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Abstract

The Damaraland mole-rat is a subterranean mammal exhibiting extreme reproductive skew
with a single reproductive female in each colony responsible for procreation. Non-reproductive
female colony members are physiologically suppressed while in the colony exhibiting reduced
concentrations of plasma luteinizing hormone (LH) and a decreased response of the pituitary,
as measured by the release of bioactive LH, to an exogenous dose of gonadotrophin releasing
hormone (GnRH). Removal of the reproductive female from the colony results in an elevation
of LH and an enhanced response of the pituitary to a GnRH challenge in non-reproductive
females comparable to reproductive females, implying control of reproduction in these
individuals by the reproductive female. The Damaraland mole-rat is an ideal model for
investigating the physiological and behavioural mechanisms that regulate the hypothalamo-
pituitary-gonadal axis. In contrast, we know less about the control of reproduction at the level
of the hypothalamus. The immunohistochemistry of the GnRH system of both reproductive
and non-reproductive female Damaraland mole-rats has revealed no significant differences with

respect to morphology, distribution or numbers of immunoreactive GnRH perikarya. We



examined whether the endogenous opioid peptide beta-endorphin was responsible for the
inhibition of the release of the GnRH from the neurons indirectly by measuring LH
concentrations in these non-reproductive females following single, hourly and eight hourly
injections of the opioid antagonist naloxone. The results imply that the endogenous opioid
peptide, beta-endorphin, is not responsible for the inhibition of GnRH release from the
perikarya in non-reproductive females. Preliminary data examining the circulating levels of
cortisol also do not support a role for circulating glucocorticoids. The possible role of

kisspeptin is discussed

Introducing the Damaraland mole-rat

The Damaraland mole-rat (Fukomys damarensis) is a social, subterranean mole-rat which
occurs in colonies of around 12 animals (range 2-41) (Bennett and Jarvis, 1988; Jarvis and
Bennett, 1993). Damaraland mole-rats are found in semi-arid thorn scrub, woodland savanna

and grasslands associated with red Kalahari sands and sandy soils where rainfall is typically low
and sporadic (200-400 mm/annum). Burrow temperatures range from a mean of 30°C in

summer to 19°C in winter (Bennett et al. 1988). Endemic to south-western Africa, they have
been recorded from NW South Africa, central and N Namibia, SW Zimbabwe, central and N
Botswana and extreme W Zambia.

The colony of Damaraland mole-rats comprises a founding reproductive pair and their progeny
from several litters; in addition to adults that have migrated into the colony (Burland et al.
2004). The younger offspring of the reproductive animals do not breed while in the natal
colony (Bennett and Jarvis, 1988; Bennett et al. 1996). The reproductive pair comprises the
most dominant individuals with non-reproductive males being generally more dominant than
females (Jacobs et al. 1990). The non-reproductive members of the colony can be placed into

work-related groups based on body mass: there is a tendency for smaller (not necessarily



younger) animals to perform more burrow maintenance than larger (but not necessarily older)
animals (Bennett and Jarvis, 1988; Scantlebury et al. 2006).

Reproductively active females exhibit spontaneous ovulation, breed throughout the year and
have a gestation of 78-92 days with a post-partum oestrous (Bennett and Jarvis, 1988, Snyman
et al. 2006). Mean litter size is 3 (range 1-6, n = 8 litters) (Bennett et al.1991).

The oestrus female solicits the male prior to mating and multiple matings occur following a
ritualized courtship of tail to tail chasing, vocalizations and head mounting by the sexually
excited reproductive female (Bennett and Jarvis, 1988).

Damaraland mole-rats excavate extensive burrow systems that can extend for more than 1 km
and radiate from a central nest and nearby food store (Jarvis et al. 1998). The nest is deep,
sometimes in excess of 2.4 m below the surface, and has two to three entrances. Toilet areas
have not been found. Individuals within a colony may remain resident in the same home range
for many years (>8 y; N. C. Bennett and J.U.M. Jarvis, unpubl.). The burrow systems are
excavated. Mole-rats are herbivorous and excavate numerous superficial foraging tunnels as
the animals search for underground storage organs of geophytes (bulbs, tubers and
rootstocks). There is selective storage of larger geophytes, although the reason for this
selection is unclear: geophytes that are larger may have a longer "shelf life", or it may be more
cost effective to transport large geophytes to the store than small ones. Geophytes include
various genera of Hyanthaceae (e.g. Dipcadi, Ledebouria, Ornithogalum), Portulaceae (e.g.
Talinum) and Cucurbitaceae (e.g. Acanthosicyos), a number of which are toxic to livestock but
not to mole-rats. Portable bulbs and corms are stored whereas the very large tubers (e.g.
Acanthosicyos) are partly eaten in situ, and will often regenerate (Jarvis et al. 1998; Bennett

and Faulkes, 2000).



Genetic structure of the colonies

Field and laboratory studies have intimated that the Damaraland mole-rat is an obligate
outbreeder and in the past it has been assumed that a colony comprises of an unrelated
breeding pair and their natal offspring (Jarvis and Bennett, 1993; Bennett et al. 1996; Rickard
and Bennett, 1997). Recent research using the development of microsatellite markers has
indeed shown that in wild colonies of the Damaraland mole-rat the breeding pairs are unrelated
to one another (R=0.02). The mean colony relatedness, calculated from relatedness estimates
of 15 colonies, is around R= 0.46 just less than 0.5, the expected value for relatedness of first
order diploid relatives. These findings clearly demonstrate that normal familial levels of
relatedness are sufficient for the evolution of eusociality in this subterranean mammal (Burland
et al. 2002).

But what is the nature of paternity in these colonies? Using microsatellite markers Burland et
al. (2004) investigated paternity in 18 wild caught colonies of the Damaraland mole-rat to
determine whether inbreeding avoidance alone could explain the degree of reproductive skew
exhibited. The findings were revolutionary; not only were multiple paternities found within the
colonies, but there was also unidentified paternity within colonies. Thus within an individual
litter several fathers had contributed their genes to the litter. It was further found that
immigrants into the colonies were of both sexes, but predominantly male biased. The findings
of these analyses imply that within a wild colony of the Damaraland mole-rat conditions exist
where non-reproductive females may come into contact with unrelated or non-kin males, even
though they do not disperse from the colony. As a consequence it is inherently apparent that
inbreeding avoidance alone would be insufficient for the maintenance of reproductive skew
suggesting that the reproductive female somehow suppresses reproduction in these non-

reproductive natal females (Bennett et al. 1996).



Does physiological suppression of reproductive activity occur in non-reproductive
females?

For clarity, I use the term repression to describe reproductive inhibition through behavioural
means such as incest avoidance, whereas I use the term suppression to describe situations
where animals are suppressed physiologically.

In the Damaraland mole-rat, non-reproductive female members that remain philopatric to the
colony are often exposed to males which are non-related or unfamiliar kin (Burland et al.
2004). Thus in Damaraland mole-rats incest avoidance alone is not sufficient to ensure that
multiple queening does not take place. Unrelated immigrants of both sexes, but mostly males,
have the opportunity to enter colonies during windows of opportunity usually following good
rains. The rainfall makes the soil friable and promotes soil conditions suitable for burrowing
(Burland et al. 2004; Jarvis and Bennett, 1993). Indeed, DNA fingerprinting studies have
revealed that immigrant or floating males not only enter colonies, but can sire offspring and
move on (Burland et al. 2004). Unrelated males that either joined the colony and remain or
move transiently through the colony are prevented from copulating and reproducing with non-
reproductive females as a result of socially-induced physiological suppression. In sum then,
inbreeding avoidance alone is insufficient to maintain skew, and multiple reproductive females
are prevented by physiological suppression being orchestrated on the non-reproductive females

within the natal colony.

In the non-reproductive female Damaraland mole-rat, there appears to be two components to
socially induced infertility. Interestingly, both incest avoidance as well as physiological
suppression appears to be operational in non-reproductive females. Unlike socially suppressed
female naked mole-rats, the ovaries of non-reproductive females are functionally developed
possessing primary, secondary, tertiary as well as mature Graafian follicles. However, these

females do not possess corpora lutea of ovulation or pregnancy but rather instead possess



unruptured luteinized follicles which are the result of atresia of the developing follicles
(Bennett, 1994; Bennett et al. 1994). In marked contrast, the ovaries of the reproductive
female exhibit the normal spectrum of follicular development and corpora lutea (Bennett et al.
1994). If non-reproductive females are removed from the colony and housed on their own or
placed in the presence of an unrelated male, the female will undergo ovulation with the
subsequent production of corpora lutea of ovulation. Consequently, while they remain in the
presence of the colony non-reproductive females remain anovulatory (Molteno and Bennett,
2002).However, non-reproductive females that disperse from the colony may readily undergo
ovulation as has been demonstrated by Snyman et al. (2006) who showed spontaneous
ovulation can be stimulated to occur if placed in the presence of an unrelated male. A study
investigating the concentrations of urinary progesterone in non-reproductive females revealed
measurable levels that were significantly higher than those which had been measured in the
non-breeding female naked mole-rat, that essentially lack follicular maturation and possess an
ovary which for all intents and purposes resembles that of a pre-pubescent female (Kayanja and
Jarvis 1971; Faulkes, 1990). These slightly elevated concentrations of progesterone in the
non-reproductive female Damaraland mole-rats arise as a result of the luteinisation of
unruptured secondary and tertiary follicles (Bennett et al. 1994) (Figure 1). In non-
reproductive females removed from the colony and housed singly, these levels rise due to the
production of corpora lutea of ovulation (Figure 1).

But what is happening at the level of the pituitary in these non-reproductive females that occur
in the colony? It has been demonstrated that non-reproductive female Damaraland mole-rats
have reduced levels of circulating bioactive luteinizing hormone (LH). Similarly, non-
reproductive female Damaraland mole-rats also exhibit a reduced pituitary responsiveness to
exogenous administration of gonadotropin releasing hormone (GnRH) when compared to
conspecific reproductive females (Bennett et al. 1993). Rickard and Bennett (1997)

demonstrated that if reproductive females were removed from colonies in which all males were
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Figure 1 : Mean (and standard error of mean) circulating progesterone concentrations in Damaraland mole-rats. NRF, non-reproductive females; rNRF, non-

reproductive females removed from the breeding pair; RF, reproductive females that have produced young. rfNRF vs NRF P<0.005, and RF

vNRF<0.0005 (Mann Whitney U-test; from Molteno, 1999).



related to the breeding pair none of the non-reproductive females would succeed the removed
queen to attain breeding status. In stark contrast, in the naked mole-rat, removal of the queen
is met by queen succession from a queued non-reproductive female, usually an original litter
mate of the queen (Jarvis et al. 1991). Contrary to the naked mole-rat, in the Damaraland
mole-rat queen succession is not from within and reproductive recrudescence can only be
reinstated by introducing an unrelated adult male to the queenless colony (Rickard and
Bennett, 1997).

Indeed, Bennett et al. (1996) revealed that in colonies with queen removal where all offspring
are of the natal pair, despite the females showing an elevation of baseline LH (resembling that
of a breeding female) and also possessing a similar LH response to the administration of
exogenous GnRH as that of the former queen , these same females failed to mate. This
provides strong evidence that two components to socially induced infertility are operational
(Figure 2).

Within field monitored colonies of the Damaraland mole-rat, a new reproductive female does
not come from within the colony, but rather the colony fragments following good rainfall and
the colony members pair up with opposite sexed, unrelated and unfamiliar kin to establish new
colonies (Bennett et al. 1999). Field and laboratory studies have shown that amongst the
diverse members of the genus Fukomys following the death or experimental removal of the
reproductive female, breeding ceases until a non related male is placed in the colony (Bennett
et al. 1996; Rickard & Bennett, 1997, Herbst and Bennett, 2001).

In a closely related species of Fukomys, the Mashona mole-rat, Fukomys darlingi, incest
avoidance alone appears to be sufficient for social repression of reproduction (Bennett et al.
1997). The Mashona mole-rat occurs in small colonies, 2 to nine individuals and inhabits
burrow systems in a mesic environment. However, unlike the Damaraland mole-rat, where
non-reproductive females are physiologically suppressed at the level of the hypothalamus

(Bennett et al. 1996, Molteno and Bennett 2004), in this species non-reproductive female
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Figure 2 : Concentrations of bioactive plasma LH mean and standard deviation in intact non-reproductive female F. damarensis before (0) and 20 min (20) a
single injection of saline; a single injection of 2ug GnRH in 200ul physiological saline in non-reproductive females in the presence of the queen; a single 2ug

GnRH in 200ul physiological saline in non-reproductive females in the absence of a queen for 3 years (modified from Bennett ef al. 1996).



members appear to be repressed as a consequence of incest avoidance (Bennett et al. 1997).
Indeed, the circulating concentrations of basal LH and the response of the pituitary to an
exogenous GnRH challenge are identical between the two groups of females.

These findings pose the question at what level are non-reproductive female Damaraland mole-
rats physiologically suppressed?. In the Damaraland mole-rat, it would appear that the block to
ovulation lies at the level of the GnRH secreting neurons. So do reproductive female
Damaraland mole-rats possess more GnRH neurons than non-reproductive female
conspecifics? A detailed immunohistochemical study has revealed that there are no differences
in either numbers of GnRH secreting cells, their morphology or the size of the cell bodies of
the GnRH neurons between the reproductive and non-reproductive female Damaraland mole-
rats (Molteno et al. 2004) (Figure 3 ).

Measurements of total pituitary LH revealed that the luteotrophs of the reproductive females
were indeed producing more LH than the non-reproductive females (Molteno, 1999) (Figure
4). However, there is a significant difference in the amount of GnRH present in the
neurosecretory cells of the two groups (Molteno et al. 2004). Gonadotropin releasing
hormone concentrations in the median eminence and proximal pituitary stalk were greater in
the non-reproductive females compared to the reproductive females (Figure 5). These findings
intimate that the release of GnRH must be inhibited in non-reproductive females resulting in an
accumulation of the peptide in the GnRH cells, which leads to an increase in GnRH
concentrations in the hypothalami of the non-reproductive females. Interestingly, a comparison
of reproductive male and non-reproductive male hypothalamic GnRH revealed no difference,
but this is to be expected since there is no physiological suppression of non-reproductive male
Damaraland mole-rats (Molteno et al. 2004).

How are the GnRH neurons in the hypothalamus of the non-reproductive females inhibited
from releasing the GnRH which is stored in the cell bodies and dendrites? Endogenous opioid

peptides are well known to modulate GnRH secretions in many mammalian species (Cicero et
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Figure 3 : Mean and standard error of mean number of GnRH immunoreactive neurons detected in every fifth section taken through the forebrain from the
confluence of the two hemispheres rostrally, to the posterior hypothalamus caudally through the preoptic area or through the medial basal hypothalamus. RF,
Reproductive female; NRF, non-reproductive females; rNRF, non-reproductive females removed from the breeding pair. Mean number of GnRH-ir cell bodies in
the whole brain H,=0.12 P>0.05; the pre-optic area H,=0.27, P>0.05 and in the medial basal hypothalamus H,=0.56 P>0.05). (modified from Molteno ef al.

2004).
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Figure 4 : Concentrations (mean and standard error of mean) of pituitary LH. RF, reproductive females; NRF, non-reproductive females; RM, reproductive
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al. 1977; Weisner et al. 1984). Indeed, socially induced inhibition of GnRH or LH through
increased endogenous opioid peptide activity is a potential neuroendocrine pathway by which
infertility through anovulation could be engineered. Endogenous opioid peptides have been
found to negatively affect the secretion of gonadotrophin (Almeida 1993). The hypothalamus
and pituitary are the two most important sites where opioid peptides may exert their actions
upon GnRH and LH secretion. Naloxone, an opioid antagonist was administered to non-
reproductive females in an attempt to relieve the hypothalamo-pituitary axis from the potential
inhibitory action of endogenous opiod peptides. In a nutshell, Molteno and Bennett (2002)
demonstrated that neither a single injection nor multiple injections of naloxone affected basal
LH secretion in intact or ovariectomised non-reproductive females implying that socially-
induced infertility is highly unlikely to be mediated through the endogenous opioid peptide
pathway in a steroid dependent or non-dependent way..

Within colonies there is little or no direct aggression between the reproductive and non-
reproductive female colony members when in family groups, and this is borne out by the fact
that circulating plasma cortisol concentrations measured in ten reproductive females and ten
non-reproductive females measured at two distinct time slots 08h30 -09h00 and again at 16h00
-16h30 were not significantly different between the two groups of females or either time period
(Molteno, 1999). These findings imply that non-reproductive females are no more stressed
than their reproductive counterparts, intimating that cortisol plays little or no part in the

suppression of reproduction in this species.

Possible role of the peptide kisspeptin?

The recent discovery that a hormone called kisspeptin plays a major role in a number of
reproductive functions has opened up a whole new avenue of research for investigating the
control of reproduction in socially-suppressed mammals. Kisspeptin is a product of the Kiss/
gene and forms a ligand to the G protein-coupled receptor, GPR54 (Kotani et al., 2001;
Ohtaki et al., 2001). Kisspeptin regulates GnRH secretion and thus forms yet another



component to the hypothalamo-pituitary-gonadal axis. The GPR54 receptors are co-localised
with GnRH neurons in the hypothalamus and may directly stimulate the release of GnRH
acting through GPR54 (Messager et al. 2005). In rodents (rats and mice), kisspeptin
expression by immunohistochemistry is most noticeable in the arcuate nucleus and the
anteroventral periventricular nucleus (AVPV) of the hypothalamus (Smith et al. 2005;
Desroziers et al. 2010). Removal of non-reproductive female from a colony (and hence the
queen) may bring on the sudden release of kisspeptin and activate ovulation in these females. It
is possible that in non-reproductive female Damaraland mole-rats a reduction in the
manufacture and release of kisspeptin in the AVPV may in turn inhibit the manufacture and
subsequent release of GnRH in these females as has been intimated for the naked mole-rat.

This avenue of research is currently being explored (Zhou et al., 2010).

How does reproductive inhibition in non-reproductive females arise?

Abbott (1988), working on marmosets, and Faulkes (1990), on naked mole-rats, have
demonstrated that suppression of reproduction in non-breeding animals in these two social
species is orchestrated by overt aggression between the dominant reproductive female and the
subordinate non-reproductive females. It is postulated that suppression of reproduction in the
non-reproductive females is brought about through stress induced by the dominant and is likely
to be controlled by pathways involving endogenous opioid peptides inhibiting GnRH and
consequently LH manufacture and release.

Interestingly, in the Damaraland mole-rat the significant difference is that there is a general
lack of overt aggression directed by the reproductive female towards either the non-
reproductive females or males (Cooney and Bennett, 2000). As a consequence we predicted
that the role of endogenous opioid peptides would be minimal and that a different mechanism
of repression may be operational (Molteno & Bennett, 2002). Non-reproductive females have
comparable circulating cortisol concentrations intimating that this pathway per se is not
responsible for social suppression in the Damaraland mole-rat. Similarly, there is little evidence
to implicate the endogenous opioid peptides in the suppression of reproduction in the non-

reproductive females.



Two models have been proposed to explain the lack of reproduction in non-reproductive
female colony members, namely the dominant control mechanism and the self restraint
mechanism in primate social societies (Snowdon, 1996). Clarke et al. (2001) have suggested
that a lack of reproduction in non-reproductive females may actually be due to restraint, where
non-reproductive females refrain from ovulating when in the confines of the colony; how this is

achieved is still unknown.

Removal of reproductive suppression through the relaxation of ecological constraints
Molteno & Bennett (2002) demonstrated that in wild-captured intact colonies the non-
reproductive females showed substantially higher pituitary sensitivities to GnRH challenges
during periods of high rainfall than when compared the long periods of no rainfall . The rains
represent a period when ecological constraints on dispersal are relaxed. These findings
intimated that rainfall may well have resulted in the increase in pituitary sensitivity as a result of
easing of ecological constraints. Young et al. (2010) following on from this demonstrated that
this change in sensitivity of the pituitary during the wet season is not attributed to between
female differences, associated change in body mass or concomitant reductions in physiological
stress as indicated by circulating urinary cortisol concentrations.

The findings support the notion of reproductive readiness in non-reproductive females during

periods of high rainfall when opportunities for dispersal are increased.

Are the non-reproductive males physiologically repressed from reproducing while in the
confines of the colony?

Non-reproductive male Damaraland mole-rats appear not to be physiologically suppressed.
Circulating plasma testosterone and urinary testosterone concentrations are indistinguishable
between the reproductive groupings (Bennett, 1994). Furthermore, circulating plasma

luteinizing hormone (LH) and the pituitary response to exogenous GnRH challenges are similar



(Bennett et al. 1993). Reproductive males characteristically possess greater testes mass relative
to their body mass when compared with non-reproductive male colony members. Interestingly
though, this larger testis mass does not result in an increased number of spermatozoa in
reproductive males versus non-reproductive males (Faulkes et al. 1994). Non- reproductive
males have functional gonads but are oligospermic and occasionally azoospermic, despite
comparable sperm numbers (Maswanganye et al. 1999). Interestingly, the follicle stimulating
hormone (FSH) levels do not differ between male Damaraland mole-rats irrespective of their
reproductive status (Nice et al. 2010). The Damaraland mole-rat therefore conforms more to
the usual pattern observed in a socially suppressed male mammal in that there is no obvious
physiological suppression and the failure to breed in non-reproductive males apparently results
from an exclusion of mating opportunities (Bennett, 1994; Bennett et al. 1996). Thus
inbreeding avoidance is properly operational since most of the males within the colony are the
offspring of the reproductive pair and all females are related (Jarvis and Bennett, 1993;

Burland et al. 1992).

Conclusion

The studies on Damaraland mole-rats highlight the importance of establishing kin structure and
degree of relatedness in wild-captured colonies when trying to unravel the mating system of a
social mammal. In a simple family group living in an environment with high ecological
constraints on dispersal, the maintenance of reproductive skew may be the result of a lack of
unrelated mates for non-reproductive group members to mate with and as a consequence there
is no requirement for physiological suppression. However, in mixed kin groups where dispersal
is not a common occurrence and infiltration by non-kin conspecifics may arise, a need for
physiological repression or dominant control is necessary. The most classic vertebrate example

of this is the naked mole-rat, where the queen repels any challenge to her position by



maintaining a strict dominance hierarchy and physically shoving the conspecifics in the colony
(Jarvis et al. 1991, Reeve, 1992).

Reproductive suppression in the Damaraland mole-rat is due to two components: a suppressive
action from the social environment, and incest avoidance in the form of obligatory out-
breeding. Removal of a non-reproductive female from the colony releases her suppression and
her ovulation arises. In a functional colony, the oldest non-reproductive animals are the
primary dispersers; however, when either a reproductive male or female dies, the entire colony
will fragment. In either instance, dispersal occurs after rainfall when the costs of digging are
lowest (Bennett et al. 1996). In this review I have attempted to demonstrate that in order to
unravel potential mechanisms of reproductive suppression within social groups, a working
knowledge of the degree of relatedness and the measure of multiple paternity operational in the

colony is required.
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