloparental care for the
offspring of the single reproductive female. Cape mole-
rats are solitary; they tolerate conspecifics only fleetingly
during the breeding season. The telencephalic sites at
which the level of CRF; binding in naked mole-rats
exceeds that in Cape mole-rats include the basolateral

amygdaloid nucleus, hippocampal CA3 subfield, and den-
tate gyrus; in contrast, the level is greater in Cape mole-
rats in the shell of the nucleus accumbens and medial
habenular nucleus. For CRF, binding, the sites with a
greater level in naked mole-rats include the basolateral
amygdaloid nucleus and dentate gyrus, but the septohip-
pocampal nucleus, lateral septal nuclei, amygdalostriatal
transition area, bed nucleus of the stria terminalis, and
medial habenular nucleus display a greater level in Cape
mole-rats. The results are discussed with reference to
neuroanatomical and behavioral studies of various spe-
cies, including monogamous and promiscuous voles. By
analogy with findings in those species, we speculate that
the abundance of CRF; binding in the nucleus accumbens
of Cape mole-rats reflects their lack of affiliative behavior.
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The corticotrophin-releasing factor (CRF) family of
peptides and receptors has been highly conserved over
vertebrate evolution (Chang and Hsu, 2004). In addition
to the neuroendocrine actions of CRF and its type 1
receptor in the anterior pituitary gland, the cognate
peptides and receptors in the central nervous system
contribute to diverse networks that regulate arousal,
emotionality, and responses to stress (Bale and Vale,
2004; Heinrichs and Koob, 2004). These networks influ-
ence social behavior by their effects on aggression,
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submission, affiliation, memory consolidation, recogni-
tion, pair-bonding, and parental care, as comprehen-
sively reviewed by Hostetler and Ryabinin (2013). In
mammals, the CRF-related networks involve four
ligands, CRF, urocortin 1 (Ucn 1), Ucn 2, and Ucn 3,
and two receptors, CRF; and CRF, (Hauger et al.,
2003). CRF and Ucn 1 bind to CRF; with high affinity;
in contrast, Ucn 1, Ucn 2, and Ucn 3 bind to CRF, with
affinities that are up to 100-fold higher than that for
CRF (Hauger et al., 2003). Thus, whereas CRF is classi-
fied as a ligand for CRF4, with a moderate affinity for
CRF,, and Ucn 2 and Ucn 3 are classified as selective
ligands for CRF,, Ucn 1 is considered to be a ligand for
both receptors (Hauger et al., 2003).

Comparative studies of vole species have helped to
elucidate the social functions of CRF receptors in the
telencephalon (Lim et al., 2005). Prairie and pine voles
are monogamous, pair-bonding, and cooperative in their
care for offspring (alloparental); in contrast, meadow
and montane voles are solitary, promiscuous, and non-
pair-bonding. The monogamous species have lower lev-
els of CRF; binding and higher levels of CRF, binding in
the nucleus accumbens than the promiscuous species
(Lim et al., 2005).

To extend our understanding of the involvement of
the CRF-related networks in social behavior, the pres-
ent study focuses on African mole-rats, which belong to
the hystricognath suborder of rodents. These micro-
phthalmic, subterranean species provide a unique taxo-
nomic group for investigating the neurobiology and
evolution of mammalian social behavior. The two mem-
bers of the Bathyergidae family of species that have
been studied here differ to an extreme degree in their
social behavior.

Naked mole-rats (Heterocephalus glaber) are desig-
nated as eusocial and represent the pinnacle of mam-
malian sociality (Jarvis, 1981). Within a colony, which
may number up to 300 animals in the wild, naked
mole-rats exhibit remarkable levels of social cohesion
and tolerance. Breeding is monopolized by a single
reproductive female, the socially dominant queen, and
her one to three male consorts; most members of the
colony never enter puberty and remain nonreproductive
throughout life (Jarvis, 1991; Zhou et al., 2013). The
aridity of their habitat confers risks and high energy
costs on underground foraging for roots and tubers and
thereby favors cooperation (Jarvis et al., 1994; Faulkes
et al., 1997; Bennett et al, 1999). Subordinate, non-
breeding colony members participate in a broad range
of cooperative behaviors, including burrowing, foraging,
alloparenting, and defending the colony against preda-
tors and foreign conspecifics (Jarvis, 1981; Faulkes
et al, 1991; Lacey and Sherman, 1991). The degree of

social tolerance toward unrelated or unfamiliar conspe-
cifics varies with reproductive status; breeding males
and nonbreeders of both sexes are normally xenophobic
and attack unfamiliar conspecifics (Lacey and Sherman,
1991; O’Riain and Jarvis, 1997), but breeding females
prefer to mate with unfamiliar and unrelated individuals
(Clarke and Faulkes, 1999; Braude, 2000; Ciszek,
2000).

In contrast to naked mole-rats, Cape mole-rats
(Georychus capensis) are virtually asocial; within their
mesic habitat, the more uniform distribution of food
and the lower energy costs of burrowing through rain-
moistened soil favor a solitary life style (Jarvis et al.,
1994). Interactions with conspecifics are restricted to
fleeting encounters and copulation during the rainy sea-
son, when males and females attract one another with
elaborate seismic signals, and to short-lived contacts
between mother and pups or between littermates
(Bennett and Jarvis, 1988; Narins et al.,, 1992; Ganem
and Bennett, 2004).

Associations between certain ecological constraints
and the distribution of species with distinct social phe-
notypes led to the aridity-food distribution hypothesis
for the evolution of sociality in the Bathyergidae (Jarvis
et al.,, 1994; Faulkes et al., 1997, 2004; Faulkes and
Bennett, 2013). Others have argued against this and
proposed that a monogamous mating system was
ancestral to the eusociality and restricted monogyny
that characterize naked mole-rat colonies (Burda et al.,
2000); counterargument has also been provided
(Faulkes and Bennett, 2007; O’Riain and Faulkes,
2008). Nevertheless, the idea of ancestral monogamy
offers an additional perspective for comparisons
between eusocial and solitary mole-rats and monoga-
mous and promiscuous voles. In a previous study (Kala-
matianos et al., 2010), we found one site at which the
difference in oxytocin receptor binding distribution
between eusocial and solitary mole-rats is strikingly
similar to that between monogamous and polygamous
voles; the nucleus accumbens displays a greater level
of oxytocin receptor binding in the eusocial and monog-
amous species, possibly reflecting their prosocial
behaviors. Whether such similarities are due to gene
conservation or convergent evolution remains to be
determined.

The present study maps and compares the telence-
phalic distribution of the CRF receptors, CRF; and
CRF,, and two of their ligands, CRF and Ucn 3, respec-
tively, in African mole-rat species with diametrically
opposed social behavior. In discussing the results with
reference to neuroanatomical and behavioral findings in
various species, we address the possibility that some of
the differences between these Old World eusocial and



solitary mole-rats are analogous to those previously
identified between monogamous and promiscuous New
World voles.

MATERIALS AND METHODS

Animals and tissue collection

The animals investigated in this study were adult
male nonreproductive naked mole-rats (ligand binding
study, n=5; immunohistochemistry study, n=4),
which had been bred at Queen Mary, University of Lon-
don, and housed in their natal colonies as previously
described (Faulkes et al., 1991), and adult male Cape
mole-rats (ligand binding study, n=25; immunohisto-
chemistry study, n = 4), which had been trapped during
the nonbreeding season in Darling, South Western
Cape, South Africa, and housed individually for a maxi-
mum of 2 weeks at the Department of Zoology and
Entomology, University of Pretoria. We have previously
reported that naked mole-rats show similar behavior
and reproductive physiology whether wild or captive
bred (Faulkes et al., 1990; Sherman et al.,, 1991).
Cape mole-rats, unlike naked mole-rats, cannot be
bred in captivity. For the ligand binding study, animals
were killed by decapitation under deep isofluorane
(Zeneca, Johannesburg, RSA; Abbott Laboratories, Ltd.,
Maidenhead, United Kingdom) anesthesia. The brain
was rapidly removed, frozen on dry ice, and stored at
—80°C. For the immunohistochemical study, animals,
under anesthesia induced by sodium pentobarbitone
(Pentoject; Animalcare, Ltd., York, United Kingdom;
50 mg/kg) or fluorothane (Zeneca, RSA), were per-
fused transcardially with phosphate-buffered saline
(PBS), followed by 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4). The brain was removed,
postfixed overnight in the same fixative, and saturated
with 30% sucrose. Nonreproductive status was verified
by examination of the reproductive tract as previously
described (Bennett and Jarvis, 1988). The research
was conducted in accordance with the U.K. Home
Office Animals (Scientific Procedures) Act 1986 and
with the regulations of the University of Pretoria’s
Animal Ethics Committee (ethics clearance No.
000418-006).

CRF; and CRF, ligand binding
autoradiography

Each telencephalon was cut into serial coronal sec-
tions (20 pum) with a cryostat. Two adjacent sections
were thaw mounted onto Superfrost Plus slides (Sigma-
Aldrich, Poole, United Kingdom) in four rostrocaudal
series for each animal. They were allowed to air dry at
room temperature and stored at —80°C. To start the

ligand binding autoradiographic procedure, the slides
were brought to room temperature and immersed in
freshly prepared 0.1% paraformaldehyde in PBS (pH
7.4) for 2 minutes; they were then rinsed three times in
Tris-HCI (Sigma-Aldrich) buffer (pH 7.4). Adjacent sets of
slides were processed for CRF; and CRF, binding. The
recently published naked mole-rat genome (Yu et al,
2011; Kim et al., 2011; GenBank nif-0000-02873) shows
high similarity in the amino acid sequences for naked
mole-rat CRF; (XP_004868724.1) and rat CRF,
(NP_112261.1, 92%), human CRF; (NP_001138620.1,
97%), prairie vole CRF; (XP_005369449.1, 93%), or sheep
CRF; (NP_001009727.1, 93%) and for naked mole-rat
CRF, (XM_004839471.1), rat CRF, (XP_006236618.1,
89%), human CRF, (NP_001189404.1, 89%), prairie vole
CRF, (XP_005360866.1, 87%), or sheep CRF,
(XP_004007977.1, 95%). The sequences for Cape mole-
rat CRF; and CRF, are not yet known. Total CRF receptor
binding was detected by incubating sections at room
temperature for 120 minutes in ['?°ITyr]sauvagine, a
ligand that binds to both CRF; and CRF, with high affinity
(Grigoriadis et al., 1996; Primus et al., 1997), in Tris-HCI
buffer (pH 7.4) containing 10 mM MgCl,, 0.1% bovine
serum albumin (Sigma-Aldrich) and 0.05% bacitracin
(Sigma-Aldrich). CRF; binding was detected by incubating
sections in [125I—Tyr°]sauvagine in the presence of a
selective CRF, antagonist (Rivier et al., 2002; Hoare
et al, 2005, 1 upM nonradioactive astressin-2B
(cyclo(31-34)[D-Phe'!, His'?, C(a)MelLeu', 39, Nle',
Glu®", Lys®*)Ac-Svg(6-40) trifluoroacetate salt; Sigma-
Aldrich). CRF, binding was detected by incubating sec-
tions with ['?°I-Tyr%|sauvagine in the presence of 1 pM
nonradioactive CP-154,526 (butyl-[2,5-dimethyl-7-(2,4,6-
trimethylphenyl)—7H-pyrrolo[2,3-d]-pyrimidin-4-yl]-ethyla-
mine; kindly provided by Dr L.J. Young, Center for Behav-
ioral Neuroscience, Emory University, Atlanta, GA), a
selective CRF; antagonist (Schulz et al., 1996), as previ-
ously described (Lim et al.,, 2005). Unbound ligand was
removed by three 5-minute washes in cold Tris-HCI buffer
(PH 7.4) containing 10 mM MgCl,, followed by a quick
rinse in cold, deionized H,0. Sections were finally dried
under a stream of cold air prior to exposure to BioMax
MR film (Kodak, Rochester, NY) along with '?°| autoradio-
graphic microscale standards (GE Healthcare, Bucks,
United Kingdom) for 5 days. Sections from the two spe-
cies were processed simultaneously. In an adjacent
series of sections, it was found that competition of the
['?°-Tyr%]sauvagine binding with 1 uM nonradioactive CP-
154,526 plus 1 pM nonradioactive astressin-2B resulted
in elimination of autoradiographic signals at all sites. After
film development, sections were Nissl stained (0.5% cre-
syl violet acetate), dehydrated, and coverslipped for
microscopic examination.



TABLE 1.
Primary Antibodies Used in This Study

Host species and

Target Immunogen antibody type Source and RRID Dilution used
Corticotropin-releasing  Synthetic human/rat CRF Rabbit polyclonal Peninsula Labs (Bachem Group) 1:10,000
factor peptide conjugated to San Carlos, CA; T-4037, AB_2314240
keyhole limpet hemocyanin
Urocortin 3 Synthetic human Ucn 3 Rabbit polyclonal Dr Wylie Vale, The Salk Institute 1:5,000
peptide conjugated to La Jolla, CA; PBL No. 6570, AB_2315528
human a-globulins with
bisdiazotized benzidine
TABLE 2.
Alignment of Amino Acid Sequences for CRF and Ucn 3 in Various Mammalian Species'
Peptide Sequence
CRF
Naked mole-rat SIE EPPISLDLTFHLLREVLEMAIR AEQLAQOAHNINRKLIMIE N
Rat/human SIE EPPISLDLTFHLLREVLEMAIRAEQLAQOAHSINRKLIMIE
Prairie vole SIE EPPISLDLTFHLLREVLEMARAEEQLAQOAHSINRKLIVIE
Sheep SIAIEPPISLDLTFHLLREVLEMMIKAD QLAQQAHSINRKL [HIDIIA
Ucn 3
Naked mole-rat [ETLSLDVPTIDIIMNI LFNIARAKDISRARAANNAGILMAQI
Rat [ETLSLDVPTINIIMNI LFNIBIKAKINIERAKAABRNAGILMAQI
Human [ETLSLDVPTINIIMNLLFNIAKAKNIERAGAAANAELMAQI
Prairie vole [ETLSLDVPTINIIMNI LFNIDIKAKINIERAKIAABNARILMAQI
Sheep NMTLSLDVPTINIIMNI LFNIAKAKNERAKAAANAELMAQI

'Variable sites across these species are shaded.

Immunohistochemistry for CRF and Ucn 3
The primary antisera used in this study (Table 1)
were rabbit anti-CRF (T-4037, RRID AB_2314240; Pen-
insula Labs [Bachem Group], San Carlos, CA) and rabbit
anti-Ucn 3 (PBL 6570, RRID AB_2315528; Dr Wylie
Vale, The Salk Institute, La Jolla, CA). The polyclonal
rabbit anti-CRF was raised against synthetic human/rat
CRF conjugated to keyhole limpet hemocyanin. This
antiserum has been used and characterized extensively
(Hahn et al.,, 2003; Goodson et al., 2004; Tagliaferro
and Morales, 2008; Biag et al., 2012). Dot blot analysis
indicates that it binds to human or rat CRF, but not to
rat Ucn 1, mouse Ucn 2, or human Ucn 3 (Tagliaferro
and Morales, 2008). The antigen used to produce the
Ucn 3 antiserum was synthetic human Ucn 3 conju-
gated to human a-globulins with bisdiazotized benzidine
(Li et al., 2002). This antiserum has also been used and
characterized extensively (Li et al., 2002, 2003; Witt-
mann et al., 2009; Chen et al,, 2011). Competition
studies show that its immunoreactivity is abolished by
low micromolar concentrations of synthetic mouse or
human Ucn 3 but unaffected by Ucn 1, Ucn 2, or uro-
tensin 1 in the high micromolar range (Li et al., 2002).
Pretreatment of this antibody with CRF has been
reported to have no effect on its immunoreactivity
within the central nervous system, other than in the

external zone of the median eminence (Li et al., 2002);
consequently, although the median eminence was not
investigated in the present study, the antiserum was
routinely exposed to synthetic human/rat CRF (H-2435,
1 ug/ml; Bachem, Ltd., St. Helens, United Kingdom)
before use. The distributions of CRF and Ucn 3 immu-
noreactivity in the present study do not differ qualita-
tively from those reported for other mammals (see
Discussion). Table 2 shows high similarity in the amino
acid sequences for CRF in naked mole-rats
(XP_004842173.1), rats (NP_112281.1), humans
(NP_000747.1), prairie voles (XP_005361953.1), and
sheep (XP_004011760.1) and for Ucn 3 in naked mole-
rats (XM_004905981.1), rats (NP_001073677.1),
humans (AAK67317.1), prairie voles (XP_005354964.1),
and sheep (XP_004014362.1). The sequences for Cape
mole-rat CRF and Ucn 3 are not yet known.
Immunohistochemistry was carried out according to
methods previously described (Oosthuizen et al., 2008).
Six sequential series of coronal sections (25 pum) were
produced with a cryostat. Two of the series were proc-
essed to visualize immunoreactivity for CRF and Ucn 3.
The sections were pretreated with 0.5% Triton-X100
(BDH Chemical Company, Poole, United Kingdom).
Endogenous peroxidase was suppressed by using 0.02%
H,0,. The sections were washed in PBS, incubated in



2% normal donkey serum for 1 hour, and then exposed
to rabbit anti-CRF (1:10,000) or rabbit anti-Ucn 3
(1:5,000) for 48 hours at 4°C. After being washed in
PBS again, the sections were incubated in biotin-SP-
conjugated AffiniPure donkey anti-rabbit IgG antiserum
for 2 hours (1:1,000; Stratech, Newmarket, Suffolk,
United Kingdom) at room temperature. After another
wash in PBS, they were incubated in an avidin-biotin
peroxidase complex (1:1,000; Elite Kit; Vector Laborato-
ries, Peterborough, United Kingdom) for 2 hours at
room temperature. After being transferred to Tris buffer
(Trizma 7.6; Sigma-Aldrich), they were incubated in
0.05% diaminobenzidine with 0.15% ammonium nickel
sulfate and 0.005% H,0, to visualize the immunoreac-
tivity. All sections were processed concurrently.

Increasing dilutions of each of the primary antisera
led to a commensurate attenuation of the immunoreac-
tive signal. No immunoreactivity was observed when
either the primary or the secondary antiserum was
omitted or when the CRF or Ucn 3 antiserum was pre-
treated overnight with, respectively, synthetic human/
rat CRF (H-2435, 1 pg/ml; Bachem, Ltd.) or synthetic
rat/mouse or human Ucn 3 (H-5634 and H-5828, 1
pg/ml; Bachem, Ltd.).

For practical reasons, the mapping of putative endog-
enous ligands for CRF, or CRF, is limited to CRF and
Ucn 3. Further research would be needed to ascertain
the distributions of Ucn 1- or Ucn 2-ir processes; thus
far, the latter have evaded detection in all species
tested.

Image analysis and quantification
Autoradiographic films and histological sections were
examined with a precision illuminator (Northern Light
model R95; Interfocus Imaging, Cambridge, United King-
dom) and a Nikon Eclipse E600 microscope (Interfocus
Imaging). Autoradiographs and photomicrographs were
captured digitally with, respectively, a CoolSnap CF
camera (Photometrics, Marlow, United Kingdom) and a
Micro-Publisher 5.0 camera (Interfocus Imaging), both
controlled by MCID Core software (InterFocus Imaging).
Quantification of autoradiographic signals (MCID Core
software) was carried out in anatomically matched sec-
tions, with areas of equal size for a given region; these
areas fell within the borders of regions that were identi-
fied by the overlaying of images of film autoradiographs
and corresponding Nissl-stained sections (Adobe Photo-
shop 7.0; Adobe Systems, Mountain View, CA). Signal
intensity was determined by converting relative optical
density values to disintegrations per minute (DPM)/mg
of tissue equivalent using a set of '?°I microscale
standards (GE Healthcare) exposed with the brain sec-
tions. Specific signal intensity values were established

following subtraction of nonspecific binding values
obtained from adjacent sections incubated concurrently
in the presence of 1 pM nonradioactive CP-154,526
and astressin-2B. Only values exceeding 2 SD from the
mean nonspecific binding values were considered
detectable; regions within the forebrain that displayed
autoradiographic signals satisfying this criterion in at
least one of the two species were quantified and com-
pared. In addition to the cingulate cortex, the somato-
sensory cortex was selected as a neocortical area for
analysis. For a given area of interest, bilateral measure-
ments of specific signal intensity were obtained from
two to four sections per animal. These values were
used to calculate the mean value for each animal and
the species mean = SE values. Interspecies compari-
sons were carried out by using Student’s t-test.
P =0.05 was considered statistically significant. To pre-
pare the images for publication, the original Tif files
were imported into Adobe Photoshop; this application
was used to make minor adjustments to contrast and
brightness and to crop the images, compose them into
plates, and label them.

RESULTS

CRF, binding in the telencephalon of naked
mole-rats and Cape mole-rats

CRF; binding signals in the telencephalon differ in
distribution or intensity between naked and Cape mole-
rats (Figs. 1-8, Table 3). Where differences between
naked and Cape mole-rats were found in the presence
or intensity of the CRF; binding signal, the level was
greater in naked mole-rats in all but two of the identi-
fied sites (Table 3). In Cape mole-rats, there is a high
level of CRF4 binding in the rostral shell of the nucleus
accumbens; this is significantly greater than the moder-
ate level found at this site in naked mole-rats (Figs.
1A,B, 2A,B, Table 3). Within the cerebral cortex, both
species exhibit moderate or intense levels of CRF, bind-
ing; the binding signal is particularly strong throughout
the cingulate cortex (Figs. 1A,B-4A,B, Table 3). In the
somatosensory cortex, piriform cortex and claustrum,
the level of binding is greater in naked mole-rats (Figs.
1A,B-6A,B, Table 3). In the septal nuclei, neither spe-
cies displays binding signals that exceed the back-
ground level (Figs, 3A,B, 4A,B, Table 3).

Within the extended amygdala (Figs. 5A,B-8A,B),
encompassing the amygdaloid nuclei, the amygdalos-
triatal transition area, and the bed nucleus of the stria
terminalis (BNST), the highest levels of CRF; binding in
the two species are found in the lateral and basolateral
nuclei; the intense level observed in the basolateral
nucleus in naked mole-rats exceeds the high level
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Figure 1. Naked mole-rat. Representative photomicrographs of Nissl-stained coronal hemisections (A,F) and the corresponding film autora-
diographs (B,G, left/right reversed to facilitate comparisons) showing CRF; binding (B) and CRF, binding (G) at the rostrocaudal midrostro-
caudal level of the rostral nucleus accumbens in a male naked mole-rat. Representative darkfield and brightfield photomicrographs
showing CRF-ir processes (C,D1/2,E1/2) and Ucn 3-ir processes (H,l11/2) at the rostrocaudal level of the rostral nucleus accumbens in a
male naked mole-rat. Boxed regions containing CRF-ir processes (D1,E1) or Ucn 3-ir processes (I1) are shown at higher magnification
(D2,E2,12, each of which contains a further magnification from a smaller to a larger boxed region). Cg, cingulate cortex; NAc, nucleus
accumbens; PC, piriform cortex; TT, taenia tecta. Scale bars =1 mm in A (applies to A,B,F,G); 1 mm in C (applies to C,H).
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Figure 2. Cape mole-rat. Representative photomicrographs of Nissl-stained coronal hemisections (A,E) and the corresponding film autora-
diographs (B,F, left/right reversed to facilitate comparisons) showing CRF; binding (B) and CRF, binding (F) at the rostrocaudal level of
the rostral nucleus accumbens in a male Cape mole-rat. Representative darkfield and brightfield photomicrographs showing CRF-ir proc-
esses (C,D1/2) and Ucn 3-ir processes (G,H1/2) at the rostrocaudal level of the rostral nucleus accumbens in a male Cape mole-rat.
Boxed regions containing CRF-ir processes (D1) or Ucn 3-ir processes (H1) are shown at higher magnification (D2,H2). Arrowheads indi-
cate selected immunoreactive processes. ac, anterior commissure; Cg, cingulate cortex; Cl, claustrum; LS, lateral septal nuclei; NAc,
nucleus accumbens; PC, piriform cortex; Shi, septohippocampal nucleus; TT, taenia tecta. Scale bars=1 mm in A (applies to A,B,E,F);

1 mm in C (applies to C,G).



Figure 3. Naked mole-rat. Representative photomicrographs of Nissl-stained coronal hemisections (A,E) and the corresponding film autora-
diographs (B,F, left/right reversed to facilitate comparisons) showing CRF; binding (B) and CRF, binding (F) at the midrostrocaudal level
of the septal nuclei in a male naked mole-rat. Representative darkfield and brightfield photomicrographs showing CRF-ir processes (C,D1/
2) and Ucn 3-ir processes (G,H1/2) at the midrostrocaudal level of the septal nuclei in a male naked mole-rat. Boxed regions containing
CRF-ir processes (D1) or Ucn 3-ir processes (H1) are shown at higher magnification (D2,H2). Arrowheads indicate selected immunoreactive
processes. Cg, cingulate cortex; LS, lateral septal nuclei; NAc, nucleus accumbens; PC, piriform cortex. Scale bars =1 mm in A (applies

to A,B,E,F); 1 mm in C (applies to C,G).

found at this site in Cape mole-rats (Table 3). The low
levels in the central nucleus and the moderate levels in
the medial nucleus and amygdalostriatal transition area
are similar in both species (Table 3); this is also the
case for the low levels of binding in the BNST (Table 3).
Within the hippocampal formation, which is proportion-
ally very large in naked mole-rats, both species display
CRF; binding at a moderate level in the CA1 subfield
and at a low level in the CA2 subfield (Figs. 7A,B, 8A,B,
Table 3). In contrast, in the CA3 subfield, there is a
high level of CRF; binding in naked mole-rats but only a
low level in Cape mole-rats (Table 3). In the dentate
gyrus, the moderate level of binding in naked mole-rats
exceeds that in Cape mole-rats (Table 3); the binding
signals are located predominantly in the molecular layer
in the former species and in the polymorph layer in the
latter species. In the medial habenular nucleus, CRF;
binding is present at a moderate level in Cape mole-
rats but is not detected in naked mole-rats (Table 3).

CRF, binding in the telencephalon of naked
mole-rats and Cape mole-rats

Where differences between naked and Cape mole-
rats were found in the presence or intensity of the
CRF, binding signal, the level was greater in Cape
mole-rats in all but three of the identified sites (Table
3). In the nucleus accumbens, there is no detectable
CRF, binding in either species (Figs. 1F,G, 2E,F, Table
3). In the cerebral cortex, both species exhibit only low
or moderate levels of CRF, binding, the highest level
being found in the piriform cortex; within the somato-
sensory region, the level is greater in Cape mole-rats
than naked mole-rats (Figs. 1F,G, 2E,F-6E,F, Table 3).
In the claustrum, CRF, binding is present at a moderate
level in naked mole-rats but is absent in Cape mole-
rats (Figs. 1F,G, 3E,F, Table 3). In contrast, in the sep-
tohippocampal nucleus, it is seen at a high level in
Cape mole-rats but is not detected in naked mole-rats
(Figs. 1F,G, 2E,F, Table 3). The intense binding present



Figure 4. Cape mole-rat. Representative photomicrographs of Nissl-stained coronal hemisections (A,E) and the corresponding film autora-
diographs (B,F, left/right reversed to facilitate comparisons) showing CRF; binding (B) and CRF, binding (F) at the midrostrocaudal level
of the septal nuclei in a male Cape mole-rat. Representative darkfield and brightfield photomicrographs showing CRF-ir processes (C,D1/
2) and Ucn 3-ir processes (G,H1/2) at the midrostrocaudal level of the septal nuclei in a male Cape mole-rat. Boxed regions containing
CRF-ir processes (D1) or Ucn 3-ir processes (H1) are shown at higher magnification (D2,H2). Cg, cingulate cortex; chp, choroid plexus; Cl,
claustrum; LS, lateral septal nuclei; PC, piriform cortex. Scale bars =1 mm in A (applies to A,B,E,F); 1 mm in C (applies to C,G).

throughout the dorsal, intermediate, and ventral subdivi-
sions of the lateral septum in Cape mole-rats exceeds
the moderate level found in the intermediate and ven-
tral subdivisions in naked mole-rats (Figs. 3E,F, 4E,F,
Table 3). In both species, the choroid plexus contains
the highest level of CRF, binding detected in this study
(Figs. 4E,F-8E,F, Table 3).

Within the extended amygdala (Figs. 5E,F-8E,F), the
amygdaloid nuclei are characterized by weak to moder-
ate CRF, binding in both species; the highest level in
each species is found in the lateral nucleus (Table 3).
The level in the basolateral nucleus in naked mole-rats
is greater than that in Cape mole-rats; the low levels in
the central and medial nuclei are similar in both species
(Table 3). The intense level found in the amygdalostria-
tal transition area in Cape mole-rats greatly exceeds
the low level detected at this site in naked mole-rats
(Table 3). Both species display a low level of CRF, bind-
ing in the lateral division of the BNST; at this site, the
level is greater in Cape mole-rats than in naked mole-
rats (Table 3). Within the hippocampal formation of
both species (Figs. 7E,F, 8E,F), only the dentate gyrus
exhibits CRF, binding; the binding signals, which are

associated with the molecular layer, are at a distinctly
greater level in naked mole-rats than in Cape mole-rats
(Table 3). The medial habenular nucleus displays an
intense level of CRF, binding in Cape mole-rats, which
exceeds that found in naked mole-rats (Table 3).

CRF immunoreactivity in the telencephalon
of naked mole-rats and Cape mole-rats
CRF-immunoreactive (-ir) processes within the rostral
nucleus accumbens are extremely sparse in naked
mole-rats and are not detected in Cape mole-rats (Figs.
1C,E1/2, 2C). At this rostral level in naked mole-rats
(Fig. 1C,D1/2), CRF-ir processes are found in the
region of the taenia tecta at a very low density. At the
latter site, Cape mole-rats display a slightly greater den-
sity of these processes (Fig. 2C,D1/2); in this species,
diffuse CRF-ir processes are also found ventral and lat-
eral to this site in the septohippocampal and rostral lat-
eral septal nuclei (Fig. 2C,D1/2). In both species, CRF-
ir processes and cell bodies are seen sporadically
within the cerebral cortex (not shown). At the midros-
trocaudal level of the septal nuclei (Fig. 3C,D1/2),



Figure 5. Naked mole-rat. Representative photomicrographs of Nissl-stained coronal hemisections (A,E) and the corresponding film autora-
diographs (B,F, left/right reversed to facilitate comparisons) showing CRF; binding (B) and CRF, binding (F) at the rostrocaudal level of
the fused anterior commissure in a male naked mole-rat. Representative darkfield and brightfield photomicrographs showing CRF-ir proc-
esses (C,D1/2) and Ucn 3-ir processes (G,H1/2) at the rostrocaudal level of the fused anterior commissure in a male naked mole-rat.
Boxed regions containing CRF-ir processes (D1) or Ucn 3-ir processes (H1) are shown at higher magnification (D2,H2). Arrowheads indi-
cate selected immunoreactive processes. BNST, bed nucleus of the stria terminalis; chp, choroid plexus; PC, piriform cortex; SS, somato-
sensory cortex. Scale bars =1 mm in A (applies to A,B,E,F); 1 mm in C (applies to C,G).
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Figure 6. Cape mole-rat. Representative photomicrographs of Nissl-stained coronal hemisections (A,E) and the corresponding film autora-
diographs (B,F, left/right reversed to facilitate comparisons) showing CRF; binding (B) and CRF, binding (F) at the rostrocaudal level of
the fused anterior commissure in a male Cape mole-rat. Representative darkfield and brightfield photomicrographs showing CRF-ir proc-
esses (C,D1/2) and Ucn 3-ir processes (G,H1/2) at the rostrocaudal level of the fused anterior commissure in a male Cape mole-rat.
Boxed regions containing CRF-ir processes (D1) or Ucn 3-ir processes (H1) are shown at higher magnification (D2,H2). Arrowheads indi-
cate selected immunoreactive processes. BNST, bed nucleus of the stria terminalis; chp, choroid plexus; PC, piriform cortex; SS, somato-
sensory cortex. Scale bars =1 mm in A (applies to A,B,E,F); 1 mm in C (applies to C,G).
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Figure 7. Naked mole-rat. Representative photomicrographs of Nissl-stained coronal hemisections (A,E) and the corresponding film autora-
diographs (B,F, left/right reversed to facilitate comparisons) showing CRF; binding (B) and CRF, binding (F) at the midrostrocaudal level
of the amygdaloid nuclei in a male naked mole-rat. Representative darkfield and brightfield photomicrographs showing CRF-ir processes
(G,D1/2) and Ucn 3-ir processes (G,H1/2) at the midrostrocaudal level of the amygdaloid nuclei in a male naked mole-rat. Boxed regions
containing CRF-ir processes (D1) or Ucn 3-ir processes (H1) are shown at higher magnification (D2,H2). Arrowheads indicate selected
immunoreactive processes. ASt, amygdalostriatal transition area; BLA, basolateral amygdaloid nucleus; CA1, CA1 subfield of the hippocam-
pus; CA2, CA2 subfield of the hippocampus; CA3, CA3 subfield of the hippocampus; CeA, central amygdaloid nucleus; chp, choroid plexus;
DG, dentate gyrus; LA, lateral amygdaloid nucleus; MeA, medial amygdaloid nucleus; MH, medial habenular nucleus. Scale bars = 1 m min

A (applies to A,B,E,F); 1 mm in C (applies to C,G).

naked mole-rats display CRF-ir processes in the ventral
lateral septal nucleus (in a dense plexus), in the caudal
nucleus accumbens, and close to the ventral surface of
the brain. At this rostrocaudal level in Cape mole-rats
(Fig. 4C,D1/2), CRF-ir processes are found at a moder-
ate density in the lateral septum, predominantly within
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its intermediate subdivision. In naked mole-rats at the
rostrocaudal level of the fused anterior commissure
(Fig. 5C,D1/2), CRF-ir processes are present at a low
density immediately ventrolateral to the base of the lat-
eral ventricle in the dorsal part of the lateral division of
the BNST and in the dorsal median preoptic nucleus



Figure 8. Cape mole-rat. Representative photomicrographs of Nissl-stained coronal hemisections (A,E) and the corresponding film autora-
diographs (B,F, left/right reversed to facilitate comparisons) showing CRF; binding (B) and CRF, binding (F) at the midrostrocaudal level
of the amygdaloid nuclei in a male Cape mole-rat. Representative darkfield and brightfield photomicrographs showing CRF-ir processes
(C,D1/2) and Ucn 3-ir processes (G,H1/2) at the midrostrocaudal level of the amygdaloid nuclei in a male Cape mole-rat. Boxed regions
containing CRF-ir processes (D1) or Ucn 3-ir processes (H1) are shown at higher magnification (D2,H2). Arrowheads indicate selected
immunoreactive processes. ASt, amygdalostriatal transition area; BLA, basolateral amygdaloid nucleus; CA1, CA1 subfield of the hippocam-
pus; CA2, CA2 subfield of the hippocampus; CA3, CA3 subfield of the hippocampus; CeA, central amygdaloid nucleus; chp, choroid plexus;
DG, dentate gyrus; LA, lateral amygdaloid nucleus; MeA, medial amygdaloid nucleus; MH, medial habenular nucleus. Scale bars =1 m min

A (applies to A,B,E,F); 1 mm in C (applies to C,G).

around the base of the triangular septal nucleus. At this
rostrocaudal level in Cape mole-rats (Fig. 6C,D1/2),
there is a high incidence of CRF-ir processes through-
out the BNST, ventral, dorsal, and lateral to the anterior
commissure. Within the amygdaloid nuclei, CRF-ir proc-
esses are detected in the central nucleus in both spe-
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cies: at a low density in naked mole-rats (Fig. 7C,D1/2)
and in a highly dense plexus in Cape mole-rats (Fig.
8C,D1/2). In naked mole-rats, diffuse CRF-ir profiles
are found in the CA1, CA2, and CA3 subfields of the
hippocampus and in the molecular layer of the dentate
gyrus; in contrast, in Cape mole-rats they are seen in



TABLE 3.

CRF; and CRF; Binding, as Indicated by [125I—Tyr°]Sauvagine Binding in the Presence of, Respectively, a Nonradioactive
CRF;, or CRF; Antagonist (Mean = SEM; dpm/mg Tissue Equivalent; n = 3-5), at Telencephalic Sites in Male Nonreproduc-
tive Naked Mole-Rats and Male Cape Mole-Rats Outside the Breeding Season

Site

CRFR,

Naked mole-rat

Cape mole-rat

CRFR,

Naked mole-rat

Cape mole-rat

Nucleus accumbens rostral shell
Cingulate cortex

Piriform cortex

Somatosensory cortex
Hippocampal CA1 subfield
Hippocampal CA2 subfield
Hippocampal CA3 subfield
Dentate gyrus

Claustrum

Caudate putamen
Septohippocampal nucleus
Lateral septal nuclei

Choroid plexus

Lateral amygdaloid nucleus
Basolateral amygdaloid nucleus
Central amygdaloid nucleus
Medial amygdaloid nucleus
Amygdalostriatal transition area
Bed nucleus of the stria terminalis
Medial habenular nucleus

25,302 * 2,255'
67,634 * 2,854
66,820 = 5,937
50,032 + 7,106
33,532+ 2,181
6,942 = 642

44,577 + 1,847%
25,686 * 7402
63,437 + 2,5822
16,933 = 2,622

ND?

ND

ND
49,025 *+ 4,839
68,085 + 5952
13,903 = 2,747
22,649 + 1,756
34,395+ 2,513
13,098 = 657

ND

41,301 = 4,296
64,364 * 8,965
48,749 = 1,713

ND
17,200 £ 1,296
33,760 * 3,546

ND
11,547 £ 1,647
39,984 = 2,838

27,355 2,948 7,507 + 7542 20,204 = 2,169
22,274 £5,061 ND ND
7,261 =561 ND ND
10,977 £999 ND ND
13,178 £1,981 39,025 + 2,0417 7,516 =414
40,661+ 3,616 16,479 £ 2,163 ND
21,715 £ 4,373 2,371 +556 1,703 = 31
ND ND 35,519 + 3,303*
ND 26,628 + 208’ 66,931 9,055
ND 75,937 = 4,326 79,421 £5,429
47,264 = 5,893 24,648 = 2,763 17,409 * 3,438
45,697 = 3,160 18,361+ 1,4377 7,528 += 392
14,631 %2,573 14,248 £ 2,231 12,273 £1,737
20,316 = 1,819 13,431 £2,167 14,903 £ 2,049
38,318 = 4,118 9,672 = 1,1387 73,790 = 3,388
12,816 £ 237 9,628 = 6687 15,608 £ 707
21,001 + 1,581* 39,624 + 3,364% 75,566 = 4,581

'P<0.05 differences at sites that display binding signals in both species.
2p< 0.01 differences at sites that display binding signals in both species.

3ND, not detected.
“Sites at which binding signals are present in only one of the species.

the CA1 subfield and in the polymorph layer of the den-
tate gyrus (not shown). Although the medial habenular
nucleus lacks CRF-ir processes in both species, they
are present in the adjacent paraventricular nucleus of
the thalamus at a moderate density (not shown).

Ucn 3 immunoreactivity in the forebrain of
naked mole-rats and Cape mole-rats

The most rostral Ucn 3-ir processes are found in iso-
lation in the region of the taenia tecta in naked mole-
rats (Fig. 1H,11/2) and in a moderately dense cluster in
the septohippocampal nucleus in Cape mole-rats (Fig.
2G,H1/2). Caudal to this, at the midrostrocaudal level
of the septal nuclei, Ucn 3-ir processes are present in
the ventral subdivisions of the lateral septum; they form
a dense plexus in naked mole-rats (Fig. 3G,H1/2) and
in Cape mole-rats (Fig. 4G,H1/2). In naked mole-rats at
the rostrocaudal level of the fused anterior commissure
(Fig. 5G,H1/2), Ucn 3-ir processes are present within
the BNST at a moderate density dorsal to the commis-
sure and at a greater density in the dorsal median pre-
optic nucleus around the base of the triangular septal
nucleus. In Cape mole-rats, there is a lower density of
these processes dorsal to the commissure (Fig. 6G,H1/
2). Within the amygdaloid nuclei, Ucn 3-ir processes
are detected at a low density in the medial nucleus in

naked mole-rats (Fig. 7G,H1/2) and in the central
nucleus in Cape mole-rats (Fig. 8G,H1/2). Within the
hippocampus, faint, diffuse Ucn 3-ir profiles are seen in
the CA1, CA2, and CA3 subfields in naked mole-rats
but only in the CA1 subfield in Cape mole-rats (not
shown). In both species, Ucn 3-ir processes are absent
from the medial habenular nucleus but are present at
an extremely low density in the adjacent paraventricular
nucleus of the thalamus (not shown).

DISCUSSION

The peptides and receptors that constitute the CRF-
related networks are implicated in many aspects of
social behavior in a wide range of species (Hostetler
and Ryabinin, 2013). Species-typical differences in affili-
ative behavior have been shown to be associated with
species differences in the distribution and intensity of
CRF; and CRF; binding (Lim et al., 2005).

The present study quantifies and compares CRF; and
CRF, binding in the telencephalon of species that dis-
play extreme differences in social behavior: eusocial
naked mole-rats and solitary Cape mole-rats. The
research was designed to identify species-specific
rather than state-dependent distributions for the bind-
ing and for the neuronal processes that contain two of
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the endogenous ligands for these receptors, CRF and
Ucn 3. Given the presence of putative estrogen, proges-
terone, and androgen response elements on the pro-
moter regions of the genes for these receptors and the
evidence that sex steroids affect their binding levels
(Lim et al.,, 2005; Bangasser, 2013), this study was
restricted to animals with low or undetectable levels of
urinary and plasma testosterone: adult male mole-rats,
which were either subordinate, hypogonadal naked
mole-rats or Cape mole-rats captured during the non-
reproductive season (Bennett and Jarvis, 1988; Faulkes
and Abbott, 1991; Zhou et al., 2013). In the following
discussion, comparisons between the present findings
and those obtained in studies of other mammals focus
on the males of the species wherever possible. Descrip-
tions of the level of binding or density of immunoreac-
tive processes in the studies cited reflect the terms
used in those studies and/or the reported levels relative
to the observed range. Speculation about the distribution
of cell bodies immunoreactive for CFR or Ucn 3 has
been omitted because research on other species has
indicated that the evidence is unreliable without intrace-
rebroventricular colchicine treatment. We recognize that
the current study has not addressed the possible roles
of processes containing the other endogenous ligands
for CRF; or CRF,: Uen 1 and Ucn 2. The potential signifi-
cance of Ucn 1 is discussed with reference to findings
obtained in other species. Ucn 2 is discussed only with
reference to its MRNA expression; its detection by immu-
nohistochemistry has not been successful in the species
tested thus far. Citations of studies involving pharmaco-
logical interventions are restricted to those that
employed site-directed delivery of the cognate peptides
or antagonists selective for CRF; or CRF,.

In discussing anatomical associations between
peptide-containing processes and the receptors in ques-
tion, we recognize the extensive evidence indicating that
peptide receptor ligands, including CRF and oxytocin,
have physiological actions within the central nervous
system that involve their diffusion over considerable dis-
tances (Bittencourt and Sawchenko, 2000; Fuxe et al.,
2012). It now seems reasonable to hypothesize that
there is receptor functionality wherever receptor binding
is demonstrated, whether or not the site offers a proxi-
mate source for endogenous ligands; nevertheless,
cases in which there is a close match between receptor
binding and immunohistochemically identified ligand-
containing neuronal processes merit particular attention.
The strongest binding signals found in both species in
the present study are due to CRF, in the choroid plexus;
the function is unknown. Intense binding or mRNA
expression has been found at that site in all rodent and
primate species examined thus far (Chalmers et al,
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1995; Rominger et al., 1998; Sanchez et al., 1999; van
Pett et al., 2000; Lim et al., 2005).

Nucleus accumbens

Distribution of CRF;

The discovery that the level of CRF; binding in the shell
of the nucleus accumbens is significantly greater in soli-
tary Cape mole-rats than in eusocial naked mole-rats is
noteworthy. Previous research (Lim et al., 2005) has
shown that CRF; binding at this site is at a greater
level in meadow and montane voles, which are promis-
cuous and socially independent and show minimal
paternal care for offspring (Shapiro and Dewsbury,
1990; Salo et al.,, 1993), than in prairie and pine voles,
which are monogamous and exhibit pair-bonding and
biparental care (Getz et al., 1981; Gruder-Adams and
Getz, 1985). In rats, this nucleus displays only a moder-
ate level of CRF; binding and mRNA expression (De
Souza et al., 1985; Aguilera et al., 1987; Rominger
et al., 1998; van Pett et al., 2000); in mice, the level of
expression at this site is low (van Pett et al., 2000).

Distribution of CRF

In naked mole-rats, the rostral shell of the nucleus
accumbens contains CRF-ir processes at an extremely
low density; they are not found at this site in Cape
mole-rats. However, caudal to the CRF; binding sites in
this nucleus in naked mole-rats, there is a cluster of
CRF-ir processes. A similar dissociation is found in prai-
rie and meadow voles, in which CRF-ir processes and
CRF mRNA expression are limited to the caudal part of
the nucleus (Lim et al., 2006, 2007). This restricted dis-
tribution is also found in rats for CRF-ir processes and
for CRF-ir cell bodies following intracerebroventricular
colchicine treatment (Swanson et al., 1983).

Relations between the distributions of CRF;
and CRF

For each of the rodent species discussed here, it
seems that activation of CRF; by CRF in the rostral
shell of the nucleus accumbens would depend on diffu-
sion of the ligand from elsewhere; for naked mole-rats,
prairie voles, and meadow voles, the cluster of CRF-ir
processes in the caudal part of this nucleus is a possi-
ble source. The reported species differences in the den-
sity of the binding suggest that local CRF;-mediated
functions may be particularly significant in solitary Cape
mole-rats and socially independent voles.

Distribution of CRF,

CRF, binding is not detected in the nucleus accumbens
in naked or Cape mole-rats. In contrast, it is present in
the shell of the nucleus in voles (Lim et al., 2005); the



high or intense levels of CRF, binding in the caudal (sep-
tal) pole of this nucleus in the two pair-bonding species
are significantly greater than the weak to moderate lev-
els in the two socially independent species (Lim et al.,
2005, 2006). CRF, binding has been found at a low level
in this nucleus in rats (Rominger et al., 1998), but
expression of its mRNA has not been detected at this
site in either rats or mice (van Pett et al., 2000).

Distribution of urocortins

In keeping with its lack of CRF, binding, the nucleus
accumbens in naked and Cape mole-rats lacks processes
immunoreactive for its ligand, Ucn 3. In voles, Ucn 1-ir
processes are absent from this site; mapping immunore-
activity for Ucn 2 or Ucn 3 has not been possible
(Lim et al,, 2006, 2007). In rats, Ucn 2 mRNA is not
expressed in the nucleus accumbens (Reyes et al., 2001),
but Ucn 3-ir processes are found at a minimal density at
that site (Li et al., 2002; Wittmann et al., 2009), as is the
case for Ucn 1-ir processes (Bittencourt et al., 1999).

Relations between the distributions of CRF,
and urocortins

The evidence for no more than a minimal presence of
endogenous ligands for CRF, (urocortins or CRF) in the
nucleus accumbens in voles and rats indicates that
activation of local CRF, in those species would depend
on ligand diffusion. In contrast, the two mole-rat spe-
cies studied here appear to lack all prerequisites for
CRF,-mediated functions at this site.

Species-related functions of CRF; and CRF,

The level of CRF; binding in the shell of the nucleus
accumbens is greater in solitary Cape mole-rats than in
eusocial naked mole-rats. A previous study found a
greater level of binding in socially independent vole
species than in pair-bonding vole species (Lim et al,
2005). The level of CRF; binding at this site is positively
correlated with the degree of isolation-potentiated star-
tle displayed by rats (Nair et al., 2005). Furthermore,
CRF administered to this site potentiates startle in iso-
lated rats but not in group-housed rats (Nair et al,
2005). We speculate that the relatively high level of
CRF; binding in the shell of the nucleus accumbens in
solitary Cape mole-rats contributes to their generally
high level of intolerance of conspecifics (Bennett and Jar-
vis, 1988; Jarvis and Bennett, 1991; Ganem and Bennett,
2004). In contrast, we have previously argued that the
abundance of oxytocin receptor binding and oxytocin-
neurophysin-immunoreactive processes in the nucleus
accumbens of naked mole-rats may reflect their euso-
ciality, alloparenting behavior, and potential for reproduc-
tive attachments; in Cape mole-rats, oxytocin and its
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receptors are well-nigh absent from this site (Kalamatia-
nos et al,, 2010).

CRF, binding is not present in the nucleus accum-
bens in naked or Cape mole-rats; this differentiates
these animals from voles and rats (Rominger et al.,
1998; Lim et al., 2005). Activation of this receptor in
the septal pole of the shell of the nucleus accumbens,
possibly in concert with activation of CRF4, contributes
to partner preference and pair-bonding in monogamous
voles (Lim et al., 2005, 2007). In contrast, CRF adminis-
tered to this site has no effect on partner preference in
polygamous meadow voles, which display a lower level
of local CRF, binding (Lim et al., 2007). Rats, which are
also non-pair-bonding animals, display a low level of
CRF, binding in this nucleus (Rominger et al., 1998).
Given that the mole-rats studied here were either sub-
ordinate members of a colony or solitary animals cap-
tured outside the breeding season, the absence of a
neural mechanism believed to promote partner prefer-
ence is not surprising. Nevertheless, it will be important
to establish whether this feature applies to the repro-
ductive members of a naked mole-rat colony.

Cerebral cortex

Distribution of CRF;

Within the cerebral cortex, naked and Cape mole-rats
exhibit an intense level of CRF; binding in the cingulate
cortex; the levels in the piriform cortex and somatosen-
sory cortex in naked mole-rats (intense and high, respec-
tively) are significantly greater than those in Cape mole-
rats. The research on voles shows that the levels of
CRF; binding in the cingulate cortex and other neocorti-
cal fields are equivalent (moderate or high) in monoga-
mous prairie and promiscuous meadow species but
significantly greater in the promiscuous montane species
(low or moderate) than in the monogamous pine species
(weak; Lim et al., 2005). Moderate levels of CRF; binding
are found in the cerebral cortex in rats (De Souza et al.,
1985; Aguilera et al,, 1987) and rhesus monkeys (San-
chez et al.,, 1999). The levels of CRF; mRNA expression
in the neocortex and piriform cortex in rats and mice are
moderate or high (van Pett et al., 2000).

Distribution of CRF

CRF-ir processes and cell bodies are detected sporadi-
cally across all neocortical fields in both mole-rat spe-
cies; a similar distribution is seen in rats (Merchenthaler,
1984). Weak neocortical CRF immunoreactivity is also
found in voles (Lim et al., 2006).

Relations between the distributions of CRF;
and CRF

Given the correspondence between the distributions of
CRF; binding and CRF-ir processes across the cerebral



cortex, it seems that this receptor can be activated by
locally released CRF in all the rodent species discussed
here.

Distribution of CRF,

CRF, binding is found at low or moderate levels in the
cerebral cortex in naked and Cape mole-rats; in these
species, levels are equivalent in the cingulate cortex
and piriform cortex but are greater in Cape mole-rats in
the somatosensory cortex. Previous research has identi-
fied no significant differences between monogamous
and promiscuous vole species in the low or moderate
levels of CRF, binding detected in their neocortical
fields (Lim et al., 2005). In rats and rhesus monkeys,
the level of neocortical CRF, binding is low (Rominger
et al.,, 1998; Sanchez et al., 1999). Expression of CRF,
mRNA in the cingulate cortex and other neocortical
fields has been reported to be undetectable in rats
(Chalmers et al.,, 1995), but weak levels were subse-
quently observed in the piriform cortex and in layer VI
of the isocortex in rats and mice (van Pett et al., 2000)
and in layers I-VI of the prefrontal cortex, cingulate cor-
tex, and entorhinal cortex in rhesus monkeys (Sanchez
et al,, 1999). It is important to note that the present
findings concerning the specific location and intensity
of CRF, binding in the cerebral cortex differ from those
reported for other species. In naked mole-rats, the
CRF, binding is concentrated in the superficial and
deep layers, somewhat similar to the distribution of
CRF; binding in this species. In contrast, in Cape mole-
rats, the binding for these two receptors seems region-
ally differentiated and in some respects complementary,
the CRF; binding being most prominent in superficial to
intermediate layers in the lateral fields. These unusual
findings merit further attention.

Distribution of urocortins

Ucn 3-ir processes are not seen in the neocortex or
piriform cortex in either naked or Cape mole-rats; in
rats, they are found only in the medial entorhinal region
(Li et al., 2002; Wittmann et al., 2009). Ucn 1-ir proc-
esses have not been detected in the cerebral cortex in
voles (Lim et al.,, 2006); in rats they are sparse and
mostly restricted to the temporal cortex (Bittencourt
et al, 1999). The cerebral cortex lacks Ucn 2 mRNA
expression in rats (Reyes et al., 2001).

Relations between the distributions of CRF,
and urocortins

The general dearth of immunoreactivity for Ucn 1 or 3
in the cerebral cortex of the rodents discussed here
suggests that activation of CRF, in the various cortical
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fields would depend on diffusion of urocortins or locally
released CRF.

Species-related functions of CRF; and CRF,

The functional significance of CRF; and CRF, in the cer-
ebral cortex remains largely obscure. An unexpected
CRF;-dependent anxiolytic effect has been reported fol-
lowing bilateral injection of CRF into the frontal cortex
in rats (Zieba et al, 2008). In vitro, this peptide
depresses field potentials in cortical slices that are par-
tially disinhibited by antagonists for GABA, and GABAg
(Zieba et al., 2008); when infused into the rat sensori-
motor cortex in vivo, it depresses excitatory monosy-
naptic field potentials evoked in layers IlI/lll and V
(Froc and Christie, 2005).

Chronic isolation has been found to increase CRF;
binding in the rat cingulate cortex, with a rising trend in
the piriform cortex and a falling trend in the frontal cor-
tex (Ehlers et al., 1993). In the latter region, the expres-
sion of CRF; mRNA is reduced by 10 days of
unpredictable stress (Iredale et al., 1996); 3 hours of
restraint stress has the opposite effect (Meng et al,
2011). In the absence of experimental interventions,
the present findings and previous studies of other spe-
cies reveal weak to moderate levels of CRF; binding at
most cortical sites; but relatively high levels are appa-
rent in the cingulate cortex in naked and Cape mole-
rats and in the piriform cortex in naked mole-rats. For
CRF, binding, the levels are generally weak to
moderate.

Septal nuclei

Distribution of CRF;

CRF; binding is not detected in the septal nuclei in
naked or Cape mole-rats. The levels of binding and
mRNA expression for CRF; in the lateral septal nuclei
are low in rats and mice (De Souza et al., 1985; Agui-
lera et al., 1987; Chalmers et al., 1995; van Pett et al.,
2000) and undetectable in rhesus monkeys (Sanchez
et al,, 1999). In contrast, moderate or high levels of
CRF; binding are found in the lateral septal nuclei in
one of the monogamous vole species (pine) and in one
of the polygamous vole species (montane); the other
monogamous and polygamous vole species (prairie and
meadow) exhibit low levels of CRF; binding in these
nuclei (Lim et al., 2005).

Distribution of CRF

CRF-ir processes form a dense plexus within the ventral
lateral septal nucleus in naked mole-rats. In Cape mole-
rats, these processes are distributed across the ventral
and intermediate lateral septal nuclei; a comparable
distribution is seen in rats, which also display a few



scattered CRF-ir cell bodies in the ventral lateral septal
nucleus following colchicine treatment (Swanson et al.,
1983). Immunoreactivity for CRF has not been detected
in the septal nuclei in prairie or meadow voles (Lim
et al., 2006).

Relations between the distributions of CRF;
and CRF

The absence of binding signals for CRF; in the septal
nuclei in naked and Cape mole-rats raises questions
about the local role for the dense CRF-ir processes in
this region in these species. In contrast, it seems that
activation of CRF; by CRF in the lateral septal nuclei in
voles would depend on diffusion of the ligand to these
sites.

Distribution of CRF,

CRF, binding is found throughout the lateral septal
nuclei in Cape mole-rats and predominantly in the ven-
tral and intermediate lateral septal nuclei in naked
mole-rats; the intense level in Cape mole-rats is signifi-
cantly greater than the moderate level in naked mole-
rats. The levels of CRF, binding and mRNA expression
in the lateral septal nuclei have been reported to be
high in rats and mice (Chalmers et al., 1995; Rominger
et al.,, 1998; van Pett et al., 2000) and moderate in rhe-
sus monkeys (Sanchez et al., 1999). Moderate or high
levels of CRF, binding are found in the lateral septal
nuclei in one of the monogamous vole species (prairie)
and in both polygamous vole species (meadow and
montane); significantly greater levels are present at
these sites in the other monogamous species (pine; Lim
et al., 2005).

Distribution of urocortins

In naked mole-rats, the ventral lateral septal nucleus
contains Ucn 3-ir processes in an intense plexus com-
parable to that found at this site for CRF-ir processes.
A similarly restricted distribution of Ucn 3-ir processes
is present in Cape mole-rats. In rats, these processes
are detected at a high density in the ventral and inter-
mediate lateral septal nuclei (Li et al., 2002; Wittmann
et al., 2009), and Ucn 1-ir processes are located pre-
dominantly within the intermediate lateral septal
nucleus (Bittencourt et al., 1999); Ucn 2 mRNA is not
expressed in these nuclei (Reyes et al., 2001). In voles,
immunoreactivity for Ucn 1 is not detected in the septal
nuclei (Lim et al., 2006).

Relations between the distributions of CRF,
and urocortins

Although CRF, binding is present at an intense level
throughout the lateral septal nuclei in Cape mole-rats
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and at a lower level in the ventral and intermediate
nuclei in naked mole-rats, Ucn 3-ir processes are
restricted to the ventral nucleus in both species. This
suggests that activation of CRF, by Ucn 3 in the inter-
mediate and dorsal nuclei would depend on diffusion of
this peptide or on the abundant local CRF. Further
research is needed to investigate whether locally
released Ucn 1 could act as a ligand for CRF; in this
region in the mole-rats; such a function seems possible
for rats but appears to be excluded for the vole
species.

Species-related functions of CRF; and CRF,

The lateral septum has been extensively implicated in
aggression and social recognition/discrimination in rats,
mice, and hamsters (Kollack-Walker et al., 1997; Land-
graf et al., 2003; Haller et al., 2006; Beiderbeck et al.,
2007). The emotional or social functions that may be
mediated by CRF; in this region remain obscure. The
local level of CRF; binding has been reported to be
substantial in only one of the pair-bonding vole species
and one of the socially independent vole species; in all
the other species discussed here, it is at a low level or
absent. Similarly, the septal nuclei lack oxytocin recep-
tor binding sites in naked and Cape mole-rats (Kalama-
tianos et al., 2010) and in the evolutionarily related
New World guinea pigs (Tribollet et al., 1992; Huchon
and Douzery, 2001; Kalamatianos et al., 2005). How-
ever, oxytocin receptor binding is present in the lateral
septum in voles, and its density shows a negative corre-
lation with the degree of alloparental behavior both
within and between the species (Olazabal and Young,
2006). In contrast, CRF, binding is found in the lateral
septum at moderate or intense levels in all species that
have been investigated. Activation of CRF, in this
region promotes anxiety-related behaviors in mice; an
effect that is enhanced by stressful conditions (Henry
et al, 2006). Furthermore, stress-induced behaviors
can be suppressed in mice and rats by preventing local
CRF, activation (Radulovic et al., 1999; Bakshi et al,,
2002). The present study shows a significantly lower
level of CRF, binding in the lateral septum in naked
mole-rats than in Cape mole-rats. We speculate that
this relatively low level contributes to the prosocial,
cooperative behaviors displayed by naked mole-rats.

Extended amygdala

Distribution of CRF;

In naked and Cape mole-rats, the highest levels of
CRF; binding within the extended amygdala are found
in the basolateral complex; the level of binding is signif-
icantly greater in the basolateral nucleus in naked
mole-rats than in Cape mole-rats. The two species



exhibit equivalent low levels in the central nucleus and
moderate levels in the medial nucleus and amygdalos-
triatal transition area; the low levels of binding in the
BNST are also equivalent. In rats, CRF; binding is at a
moderately high level in the basolateral nucleus and at
lower levels in the medial and central nuclei (De Souza
et al., 1985; Aguilera et al., 1987). The basolateral
nucleus expresses CRF; mRNA at a high level in rats
and at a low level in mice (Chalmers et al.,, 1995; van
Pett et al., 2000); both of these species show low or
moderate expression levels in the medial, basomedial,
and cortical nuclei (van Pett et al., 2000). The BNST in
rats exhibits a moderate level of CRF; binding (De
Souza et al., 1985; Aguilera et al., 1987); expression of
CRF; mRNA in this region is also at a moderate level in
rats but at a lower level in mice (Chalmers et al., 1995;
van Pett et al., 2000). In rhesus monkeys, CRF; binding
is at a high level in the lateral amygdaloid nucleus and
at lower levels in the medial and central nuclei; its
mRNA expression is at a moderate level in the lateral
and central nuclei and a low level in the medial nucleus
(Sanchez et al., 1999). The BNST in rhesus monkeys
exhibits neither CRF; binding nor CRF; mRNA expres-
sion (Sanchez et al, 1999). The research on voles
shows that the binding levels for this receptor in the
amygdaloid nuclei are consistently minimal in one of
the monogamous species (pine) and low in one of the
polygamous species (montane); in the other monoga-
mous and polygamous vole species (prairie and
meadow), the levels of CRF; binding in the various
amygdaloid nuclei range from undetectable to moder-
ate, the highest levels within this range being found in
the cortical amygdaloid nucleus (Lim et al.,, 2005). No
significant differences have been identified between the
monogamous and the polygamous species for CRF;
binding in the various amygdaloid nuclei (Lim et al.,
2005). In the BNST, CRF; binding is at a minimal level
in the four vole species that have been studied (Lim
et al., 2005).

Distribution of CRF

Among the amygdaloid nuclei, CRF-ir processes are
found in the central nucleus at a low density in naked
mole-rats and at a high density in Cape mole-rats. In
the BNST, their density is low immediately ventrolateral
to the base of the lateral ventricle in the dorsal part of
the lateral division in naked mole-rats. In contrast,
Cape mole-rats exhibit a high density of these proc-
esses throughout the BNST, ventral, dorsal, and lateral
to the anterior commissure. In rats, CRF-ir processes
are seen at a high density in the central amygdaloid
nucleus and more diffusely in the medial, lateral, baso-
lateral, basomedial, and cortical nuclei; most of the
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amygdaloid CRF-ir cell bodies detected following colchi-
cine treatment are in the central nucleus (Swanson
et al.,, 1983; Merchenthaler, 1984). In mice and in the
biparental caviomorph rodent Octodon degus, there is a
particularly dense plexus of CRF-ir processes in the
central nucleus (Asan et al., 2005; Seidel et al., 2011).
In comparison with rats, mice display a lower level of
CRF mRNA expression in the central nucleus and, in
the absence of colchicine, fewer CRF-ir cell bodies at
this site (Asan et al., 2005). CRF-ir processes and
mRNA are also found in the amygdalostriatal area in
rats and mice; the density of these processes shows
considerable variation between strains of mice (Asan
et al., 2005). In rats, CRF-ir processes and cell bodies
are abundant throughout the BNST (Swanson et al,
1983). In prairie and meadow voles, these processes
are found at a high density in the central amygdaloid
nucleus and BNST, with no apparent species or sex dif-
ferences (Lim et al., 2006).

Relations between the distributions of CRF;
and CRF

For each of the rodent species in which the amygdaloid
distribution of CRF; binding has been investigated, the
principal location of CRF-ir processes, the central
nucleus, does not correspond to the principal species-
specific site for CRF; binding. In the case of naked
mole-rats, the central nucleus has a density of CRF-ir
processes that is uniquely low among the species dis-
cussed here. It seems that activation of CRF; at most
of the amygdaloid sites would depend on diffusion of
CRF. In the BNST, CRF; binding is detected in all the
rodent species studied, the level being moderate in
mole-rats and rats but minimal in voles. Abundant CRF-
ir processes are found throughout the BNST in all these
species apart from naked mole-rats, in which the low
density restricted to the dorsal part of the lateral divi-
sion is noteworthy as an exception.

Distribution of CRF,

In naked and Cape mole-rats, CRF, binding levels within
the amygdaloid nuclei are low or moderate, the highest
levels within this range being found in the lateral
nucleus; the level of binding is significantly greater in
the basolateral nucleus in naked mole-rats than in Cape
mole-rats. The two species exhibit equivalent low levels
in the central and medial nucleus. The intense level of
CRF, binding in the amygdalostriatal transition area in
Cape mole-rats greatly exceeds the low level at this
site in naked mole-rats. Similarly, the level of CRF,
binding in the lateral division of the BNST, although rel-
atively low, is greater in Cape mole-rats than in naked
mole-rats. In rats, there is a moderate level of CRF,



binding throughout the amygdaloid nuclei and BNST
(Rominger et al., 1998). mRNA expression for this
receptor in rats and mice is at a moderate level in the
medial, basomedial, and cortical amygdaloid nuclei and
BNST, at a low level in the basolateral amygdaloid
nucleus, and undetectable in the central amygdaloid
nucleus (Chalmers et al., 1995; van Pett et al., 2000).
Within the amygdala in voles, moderate levels of CRF,
binding are found in one of the monogamous species
(prairie) and in one of the polygamous species
(meadow); the other monogamous and polygamous vole
species (pine and montane) exhibit low levels of CRF,
binding across this region (Lim et al., 2005). No signifi-
cant differences have been identified between the
monogamous and polygamous vole species for this
parameter in the various amygdaloid nuclei (Lim et al.,
2005). The four vole species display low or moderate
levels of CRF, binding in the BNST apart from its caudal
region, where high levels are found (Lim et al., 2005).
In rhesus monkeys, the level of CRF, binding is minimal
or low within the amygdaloid nuclei and the BNST;
mRNA expression for this receptor is detected at only
minimal levels in the medial and central amygdaloid
nuclei but at a moderate level in the BNST (Sanchez
et al., 1999).

Distribution of urocortins

Among the amygdaloid nuclei, Ucn 3-ir processes are
found at a low density in the medial nucleus in naked
and Cape mole-rats. In the BNST, they are present dor-
sal to the anterior commissure at a moderate density in
naked mole-rats and at a lower density in Cape mole-
rats. In rats, Ucn 3-ir processes are detected at a high
density in the medial amygdaloid nucleus, where Ucn 3
mRNA is expressed; scattered Ucn 3-ir processes are
also seen in the basomedial, cortical and central nuclei
(Lewis et al.,, 2001; Li et al.,, 2002; Wittmann et al.,
2009). The amygdalostriatal transition area lacks immu-
noreactivity for Ucn 3 or CRF in naked or Cape mole-
rats; however, a plexus of CRF-ir processes is present
at this site in rats and in various strains of mice (Asan
et al., 2005). The BNST in rats contains Ucn 3-ir proc-
esses at a moderate or high density, along with Ucn 3
mRNA expression (Lewis et al., 2001; Li et al., 2002;
Wittmann et al., 2009). Ucn 1-ir processes in rats are
sparse within the extended amygdala, apart from their
moderately dense presence in the central nucleus and
BNST (Bittencourt et al., 1999). In the four vole species
that have been studied, immunoreactivity for Ucn 1 is
not seen within the amygdaloid nuclei or BNST (Lim
et al.,, 2006). The mRNA for Ucn 2 is not expressed in
the amygdaloid nuclei or BNST in rats (Reyes et al,
2001).
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Relations between the distributions of CRF,
and urocortins

CRF, binding is detected across the amygdaloid nuclei
at low or moderate levels in naked mole-rats and Cape
mole-rats, rats, and voles. Among the candidates for
endogenous local ligands, Ucn 1 is absent from these
nuclei in voles, but there is a moderate density of Ucn
1-ir processes in the central nucleus in rats. Ucn 3-ir
processes are detected at a low density in the central
nucleus in Cape mole-rats and at a low density in the
medial nucleus in naked mole-rats, a site that displays
a high density of these processes in rats. It seems that
activation of CRF, by Ucn 3 or by CRF outside the
medial or central nucleus in naked mole-rats and out-
side the central nucleus in Cape mole-rats would
depend on diffusion of these ligands. The intense level
of CRF, binding found in the amygdalostriatal transition
area in Cape mole-rats with no associated Ucn 3 or
CRF is particularly intriguing. The BNST exhibits some
overlap between CRF, binding and Ucn 3-ir processes
in the two mole-rat species and in rats; moderately
dense Ucn 1-ir processes are also found in this region
in rats. Local activation of CRF, by those peptides
seems likely.

Species-related functions of CRF; and CRF,
Basolateral nucleus

In. monogamous and polygamous voles, CRF; binding
levels are weak or low throughout the amygdala; but in
naked mole-rats, Cape mole-rats, rats, and rhesus mon-
keys, a relatively high level is present in the basolateral
nucleus. This disparity raises questions about species-
specific functions of CRF; in this nucleus, a nodal site
involved in multimodal sensory processing and consoli-
dating memories of threatening circumstances (Shekhar
et al., 2005; Mclntyre et al., 2012). Acute stress elicits
CRF release in this region (Merlo Pich et al., 1995). Act-
ing via CRF;, CRF increases the amplitude of field
potentials recorded in the rat basolateral nucleus after
excitatory afferent stimulation; such actions may raise
the salience of aversive stimuli and enhance the consol-
idation of associated memories (Ugolini et al., 2008).
Social interactions in rats are inhibited by activation of
CRF; in the basolateral nucleus (Gehlert et al., 2005).
Brief exposure to a ferret leads to decreased feeding
and increased grooming in rats; these responses are
suppressed by pretreatment with a CRF; antagonist,
but not a CRF, antagonist, in the basolateral nucleus
(Jochman et al., 2005). There is evidence that local acti-
vation of CRF; has enduring effects; thus, if social
defeat in a mouse is immediately followed by infusion
of a CRF; antagonist into the basolateral nucleus, the



fear response elicited by exposure to a nonaggressive
intruder 24 hours later is inhibited (Robison et al.,
2004). Our comparisons between the two mole-rat spe-
cies showed CRF; binding to be at a significantly
greater level in the basolateral nucleus in naked mole-
rats. We speculate that this may contribute to the sys-
tems that protect colony autonomy by maintaining a
high level of xenophobia, even against genetically
closely related foreign conspecifics, to maintain colony
autonomy (O’Riain and Jarvis, 1997).

CRF, binding in the basolateral nucleus is at a higher
level in naked mole-rats than in Cape mole-rats; no sig-
nificant differences between vole species have been
found for this parameter. The physiological and behav-
ioral roles of CRF, at this site are unknown.

Central nucleus

The central nucleus regulates autonomic and behavioral
reactions to adverse conditions (Kovacs, 2013). Various
studies on rats implicate CRF; at this site in these
reactions. Chronic local infusion of a CRF; antisense
oligonucleotide reduces anxiety-related behavior follow-
ing social defeat (Liebsch et al., 1995). Blocking CRF;
activation inhibits synaptic facilitation in this nucleus
via a postsynaptic mechanism (Fu and Neugebauer,
2008). Pain-related vocalizations are inhibited by local
microdialysis of a CRF; antagonist, but not a CRF,
antagonist (Fu and Neugebauer, 2008). Pretreatment
with a CRF; antagonist at this site reduces shock-
induced freezing and anxiety-related behavior following
restraint stress (Bakshi et al.,, 2002; Henry et al,
2006). The present study detected equivalent levels of
CRF, binding in the central amygdaloid nucleus in
naked and Cape mole-rats; similarly, there is no signifi-
cant variation in this parameter between monogamous
and polygamous vole species.

Blocking CRF, activation facilitates synaptic transmis-
sion in the rat central nucleus by presynaptic inhibition
of GABAergic transmission (Fu and Neugebauer, 2008).
Local activation of CRF, by infusion of a CRF, agonist
decreases self-administration of alcohol in alcohol-
dependent rats (Funk and Koob, 2007). Equivalent low
levels of CRF, binding are detected at this site in naked
and Cape mole-rats; however, the latter species exhib-
its a vastly greater level in the adjacent amygdalostria-
tal transition area. The functional significance of these
findings is not clear.

BNST

Research on rats shows that anxiogenic effects induced
by CRF delivered to the BNST or by seven daily ses-
sions of psychological stress can be blocked by infusion
of a CRF; antagonist, but not a CRF, antagonist, into
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this region (Sahuque et al., 2006; Tran et al., 2014).
Species differences for CRF; binding in the BNST have
not been found in the present study or in previous stud-
ies on voles.

The CRF, binding level in the BNST is significantly
greater in Cape mole-rats than in naked mole-rats. No
such differences are found between the monogamous
and the polygamous voles. Antagonizing these recep-
tors in a hamster that had suffered social defeat on the
previous day suppresses the submissive and defensive
behavior provoked by a nonaggressive intruder (Cooper
and Huhman, 2005). There is evidence for the presence
of CRF, in oxytocin-ir processes that surround CRF-ir
cell bodies in the rat BNST; this may provide a mecha-
nism for CRF in the BNST to inhibit the local release of
oxytocin (Dabrowska et al., 2011). At this site, oxytocin
is implicated in parental behavior in rats (Francis et al.,
2000; Champagne et al., 2001) and alloparental behav-
ior in prairie voles (Insel and Shapiro, 1992). Alloparent-
ing is practiced by naked mole-rats and prairie voles;
these species show a greater level of oxytocin receptor
binding in the BNST than, respectively, Cape mole-rats
and montane voles, which never exhibit alloparental
behavior (Insel and Shapiro, 1992; Kalamatianos et al.,
2010). We speculate that the higher level of CRF, bind-
ing in the BNST of Cape mole-rats contributes to sup-
pressed oxytocinergic signaling at this site.

Hippocampus

Distribution of CRF;

CRF; binding is present at a moderate level in the CA1
subfield and at a low level in the CA2 subfield in both
naked and Cape mole-rats. In the CA3 subfield, there is
a high level of CRF; binding in naked mole-rats but only
a low level in Cape mole-rats. In the dentate gyrus, the
moderate level of CRF; binding in naked mole-rats, pre-
dominantly in the molecular layer, exceeds that in Cape
mole-rats, where it is restricted to the polymorph layer.
In contrast, in the four vole species that have been
studied, the binding signals are either minimal or
absent in CA1, CA2, and CA3 and the dentate gyrus
(Lim et al., 2005). For rats, CRF; binding in the hippo-
campus and dentate gyrus has been reported to be low
(De Souza et al., 1985; Aguilera et al., 1987); CRF,
mRNA is found at a moderate level in CA1 and CA3
and in the polymorph layer of the dentate gyrus in rats
and mice, with the granular layer exhibiting a minimal
level in rats but no signal in mice (van Pett et al,
2000). In rhesus monkeys, neither binding nor mRNA
expression for CRF; is detected in CA1, CA2, or CA3,
but the granular layer of the dentate gyrus exhibits a
moderate level of binding and a high level of expression
(Sanchez et al., 1999).



Distribution of CRF

In naked mole-rats, diffuse CRF-ir profiles are found in
the CA1, CA2, and CA3 subfields and in the molecular
layer of the dentate gyrus; in contrast, in Cape mole-
rats, they are seen only in CA1 and the polymorph layer
of the dentate gyrus. In rats, CRF immunoreactivity has
been found in scattered interneurons in CA1 and CA3
and in the dentate gyrus (Merchenthaler et al., 1982;
Swanson et al., 1983; Chen et al., 2012). In voles, CRF
has not been detected by immunohistochemistry in the
hippocampal formation (Lim et al., 2006).

Relations between the distributions of CRF,
and CRF

The evidence from this study and from previous
research on rats suggests that the distribution of CRF;
binding in the CA1 and CA3 subfields is associated
with local sources for CRF. It is the dentate gyrus that
provides particularly interesting results here. Diffuse
CRF-ir profiles are found in the molecular layer in naked
mole-rats and in the polymorph layer in Cape mole-rats;
this difference in distribution matches the species-
specific pattern of CRF; binding.

Distribution of CRF,

The dentate gyrus is also highlighted in the findings for
hippocampal CRF, binding. In naked and Cape mole-
rats, CRF, binding is seen only in the molecular layer,
where the level is considerably greater in naked mole-
rats. In contrast, CRF, binding in pine and montane
voles is found at a low level in all hippocampal regions;
however, in prairie and meadow voles, the levels are
generally moderate except in the CA1 subfield in
meadow voles, where the level is intense (Lim et al.,
2005). In rats, CRF, binding is at a low level throughout
the hippocampus (Rominger et al., 1998); furthermore,
its mRNA expression is low in CA1, CA3, and the granu-
lar layer of the dentate gyrus in rats and mice (van Pett
et al, 2000). In rhesus monkeys, the level of CRF,
binding is moderate in CA1, low in CA2 and CAS3, and
undetectable in the dentate gyrus; CRF, mRNA has not
been detected at these sites (Sanchez et al., 1999).

Distribution of urocortins

Ucn 3-ir profiles are found in CA1-CA3 in naked mole-
rats but only in CA1 in Cape mole-rats; in rats, they are
restricted to the ventral hippocampus (Li et al., 2002;
Wittmann et al., 2009). Hippocampal Ucn 1 is seen in
sparse processes in rats (Bittencourt et al., 1999) but
is not detected in voles (Lim et al., 2006). The mRNA
for Ucn 2 is not expressed in the hippocampus in rats
(Reyes et al., 2001).
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Relations between the distributions of CRF,
and urocortins

In contrast to voles and rats, in which CRF, binding is
present at low or moderate levels in almost all hippo-
campal regions, naked and Cape mole-rats exhibit the
binding signals only in the molecular layer of the den-
tate gyrus. In rats, the broad distribution of hippocam-
pal CRF, binding is not matched by Ucn 3-ir processes
but may be complemented by sparse Ucn 1-ir proc-
esses. However, in both mole-rat species studied here,
there appears to be a complete mismatch between the
location of the CRF, binding, which is exclusively in the
molecular layer of the dentate gyrus, and the distribu-
tion of Ucn 3-ir processes in the CA subfields. Local
activation of CRF, may involve the diffuse CRF-ir pro-
files in the molecular layer in naked mole-rats.

Species-related functions of CRF; and CRF,
In response to psychologically adverse conditions, CRF
is released from interneurons in the hippocampal
pyramidal layer and promotes synaptic efficacy and
memory processes in rats; its excitatory effects on
pyramidal neurons are mediated by CRF; (Chen et al,,
2012; Maras and Baram, 2012). Activation of those
neurons by the modest stress of crowding for 30
minutes can be blocked by a CRF; antagonist (Chen
et al., 2004). Intrahippocampal CRF enhances fear con-
ditioning in mice via CRF; (Radulovic et al., 1999). In
response to the acquisition of learned helplessness,
rats suppress CRF; mRNA expression in the CA3 sub-
field and dentate gyrus for up to 26 days (Fernandez
Macedo et al.,, 2013). These are the sites at which
naked mole-rats display particularly high levels of CRF,
binding; this intensity may favor adaptive processes
within their remarkably large hippocampus, but these
remain to be elucidated. The relatively high level of
CRF; binding shared by naked and Cape mole-rats in
CA1 distinguishes them from the other rodents that
have been studied. In contrast, the oxytocin receptor
binding in this hippocampal subfield displays a signifi-
cant difference between naked and Cape mole-rats, the
level being higher in the former species; we have
argued that this may reflect differences in selective
pressure for spatial abilities (Kalamatianos et al., 2010).
It is noteworthy that naked mole-rats, in common with
other social mole-rat species, occupy more complex
burrow systems (with a higher fractal dimension) than
solitary Cape mole-rats (Le Comber et al., 2002).
Voltage-sensitive dye imaging in hippocampal slices
from mice shows that CRH increases neuronal activity
propagation from the dentate gyrus to CA1 (von Wolff
et al, 2011). In Cape mole-rats, CRF; binding in the



dentate gyrus is predominantly associated with the
polymorph layer; the greater level of binding in the den-
tate gyrus in naked mole-rats is found in the molecular
layer. A study using GFP as a reporter gene for CRF;
expression in mice showed GFP not only in cell bodies
in the polymorph layer but also in dense processes in
the molecular layer; the latter are believed to corre-
spond to projections from the entorhinal cortex (Justice
et al.,, 2008). It remains to be established whether
these particular compartments underlie the different
distributions of CRF; binding in naked and Cape mole-
rats in this region.

The dentate gyrus in naked mole-rats also displays a
greater level of CRF, binding than in Cape mole-rats.
The restriction of the binding to the molecular layer in
both species is unique among the species that have
been studied. CRF, mRNA in mice shows a transient
increase in the dentate gyrus and in CA1 and CA3 3
hours after 1 hour of restraint stress (Sananbenesi
et al., 2003). If a selective CRF, antagonist is adminis-
tered intrahippocampally shortly before a fear-
conditioning protocol is commenced 3 hours after
restraint, the stress-induced enhancement of the condi-
tioning is prevented (Sananbenesi et al., 2003). Monog-
amous prairie voles, which normally display a moderate
level of CRF, binding throughout the hippocampus (Lim
et al, 2005), respond to chronic isolation with an
increase in whole hippocampal CRF, mRNA (Pournajafi-
Nazarloo et al., 2011). It is noteworthy that the natu-
rally solitary Cape mole-rats have an extremely low
level of CRF, binding in comparison with the high level
found in the eusocial naked mole-rats. The level is also
low in socially noncooperative mice and rats (van Pett
et al., 2000).

Medial habenular nucleus

Distribution of CRF,

In the medial habenular nucleus, CRF; binding is pres-
ent at a moderate level in Cape mole-rats but is not
detected in naked mole-rats. At this site, the level of
CRF; binding is high in prairie voles, low in meadow
voles, and minimal in pine and montane voles (Lim
et al.,, 2005). A moderate level of CRF; binding is found
in rats (De Souza et al., 1985), but local expression of
CRF; mRNA is not detected in that species or in mice
(van Pett et al., 2000).

Distribution of CRF

Although the medial habenular nucleus lacks CRF-ir
processes in naked and Cape mole-rats, such proc-
esses are present at a moderate density in the adjacent
paraventricular nucleus of the thalamus; this corre-
sponds to their distribution in rats (Merchenthaler
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et al.,, 1982; Swanson et al., 1983). CRF immunoreactiv-
ity has not been identified at these sites in voles (Lim
et al., 2006).

Relations between the distributions of CRF;
and CRF

For all the rodent species mentioned here, it seems
that local activation of CRF; by CRF would depend on
diffusion of the ligand from outside the medial habenu-
lar nucleus.

Distribution of CRF,

The level of CRF, binding in the medial habenular
nucleus is intense in Cape mole-rats, significantly
greater than the moderate level found in naked mole-
rats. In prairie and meadow voles, the level of binding
to this receptor is moderate; in pine and montane
voles, it is minimal (Lim et al., 2005). For rats, there is
no report of CRF;, binding at this site (Rominger et al.,
1998); neither rats nor mice express its mRNA there
(van Pett et al., 2000).

Distribution of urocortins

In naked and Cape mole-rats, Ucn 3-ir processes are
absent from the medial habenular nucleus but are pres-
ent at an extremely low density in the paraventricular
nucleus of the thalamus. There is an equivalent distribu-
tion of Ucn 3-ir and Ucn 1-ir processes in rats (Bitten-
court et al.,, 1999; Li et al., 2002). The presence of Ucn
1-ir processes was not reported for the medial habenu-
lar nucleus in voles (Lim et al., 2006). Ucn 2 mRNA is
not expressed at this site in rats (Reyes et al., 2001).

Relations between the distributions of CRF,
and urocortins

The evidence from mole-rats and rats suggests that
activation of CRF, in the medial habenular nucleus
would depend on diffusion of Ucn 1, Ucn 3 or CRF to
this site.

Species-related functions of CRF; and CRF,

The habenula is an evolutionarily conserved structure,
present in virtually all vertebrate species (Hikosaka,
2010; Viswanath et al., 2013). The medial habenular
nucleus is implicated in the regulation of reward and in
motivation for voluntary exercise (Hsu and Wang,
2014). Studies on rodents and zebrafish indicate that
this nucleus plays a role in behavioral responses to
fear-inducing stimuli (Viswanath et al., 2013), including
the freezing response to adverse conditions (Hikosaka,
2010). The functions of CRF; and/or CRF, at this site
are unknown; their levels of binding show a remarkable
range across the species discussed here: CRF; is



undetected in naked mole-rats but is found at a moder-
ate level in Cape mole-rats and at a high level in prairie
voles; CRF, is present at a remarkably intense level in
Cape mole-rats and at a high level in naked mole-rats,
but it is absent in rats. We speculate that these recep-
tors modulate local responses to adverse conditions in
species-specific ways.

CONCLUSIONS

There are substantial differences in telencephalic
CRF; and CRF, binding levels between eusocial naked
mole-rats and solitary Cape mole-rats. The sites at which
the level of CRF; binding in naked mole-rats exceeds
that in Cape mole-rats include the basolateral amygda-
loid nucleus, hippocampal CA3 subfield, and dentate
gyrus; in contrast, the level is greater in Cape mole-rats
in the shell of the nucleus accumbens and medial habe-
nular nucleus. For CRF, binding, the sites with a greater
level in naked mole-rats include the basolateral amygda-
loid nucleus and dentate gyrus, but the septohippocam-
pal nucleus, lateral septal nuclei, amygdalostriatal
transition area, BNST, and medial habenular nucleus dis-
play a greater level in Cape mole-rats.

Among these sites, the nucleus accumbens is impli-
cated in species-typical aspects of social behavior in
voles. This is the only telencephalic nucleus in which the
binding level for either CRF or CRF, differs between the
monogamous and polygamous voles; furthermore, it dif-
fers for both receptor types, the local level being greater
for CRF; binding in the promiscuous species and for
CRF, binding in the monogamous species (Lim et al,
2005, 2007). The present study identifies a comparable
difference between naked and Cape mole-rats in the
nucleus accumbens: the solitary species displays a
greater level of CRF; binding. CRF, binding is not
detected at this site in either species of mole-rat.

We have previously reported an abundance of oxyto-
cin receptor binding and oxytocin-neurophysin-ir proc-
esses in the nucleus accumbens in eusocial naked
mole-rats; this may reflect the eusociality, alloparenting
behavior, and potential for reproductive attachments
that characterize this species (Kalamatianos et al,,
2010). In contrast, there is a dearth of both of those
factors at this site in solitary Cape mole-rats, possibly
reflecting their asocial life (Kalamatianos et al., 2010).
Monogamous voles are the only other rodents in which
a substantial level of oxytocin receptor binding has
been observed in this nucleus (Insel and Shapiro, 1992;
Lim et al.,, 2005; Beery et al., 2008); the binding is
accompanied by oxytocin-immunoreactive processes
(Lim et al., 2004). Meadow voles, mice, rats, and
guinea pigs also possess oxytocin-containing processes
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at this site (Castel and Morris, 1988; Dubois-Dauphin
et al.,, 1989; Ross et al., 2009), but these nonmonoga-
mous species display little or no associated oxytocin
receptor binding (Insel and Shapiro, 1992; Tribollet
et al,, 1992; Olazabal and Young, 2006; Beery et al,
2008). Thus, the local level of oxytocin receptor binding
rather than the prevalence of oxytocin-containing proc-
esses appears to be a significant factor for monoga-
mous voles. In contrast, none of the rodent species
that have been studied (Swanson et al., 1983; Lim
et al., 2006, 2007; present study) displays more than a
minimal density of CRF-ir processes at the site of CRF,
binding in the nucleus accumbens. The available evi-
dence therefore suggests that oxytocin receptor activa-
tion in this nucleus involves locally released oxytocin,
but local activation of CRF; requires the diffusion of CRF
to this site. Collectively, these radioligand binding studies
(Insel and Shapiro, 1992; Lim et al., 2005; Kalamatianos
et al., 2010; present study) indicate that the nucleus
accumbens contains levels of oxytocin receptor binding
and CRF; binding that are inversely related; solitary
Cape mole-rats and polygamous voles have the greater
level of CRF; binding, but eusocial naked mole-rats and
monogamous voles have the greater level of oxytocin
receptor binding. The possibility of opposing actions
between these systems at this site merits attention.

The animals investigated in this study were male and
either nonreproductive, subordinate naked mole-rats or
Cape mole-rats captured outside their breeding season.
Thus, by restricting the study to animals with low levels
of testosterone (Bennett and Jarvis, 1988; Faulkes and
Abbott, 1991; Zhou et al., 2013), we sought to exclude
activational effects of that steroid and focus on
species-specific differences. Unlike prairie voles, most
naked mole-rats fail to enter puberty and to establish
any form of reproductive attachment during their life;
nevertheless, they have the potential to succeed the
queen or her consorts. It will be important to determine
whether the transition from the nonreproductive state
in naked mole-rats is accompanied by regional changes
in the expression of CRF; and/or CRF, and in the avail-
ability of their endogenous ligands. Similarly, whether
such changes occur in female Cape mole-rats in associ-
ation with the brief period in which they display mater-
nal behavior warrants investigation.

The research presented here was not designed to
elucidate causal connections between species differen-
ces in telencephalic CRF-related networks and species
differences in social behavior; the functional signifi-
cance of the reported differences remains to be deter-
mined. By analogy with findings in monogamous voles
(Insel and Shapiro, 1992; Olazabal and Young, 2006),
we have previously hypothesized that the abundance of



oxytocin receptor binding in the nucleus accumbens in
eusocial naked mole-rats reflects their prosocial behav-
iors (Kalamatianos et al., 2010). The results of the pres-
ent study prompt the complementary hypothesis that
the abundance of CRF; binding at this site in Old World
solitary Cape mole-rats, as in New World polygamous
voles (Lim et al., 2005), reflects the lack of affiliative
behavior in those species.
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