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related to extant Pongo. Meanwhile in Africa there remained a
morphotype similar to Dryopithecus but with a primitive zygo-
matic (like Pan), which could have given rise to the clade of
extant African apes and humans, initiating the development
of klinorhynchy. But in the upper Miocene of Africa there
exists an enormous fossil lacuna, which effectively renders the
origin of the African ape/human clade matter of ongoing
uncertainty. O
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MonoGaMous social organization is characterized by selective
affiliation with a partner, high levels of paternal behaviour and, in
many species, intense aggression towards strangers for defence of
territory, nest and mate'”. Although much has been written about
the evolutionary causes of monogamy, little is known about the
proximate mechanisms for pair bonding in monogamous
mammals™’. The prairie vole, Microtus ochrogaster, is a mono-
gamous, biparental rodent which exhibits long-term pair bonds
characterized by selective affiliation (partnmer preference) and

aggression™”, Here we describe the rapid development of both
selective aggression and partner preferences following mating in
the male of this species. We hypothesized that either arginine-
vasopressin (AVP) or oxytocin (OT), two nine-amino-acid neuro-
peptides with diverse forebrain projections, could mediate the
development of selective aggression and affiliation. This hypothesis
was based on the following observations: (1) monogamous and
polygamous voles differ sPeciﬁcally in the distribution of forebrain
AVP and OT receptors™’; (2) AVP innervation in the prairie vole
brain is sexually dimorphic and important for paternal behaviour®;
(3) central AVP pathways have been previously implicated in terri-
torial displays and social memory”'%; and (4) central OT pathways
have been previously implicated in affiliative behaviours''. We now
demonstrate that central AVP is both necessary and sufficient for
selective aggression and partner preference formation, two critical
features of pair bonding in the monogamous prairie vole.

To characterize the development of selective aggression in
prairie voles, sexually naive adult males were tested in a resident-
intruder paradigm similar to that used with mice'?. Naive males,
that is, males without female exposure, explored a novel male
intruder but showed little attack behaviour. Within 24 h of mat-
ing, males showed a qualitative change in their behaviour
towards an intruder, with vigorous attacks and threats and
decreased defensive behaviour (Fig. 1). This increase in aggres-
sion seemed to be sustained and selective. Either with or without
further exposure to a female, males continued to show attack
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breeder) (t, = 3.28, P<0.05). Aggression seems to be selective in that
it is directed at both males and novel females, but rarely at the mate.
A concurrent decrease in defensive behaviour is observed post-mating
(F(6,48)=3.89, P<0.05). An asterisk signifies difference (P <0.05) from
baseline frequency (Pre) in composite score of aggressive or defensive
behaviour by within-subjects post-hoc Dunnett’s t-test.

METHODS. For aggression testing, socially reared males (60-75 days
old) were isolated for at least 3 days to avoid potential effects of social
status in communal cages. For the resident-intruder model, an intruder
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male was placed in the home cage of the experimental animal for 6 min.
Each male was tested at baseline and then tested with a different
intruder for subsequent tests. For groups with female exposure, the
female was removed before adding the intruder male. Behaviour was
recorded on videctape and scored using a computer-assisted data
acquisition system by a rater blind to group assignment. Behaviour was
operationally defined as previously described® with reported means
indicating frequency over the 6-min test.
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FIG. 2 A V,5 antagonist
given i.c.v. before mating
blocked the induction of
aggression in the male
prairie vole. a, Before
female exposure, males
showed low levels of
aggression (attacks and
threats) in the resident—
intruder paradigm as
described for Fig. 1. Aggr-
ession increased after
24 h with a sexually Pre
receptive female if the

male received i.c.v. injec-

tion of CSF, the OT anta-

gonist OTA, or the lowest

dose (5 pg) of Vi, antagonist d(CH.)s{Tyr(Me)JAVP (F(7,54)=4.68, P=
0.0004; CSF: Newman-Keuls post-hoc comparison, g, =8.97, P<0.05;
5pg OTA: q,=825, P<0.05; 5pg Vi,: q,=8.33, P<0.05). Males
receiving all other doses of antagonist failed to increase aggressive
behaviour above baseline frequency. Antagonist injection did not alter
the number of males mounting females in the first 6 h (;fz(d.f.z Ty=
2.186, P=0.945; range=625-83.3%) or frequency of mounts
(F(3,19)=0.82, P=0.50). b, When given to breeder males with estab-
lished aggression at baseline, d(CHa)s[Tyr(Me)JAVP (5.0 ng, i.c.v.) had
no effect on the number of attacks or threats (F(2,20)=0.227, P=
0.80). ¢, After 24 h of mating, a partner preference was observed in
males injected with either CSF (t=6.71, P=0.0005) or OTA (t=3.061,
P=0.03), but not in d(CH.)s[Tyr(Me)]AVP (t=0.29, NS) injected males.
Treatment groups differed in time with the partner (F(2,16)=4.09, P=
0.04) and time with the stranger (F(2,16)=4.21, P=0.03) due, in each
case, to significant differences between the d({CH,)s[Tyr(Me)]JAVP- and
CSF-injected voles (t,=2.86, P<0.05 in each case). Groups did not
differ in activity as measured by number of éentries into each of the
chambers (F(2,16)=0.54, NS).

METHODS. Before exposure to sexually receptive females, sexually
naive males were given a baseline intruder aggression test as described
for Fig. 1. Each male then received a single i.c.v. injection of either
artificial CSF (BioFluids, Inc., Rockville, MD; n=13); the OT antagonist
OTA (Peninsula; n=8)%%; or the V., antagonist d{CHa)s[Tyr(Me)IAVP
(Peninsula; n=6-8 per dose)’*. Ex vivo studies after central injection
of d(CH.)s{Tyr(Me)JAVP (50 ng, i.c.v.) demonstrated persistent biockade

Frequency of attack and threat

behaviour 1 week later (Fig. 1). Attacks against the mate were
not observed either during or after the initial 24-h mating experi-
ence, although females other than the partner were attacked as
intruders (Fig. 1). Sexually naive males rarely show offensive
aggression towards a conspecific female.

Mating seemed to be critical to the rapid induction of aggres-
sion, as males within 24 h of social but not sexual experience
rarely show attack behaviour (Fig. 1). Mating has previously
been shown in the female to help the development of a partner
preference, critical for pair bonding in this species'®. The devel-
opment of aggression, essential for mate guarding and nest
defence, may also be associated with pair bonding. In support
of this hypothesis, no similar transition to aggression was seen
in males of the closely related montane vole (Microtus montanus)
which does not pair bond'®. Montane males exhibited few
attacks and threats when tested serially (#7=7) before mating
(9.7+2.9), 24 h after mating (4.7+1.6) or while living with a
female as part of a breeding pair (5.8+1.9).

To investigate a role for either AVP or QT in the induction
of aggression, male prairie voles were injected intracerebro-
ventricularly (i.c.v.) with either cerebrospinal fluid (CSF), the
vasopressin-la receptor (V,,) antagonist [1-(f-mercapto-§3,3-
cyclopentamethylene propionic acid), 2-(O-methyl}tyrosine]-
arginine-vasopressin (d(CH,)s[Tyr(Me)] AVP) or the OT recep-
tor antagonist d(CH,)s-[Tyr(Me),, Thr’, Tyr-NH.’]ornithine
vasotocin (OTA) just before 24 h of exposure to a sexually recep-
tive female. After ¢ither CSF or OTA injection, males showed
mating-induced aggression (Fig. 1). Males injected with a wide
range of V,, antagonist doses failed to exhibit aggression after
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of AVP-receptor binding for 18 h in the vole brain (data available on
request), a time course which agrees with previous behavioural data in
hamsters®®, our own behavioural data in voles (see Fig. 3b), as well as
the time course of OTA activityZG. Injections (2 ul) were given to halo-
thane-anaesthetized voles using a 30-G needle attached via polyethyl-
ene-20 tubing to a 10 ul Hamilton syringe. Because the vole skuil is
lightly calcified, injections could be reliably given percutaneously by
using a cranial band for placement over the laterat ventricle®. To verify
placement, each injection included 10% india ink (v/v) and staining of
the entire ventricular system was required at necropsy for inclusion of
behavioural data (<10% rejected). After the injection, males were given
sexually receptive females (ovariectomized and injected subcutane-
ously with 1.0 pg oestradiol benzoate for 2-4 days). Behaviour was
recorded for the next 24 h with time-lapse videotaping. Females were
then removed and males received a repeat intruder test. Aggression
was scored as for Fig. 1. Reproductive behaviour scored from the time-
lapse videotapes included tatency to first mount and number of mounts.
In an independent study, males (n=19) were similarly injected with
CSF, OTA or d{CH:)s[Tyr(Me)JAVP just hefore mating, and about 24 h
later they were assessed for partner preference as previously
described*® by measuring time in partner’s (that is, mate's), stranger's
(novel sexually receptive female) or neutral (uninhabited) cage over 3 h
using time-lapse videotaping with 12:1 reduction. Partner preference
was assessed hy a paired t-test comparing time in partner’s versus time
in stranger’s cage for each treatment, followed by a between-subject’s
factorial ANOVA to compare treatment groups on each measure.

24 h with a sexually receptive female (minimum effective dose
50.0 pg i.c.v.) (Fig. 2a). This failure could not be attributed to
blockade of mating, as reproductive behaviour was unaffected
by any dose of the antagonist (see Fig. 2 legend). Furthermore,
the V,, antagonist did not seem to be anti-aggressive per se.
Breeder males with established selective aggression showed no
decrease in attack or threat behaviour e¢ither | or 24 h after
i.c.v. injection of the antagonist (5.0 ng) (Fig. 2b). Thus, AVP
antagonism seemed to block the transition to aggression, not its
expression.

To determine if the V,, antagonist blocked the development
of selective affiliation as well as aggression, males were tested
for a partner preference after 24 h of mating. Injections and
mating were as above, but after 24 h of mating each male was
moved to the neutral cage of a three-chamber pariner preference
apparatus'’ with access to two adjoining cages, one with the
mate (partner), the other with a novel female. Each female was
loosely tethered to restrict movement out of her own cage. Males
injected with CSF or OTA (5 ng, i.c.v.) before mating showed
a significant preference for the mate 24 h later (Fig. 2¢). After
V. antagonist injection {5 ng, i.c.v.), males spent as much time
with the stranger as the mate.

These results imply that physiological actions of endogenous
AVP are cssential for the induction of selective aggression and
partner preference. But in initial studies in which we adminis-
tered AVP {5-500 ng) as a single i.c.v. injection to sexually naive
males, we observed no increase in aggression (data not shown}.
As the effects of sociosexual experience seemed to be mediated
over several hours and the clearance of centrally injected AVP
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FIG. 3 Central infusion of AVP increases aggression and induces partner
preference. a, After 24 h i.c.v. infusion of AVP (0.5 ng h™) but not CSF
or OT (0.5 ng h™'), aggression towards an intruder increases in male
prairie voles. Groups did not differ before infusion (Pre), but in post-
infusion resident—intruder tests, frequency of aggression was higher in
AVP- than in either CSF- or OT-treated males (F(2,22)=4.98, P=0.02).
(Fig. 1 legend; asterisk signifies P<:0.05 comparison with CSF). b, In a
separate study, aggression (attacks +threats) increased above haseline
within 12 h of beginning AVP infusion (1.0 ng h™"). Asterisk signifies
significant (P < 0.05) difference from baseline (Pre) aggression. Admin-
istration of a V,, antagonist (50 ng, i.c.v.) at the start of infusion delayed
the AVP-induced aggression by 18 h, yielding a temporal pattern sig-
nificantly different from controls that received CSF i.c.v. instead of V.,
antagonist i.c.v. at the start of AVP infusion (F({5,60)=3.06, P<0.05).
¢, In a third group, during central infusion of CSF, OT or AVP (0.5 ng h by
each male was housed with a non-receptive female 'partner’ for 24 h.
In a subsequent preference test, CSF- and OT-treated males spent equal
ttme with a novel female (stranger) and the partner (t=0.51, NS and
0.17, NS for CSF and OT, respectively). AVP-infused males spent more
time with the partner than the stranger (t=3.26, P=0.01), with a sig-
nificant overall treatment difference in time with the partner (F(2,22)=
3.3, P=0.09) attributed to a difference between AVP- and CSF-treated
males (t; =2.38, P=0.05).

METHODS. AVP, OT or CSF was given 10 sexually naive males using a
chronic i.c.v. infusion technicue. Following a baseline resident-intruder
test, voles were anaesthetized with chloropent (chloral hydrate
(40 mgmi™") plus pentobarbital (L0 mgmi ™) (0.3mi100g ") and
stereotaxically fitted with a 25-G L-shaped cannula into the left lateral
ventricle. The extra-cranial end of the cannula was fixed to the skull
with dental cement and connected to PE20 tubing attached to an
osmotic mini-pump {Alzet). The pump with attached tubing had been
filled with CSF, OT or AVP (peptides from Peninsula) 18 h previously
and primed by incubation in sterile saline at 37 "C. After recovery from
anaesthesia, males were returned to their home cages and tested for
aggression towards an intruder at various times thereafter. In an initial
study {(a), AVP (n=9), OT (n=8) or CSF (nh=28) was administered via
mini-pump and aggression was assessed 24 h later. In a second study
{b), either CSF (n=6) or d(CH.)s[Tyr(Me)JAVP (50 ng, n = 6) was adminis-
tered through the cannula at the time of implantation to determine the
time course and specificity of AVP effects. In a third study (c), males
(n=25) were implanted with pumps, housed with females for 24 h and
then assessed for partner preference as described for Fig, 2.
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has been reported to be within minutes'’, a single injection of
agonist may be insufficient to mimic physiological changes in
AVP. To achieve prolonged elevated brain concentrations of
peptide, we administered AVP (and OT) i.c.v. by osmotic mini-
pump for 48 h to voles receiving neither sexual nor social experi-
ence. Males became aggressive after AVP (0.5ng h™') but not
after OT (0.5ngh™") or CSF infusion (Fig. 3a). This dose of
AVP increased AVP concentrations in the septum threefold
(0.94 +£0.29 pg per mg tissue versus 9.31 £0.10 pg per mg tissue
comparing AVP and CSF group; n=9) using a standard radio-
immunoassay (kit from Peninsula) with microdissected tissue
after a 24-h infusion. Aggression appeared within 12 h of starting
AVP administration and seemed to be mediated via a V,, recep-
tor, as prior injection with the V,, antagonist delayed the initia-
tion of aggression by 18 h (Fig. 3b). The aggressive behaviour
after AVP seemed to be qualitatively similar to that seen post-
mating, although the intensity of attacks was slightly less with
exogenous peptide, possibly due to the encumbrance of the mini-
pump. Nevertheless, the data demonstrate that activation of the
V., receptor is both necessary and sufficient for the development
of selective aggression in the male prairie vole.

To determine if exogenous AVP also induced a partner prefer-
ence, a separate group of males received i.c.v. infusion of AVP,
OT or CSF by mini-pump while being housed with an ovariecto-
mized (that is, non-receptive) female for 24 h. Tn a 3-h choice
test, CSF- and OT-injected males showed no preference (spent
roughly equal times in partner’s cage and that of the novel
female). Males injected with AVP (0.5 ng h™') spent 75.4% of
the available time with the partner and 16.7% with the stranger
(Fig. 3¢). The groups did not differ on number of entries into
the two cages (F(2,22)=0.40, not significant (NS)), suggesting
that activity level was not affected by AVP.

Our results, implicating AVP in the development of selective
aggression and partner preference, are consistent with recent
data suggesting an important role for AVP in mediating parental
behaviour in prairie voles®, Thus, it seems that AVP may be
integral to several of the behaviours characterizing monogamous
social organization in general and the process of pair bonding
in particular. Studies in non-monogamous mammals have impli-
cated AVP in social memory in rats'®, territorial marking in
hamsters’ and aggression in mice'®'”. There are also extensive
data demonstrating AVP effects on memory and learning, ther-
moregulation, and grooming—effects with only an indirect rela-
tionship to affiliative behaviours, particularly in commonly used
research animals such as rats and mice which do not pair bond
(see, for mstance, ref. 18). In a species that forms long-term
selective bonds, however, memory of a mate, huddling for ther-
mal comfort and grooming are important aspects of affiliation.

Our results are consistent with the hypothesis that the activa-
tion of central AVP pathways by mating is an essential neural
correlate of pair bonding in the male prairie vole. Oxytocin and
not AVP increases in CSF after ejaculation in the rat, a polygyn-
ous rodent'®, whereas in male prairie voles AVP is apparently
released after mating™. AVP secretion has previously been
described with sexual arousal in human males®', but the extent
to which any single peptide subserves any aspect of social bond-
ing in humans remains entirely speculative. ]
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African and North American
populations of Drosophila
melanogaster are very
different at the DNA level

David J. Begun & Charles F. Aquadro

Cornell University, Section of Genetics and Development,
Biotechnoiogy Building, Ithaca, New York 14853, USA

UNDERSTANDING genetic evolution within species requires an accu-
rate description of variation within and between populations and
the ability to distinguish between the potential causes of an
observed distribution of variation. In the cosmopolitan species Dro-
sophila melanogaster, previous studies suggested that gene flow
within and between continents is extensive' and that most of the
nuclear gene variation is found within, rather than among,
populations™. Here we present evidence that a population from
Zimbabwe is more than twice as variable as those from the United
States of America at the DINA sequence level, that most variants
are not shared between the two geographic regions, and that there
are nearly fixed differences between the Zimbabwe and USA
samples in genomic regions experiencing low recombination rates.
It appears that there is an unappreciated degree of population
structure in D. melanogaster and that equilibrium models of
molecular evolution are inappropriate for this species.

In Table 1 we present our four-cutter restriction site poly-
morphism data from seven X-linked gene regions in D. melano-
gaster chromosomes sampled from Zimbabwe; we also show
our data and previously published data from the same genes in
samples from the USA* 7. With the exception of ac, each gene
is more variable in Zimbabwe than in the USA. Overall, there
are more than twice as many segregating sites in Zimbabwe (167)
as in the USA (77). The difference in proportion of segregating
sites in the two samples is highly significant (Fisher’s exact test,
P <0.0001; this test is appropriate because the sample sizes for
Zimbabwe and the USA are roughly equal) and the populations
are significantly differentiated (P<0.001) at each of the seven
genes examined®. Only 44 of a total of 200 polymorphic restric-
tion sites (22%) scorable in both Zimbabwe and the USA are
observed in both geographic regions. This difference is not attri-
butable solely to rare ‘private’ alleles. For example, in the USA
the mean frequencies of whife and G-6pd locus variants present
in the USA but absent from Zimbabwe are 0.16 (£0.042) and
0.23 (+0.058), respectively. The contrasting Tajima D values’
(Table 1) for the two samples (especially in regions of ‘normal’
crossing-over) indicate that there is a tendency for Zimbabwe to
harbour more low-frequency variants than the USA, providing
further evidence of different evolutionary processes in these
populations. But the difference in variability is not simply a
consequence of the presence of rare alleles in Zimbabwe which
are absent in the USA. Even for estimates of nucleotide diversity,
7, which are only weakly affected by rare variants, the Zimbabwe
sample is two- to sixfold more heterozygous for most loci.

Our results contrast with previous comparisons of nuclear
gene variability in African and USA samples of D. melanogaster.
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Restriction site data suggested that the y-gc-se and G-6pd loci
were slightly more variable in Botswana than in the USA ; how-
ever, the high levels of linkage disequilibrium and small number
of basecs surveyed made it difficult to assess the significance of
the observation'®'". Levels of allozyme variation in Benin and
USA samples of D. melanogaster (Table 2) were virtually identi-
cal and 57 of 84 allozyme variants (68%) were shared between
geographic regions™’*. The difference in the proportion of shared
variants in our restriction site data versus the allozyme data
is highly significant (Fisher’s exact test, P<0.0001; this test is
conservative given the different sample sizes for the USA and
Africa allozyme data). Thus, our four-cutter data are the first
good evidence that there is a vast reservoir of previously
unknown nuclear DNA polymorphism segregating in Africa.

Although it is thought that D. melanogaster left Africa to
colonize temperate regions within the past several thousand
years'?, earlier data did not support the hypothesis that a whole-
sale loss of nuclear gene variability accompanied the coloniza-
tion. Qur data, however, are consistent with the notion that a
considerable loss of variation occurred in some populations dur-
ing the history of the D. melanogaster lincage. The data arc
compatible with several hypotheses, including a partial
bottleneck in the lineage(s) from which USA populations are
derived and the notion that only a subset of ‘ancestral’ types
were selectively favoured to leave Africa during the colonization
process. Whatever the case, it 18 no longer realistic to view D.
melanogaster populations as being near equilibrium.

Earlier interpretations of allozyme data from D. melanogaster
attributed the few frequency differences between populations to
selection on allozyme variants prevailing over extensive gene
flow'. Because a large majority of observed polymorphic
restriction sites in our data are located in flanking or intronic
sequences, most of the differences between Zimbabwe and the
USA may be explained in terms of mutation and drift rather
than selection. Furthermore, our results cannot be explained
solely by differences in the frequency of protein electrophoretic
variants between populations. For example, even within a single
electromorph class at Pgd (Fast), the Zimbabwe (sample size
n=49) and USA (n=132) samples shared no four-cutter haplo-
types and only 7 of 28 polymorphic sites (data not shown). There
arc at least two (not mutually exclusive) potential explanations
for the contrast between the DNA data (Table 1) and the allo-
zyme data (Table 2). First, there may be significant population
structure within Africa; we note that our Zimbabwe sample has
not been surveyed for allozyme variation. Second, we cannot rule
out the possibility that restriction site and allozyme variation are
experiencing substantially different evolutionary dynamics {such
as selection on allozyme variation).

The Zimbabwe four-cutter data provide novel and qualita-
tively different inferences about selection from those possible
from allozyme frequencies. As had been seen in a heterogeneous
sample'”, nucleotide heterozygosity is positively correlated with
regional rates of recombination (Fig. 1). Hitch-hiking effects
of advantageous or deleterious alleles have been proposed to
contribute to this pattern' '". In particular, the ac and su( )
regions appear to have significantly less variation than expected
under a neutral model (Table 2 legend). Although several shared
polymorphic sites in Zimbabwe and the USA are found at
different frequencies in the two samples, the most extreme cases
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