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Abstract

Navigational and social challenges due to habitat conditions
and sociality are known to influence dentate gyrus (DG) mor-
phology, yet the relative importance of these factors remains
unclear. Thus, we studied three natural populations of O. lu-
natus (Los Molles) and Octodon degus (El Salitre and Rinco-
nada), two caviomorph species that differ in the extent of
sociality and with contrasting vegetation cover of habitat
used. The brains and DG of male and female breeding degus
with simultaneous information on their physical and social
environments were examined. The extent of sociality was
quantified from total group size and range area overlap. O.
degus at El Salitre was more social than at Rinconada and
than O. lunatus from Los Molles. The use of transects to quan-
tify cover of vegetation (and other physical objects in the
habitat) and measures of the spatial behavior of animals in-
dicated animal navigation based on unique cues or global
landmarks is more cognitively challenging to O. lunatus. Dur-

© Free Author

Copy - for per-
sonal use only
ANY DISTRIBUTION OF THIS
ARTICLE WITHOUT WRITTEN
CONSENT FROM S. KARGER
AG, BASEL IS A VIOLATION
OF THE COPYRIGHT.

Written permission fo distrib-
ute the PDF will be granted
against payment of a per-
mission fee, which is based
on the number of accesses
required. Please confact
permission@karger.com

ing lactation, female O. lunatus had larger brains than males.
Relative DG volume was similar across sexes and popula-
tions. The right hemisphere of male and female O. lunatus
had more cells than the left hemisphere, with DG directional
asymmetry not found in O. degus. Degu population differ-
encesinbrain size and DG cell number seemed more respon-
sive to differences in habitat than to differences in sociality.
Yet, large-sized O. degus (but not O. lunatus) that ranged over
larger areas and were members of larger social groups had
more DG cells per hemisphere. Thus, within-population vari-
ation in DG cell number by hemisphere was consistent with
a joint influence of habitat and sociality in O. degus at El
Salitre. ©2016 S. Karger AG, Basel

Introduction

Environmental complexity is thought to be an impor-
tant selective factor of cognitive abilities and associated
neuroanatomical components [Kempermann etal., 1997;
Nilsson et al., 1999; van Praag et al., 1999; Roth and Pra-
vosudov, 2009]. Two major components of this complex-
ity are especially relevant. First, individuals need to man-
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age and process spatial and temporal information on re-
source availability during spatial navigation and to
construct physical or cognitive topological reference
maps [O’Keefe and Nadel, 1978; Jacobs, 2006]. Second,
individuals need to keep track of social conditions and be
able to respond appropriately during interactions with
conspecifics [Dunbar, 1998].

Available evidence indicates that the same brain re-
gions may be linked to both environmental inputs. In
particular, the dentate gyrus (DG), a main region of the
hippocampus, is known to be essential for integrating en-
vironmental sensory cues into a geometric coordinate
system, i.e. the building of cognitive maps of physical and
social space [Jacobs, 2003; Eichenbaum, 2015; Tavares et
al., 2015]. For instance, adult laboratory rats (Rattus nor-
vegicus) housed in larger boxes containing various toys,
wooden blocks, climbing platforms, plastic tubes and
small houses show an increase in newly generated cells in
the DG and enhancement of recognition memory [Bruel-
Jungerman etal., 2005]. Evidence from field studies shows
how nonbreeding female meadow voles (Microtus penn-
sylvanicus) exhibit a higher rate of DG cell proliferation
and cell death than breeding females, a difference pre-
sumably linked to differences in the size of female range
areas [Galea and McEwen, 1999]. Nonbreeding male
Richardson’s ground squirrels (Urocitellus richardsonii)
exhibit significantly larger hippocampal volumes than
breeding males or females from either season, a variation
that was linked to the male-only food caching behavior
during the nonbreeding season [Burger et al., 2013].

On the other hand, evidence also supports that the DG
plays a role in integrating social cues. Animal subjects ex-
posed to varying social group sizes [Fowler et al., 2002;
Hoshaw et al., 2006; Gheusi et al., 2009], social isolation
of adults from their mates [Fowler et al., 2002], social sep-
aration of offspring from their parents [Lu et al., 2003]
and varying dominance relationships [Kozorovitskiy and
Gould, 2004] exhibit changes in the structure and volume
of the DG. In humans, changes in social relationships
(linked to power and affiliation) predict adult hippocam-
pal activity, implying this brain area is simultaneously in-
volved in processing spatial and social information [Ta-
vares et al., 2015]. Most importantly, social behavior may
act as a potent stressor or can buffer the response to an
external stressor [Silk, 2007; Beery and Kaufer, 2015], ac-
tions that in some wild social rodents (Octodon and Cte-
nomys) are linked to the density of oxytocin receptors in
the forebrain, including areas of the hippocampus [Beery
et al., 2016]. Thus, the processing of social cues derived
from group living may be in part mediated by compo-
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nents of the stress response and the brain areas associated
with it. Taken together, laboratory studies on traditional
animal models and comparative approaches have inde-
pendently been able to demonstrate a connection be-
tween habitat, social conditions and changes in the vol-
ume of the DG or structures associated with it. However,
the few field studies focused on testing the effects of both
sex and season on DG anatomy and they have yielded in-
consistent results [Burger et al., 2013, 2014].

Physical and social environmental conditions may
also result in differential effects on brain asymmetry, a
condition reported in birds, rodents and primates [Val-
lortigara and Rogers, 2005]. Research on these vertebrates
indicates how brain asymmetry is linked to social recog-
nition or social position relative to other group members,
a phenomenon associated with right-hemispheric domi-
nance [Rogers etal., 2013; Rogers and Vallortigara, 2015].
However, specialization of the right hemisphere may ex-
tend to other sensory modalities, including spatial nov-
elty and intense emotions (i.e., fear or predator attack)
[Rogers et al., 2013]. Again, the potential effects of spatial
and social complexity on DG asymmetry in free-ranging
adult rodents remain virtually unexplored.

Model Species and Hypothesis Predictions

The aim of this study was to examine two natural pop-
ulations of Octodon degus and one population of O. luna-
tus, two phylogenetically related species of rodents that
face contrasting conditions of physical complexity and
differ in sociality (or group living). O. degus uses relative-
ly open savannas or open scrub environments in central
Chile, but more closed scrub patches and ravines in
northern populations [Quispe et al., 2009; Ebensperger et
al., 2012]. In these environments, O. degus excavate and
use burrow systems connected aboveground by runways
or trails used during foraging [Fulk, 1976; Lagos et al.,
1995; Vasquez et al., 2002]. In contrast, O. lunatus is pref-
erably associated with coastal shrubland, characterized by
moist and high vegetative cover [Sobrero et al., 2014].
Compared with O. degus, O. lunatus seems to rely more
on vegetation cover to hide from predators instead of
building extensive burrow systems or using interconnect-
ed runways [Sobrero et al., 2014].

When navigating, small mammals employ global land-
marks (e.g. forest edge or mountain outline), which serve
as more distant cues, and local landmarks (e.g. shrub and
rock cover, or logs), which are spatially closer to the goal
[Jacobs and Schenk, 2003; Nesterova, 2007; Bruck and
Mateo, 2010]. Global landmarks may provide more reli-
able indicators of a goal’slocation because they are observ-

Sobrero/Fernandez- Aburto/Ly-Prieto/
Delgado/Mpodozis/Ebensperger

Downloaded by:

Verla

KARGER AG, BASEL

172.1 1-4/7/2016 7:59:17 AM



able from greater distances, stable and more likely to be
unique [Biegler and Morris, 1996]. Instead, local land-
marks are often not unique, where the presence of other
similar and continuous objects (i.e. shrub cover or logs)
may challenge animal navigation. Moreover, local land-
marks such as vegetation cover may preclude the use of
global landmarks. For instance, a study showed how the
upper portion of the horizon or visible global landmarks
is more important for orientation during food searching
than local landmarks in Columbian ground squirrels
(Spermophilus columbianus) [Vlasak, 2006]. Thus, if high-
er vegetation cover is associated with greater cognitive de-
mands during navigation, we predicted (i) O. lunatus and
O. degus from populations with higher vegetation cover to
exhibit a larger DG volume and density of cells than O.
degus from populations in habitats with less cover.

O. degus live in relatively large groups ranging from 1
to 12 adult individuals [Hayes et al., 2009], and females of
this species exhibit communal care of offspring [Ebens-
perger et al., 2004]. These characteristics have been docu-
mented in at least four populations of this species [Ebens-
perger et al., 2004, 2012; Jesseau, 2004; Sobrero et al.,
unpubl. data], implying a high frequency of social inter-
actions and probably a need for cognitive skills underly-
ing these interactions. In contrast, the social behavior of
O. lunatus is less well known, yet a recent study revealed
how these rodents live in small social groups that range
from 2 to 4 adults [Sobrero et al., 2014]. Therefore, if
greater sociality is associated with greater cognitive de-
mands to keep track of individual relationships, we pre-
dicted (ii) more social O. degus to exhibit a larger DG
volume and density of cells than O. lunatus.

Finally, we tested the prediction that (iii) the factor
with the strongest effect on brain size and DG morphol-
ogy would be associated with the most asymmetrical DG
volume and cell number. Given that social recognition
and other aspects of social behavior are processed pri-
marily in the right hemisphere [Rogers and Vallortigara,
2015], we further predicted (iv) population DG asymme-
tries or right-hemispheric dominance to be more fre-
quent in the relatively more social O. degus.

Materials and Methods

The original research reported herein was performed under
guidelines established by the Pontificia Universidad Catdlica de
Chile Bioethical Committee (CBB-042/2011) and adhered to Chil-
ean laws [permits 1-154.2010 (7989), 1-109.2011 (6749), 1-90.2011
(4731) and 1-95-2012 (4486) by the Servicio Agricola y Ganadero
and 013/2011 by the Corporacién Nacional Forestal].

Ecology and Rodent Dentate Gyrus

Study Populations, Degu Trapping and Marking

We contrasted the volume and total number of DG cells of two
O. degus and one O. lunatus populations across north-central
Chile. In particular, we examined O. degus from El Salitre (ES;
30°38’S, 71°35'W, altitude 275 m) and Rinconada (RI; 33°23'S,
70°31'W, altitude 495 m), and O. lunatus from Los Molles (LM;
32°13'S, 71°31'W, altitude 36 m). The study sites in these popula-
tions reached an area of ~3 ha. During 2010 and 2012, adult ani-
mals were captured using 14 x 14 x 40 cm Tomahawk traps (mod-
el 201; Tomahawk Live Trap Company, Hazelhurst, Wis., USA).
Based on previous studies [Ebensperger et al., 2004, 2012], we
placed traps near burrow openings and inside patches with high
shrub cover and baited them with rolled oats, fruity cereals and
sunflower seeds. During each capture, we recorded sex, body mass
(to 0.1 g) and reproductive status (whether a female had a perfo-
rated vagina, was pregnant or lactating) of all degus, and each ani-
mal was marked with an ear tag (Monel 1005-1; National Band and
Tag Co., Newport, Ky., USA). While we were not able to determine
the exact age of the subjects, we could attain approximate estimates
based on body mass and condition. Trapping of O. degus included
females during early and late gestation (July to August 2012), and
O. lunatus during lactation (November to December 2010, 2011)
[Bauer et al., 2014; Sobrero et al., 2014]. Adult-aged degus were
fitted with a radio collar weighing 7-9 g (RI-2D; Holohil Systems
Limited, Carp, Ont., Canada; SOM-2190A, and BR radio collars;
AVM Instrument Co., Colfax, Calif., USA). At the end of our
study, all radio-collared animals were recaptured and radio collars
were removed [Ebensperger et al., 2004, 2012].

Habitat Complexity

We first quantified habitat complexity from the overall amount
of vegetation cover in the habitat used by the degus. We used 5
randomly placed 50-meter transects to quantify habitat complex-
ity in terms of the percentage of ground surface that included her-
baceous cover, shrub cover, rocks or that had no cover [Sobrero et
al., 2014]. We also inferred habitat complexity faced by degus from
the spatial behavior of these animals. In particular, we quantified
the size of range areas and attributes of spatial trajectories. To cal-
culate range areas, we recorded locations of all radio-collared ani-
mals each hour during their activity period (i.e. between 09.00 and
17.00 h for O. degus; between 21.00 and 07.00 and between 07.00
and 21.00 h for O. lunatus). We radio tracked O. degus during 5
days and O. lunatus during 3 days and 4 nights. The spatial loca-
tion of animals during activity was determined using triangulation
[Kenward, 2001]. To do so, we used 2 LA 12-Q receivers, each con-
nected to a null-peak antenna system (AVM Instrument Co.). Ev-
ery null-peak system had four 7-element Yagi antennas. The dis-
tance between antenna stations was about 120 m. To ensure inde-
pendence of data points [Swihart and Slade, 1985; Kenward, 1987],
intervals between fixes were approximately 1 h. Bearings from
both antenna stations were then transformed into x-y locations
with the software Locate II [Nams, 1990]. Data points for each
degu were then mapped using the 95% minimum convex polygon
algorithm of the software Ranges VI [Kenward et al., 2003].

We also quantified habitat complexity from the spatial behav-
ior of animals. We used fluorescent pigments (Radiant Color Co.,
Richmond, Calif., USA) to trace the movement of O. degus at a
smaller spatial scale. To do so, non-radio-collared adult-size degus
were introduced into a plastic bag containing a unique powder
color pigment, gently shaken during a few seconds and released
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Table 1. Body mass, brain size, volume and number of DG cells (means + SE) in O. degus and O. lunatus from north-central Chile

Species Popu- Sex n  Bodymass, Brain size, DG volume, Relative DG DG cell
lation g g mm?® volume number, x10”

O. degus ES F 4 203.35+24.34 2.16+0.06 5.639+0.726 0.0028+0.0003 1.58+0.69
O. degus ES M 3 201.23+4.57 2.39+0.10 5.661+0.022 0.0026+0.0002 1.33+£0.37
O. degus RI F 2 209.50+3.50 2.08+0.03 4.073+0.404 0.0027+0.0002 0.91+0.36
O. degus RI M 2 185.90+23.10 2.43+0.05 5.937+1.439 0.0020£0.0005 1.26+0.56
O. lunatus LM F 3 156.87+17.23 3.17+0.07 6.890+1.445 0.0024+0.0006 1.84+0.54
O. lunatus LM M 3 165.20+18.71 2.68+0.19 6.865+0.359 0.0022+0.0001 2.26+1.17

Both left and right hemispheres were measured to estimate DG volume and number.

back immediately to their original site of capture [Lemen and Free-
man, 1985]. Pigment-dusted animals were tracked during night
time with a hand-held, long-wave ultraviolet lamp (Ultra-Violet
Products Inc., San Gabriel, Calif., USA) [Lemen and Freeman,
1985]. During tracking, we used flagging markers to record the
angle of turns along the total trail, and the trail length associated
with different vegetation cover (i.e. ‘shrub’, ‘bare ground’ or
‘grass’). This information was used to create a detailed map of the
habitat and movement of every subject studied from RI and ES.
Powder marking does not significantly alter spatial behavior
[Ebensperger and Tamarin, 1997; Kalcounis-Ruppell et al., 2001].

Social Complexity

We quantified social complexity from the extent of sociality.
Differences in sociality were based mainly on group size, an esti-
mate of social tolerance and potential for social interactions [Ru-
benstein, 2011]. Group size in turn was quantified from (i) the
number of male and female adults sharing nesting sites and from
(ii) the extent to which range areas of these adults overlap (a mea-
sure of social cohesion during activity). A previous study indicated
that degus from the same social group (based on the sharing of
nesting sites) also share their foraging areas [Ebensperger et al.,
2004]. Thus, populations where a larger number of adults shared
same burrow systems and showed greater spatial overlap were con-
sidered relatively more ‘social’ [Sobrero et al., 2014]. To this end,
all radio-collared animals were radio tracked to their putative rest-
ing locations at the time they were inactive [O. degus; Ebensperger
et al., 2004] or less active [O. lunatus; Sobrero et al., 2014]. We de-
termined resting locations with an LA 12-Q receiver (for radio col-
lars tuned to 150.000-151.999 MHz frequency; AVM Instrument
Co., Auburn, Calif., USA) and a hand-held, 3-element Yagi an-
tenna (AVM Instrument Co., Colfax, Calif., USA). Once located,
the position of each animal was marked with flagging material cod-
ed for individual animals. Each radio-fix location was georefer-
enced twice with a Garmin portable GPS (Garmin International
Inc., Olathe, Kans., USA). The precision of GPS readings was al-
ways within 5 m. The determination of group size and composition
required the compilation of a symmetric similarity matrix of pair-
wise association of the resting locations of all adult degus during
trapping and telemetry [Whitehead, 2008]. We determined the as-
sociation (overlap) between any 2 individuals by dividing the
number of nights (O. degus) or evenings (O. lunatus) that these
individuals were captured at or tracked with telemetry to the same
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nesting area by the number of nights (O. degus) or evenings (O.
lunatus) that both individuals were trapped or tracked with telem-
etry on the same night (O. degus) or evening (O. lunatus) [Ebens-
perger et al., 2004; Sobrero et al., 2014]. To determine social group
composition, we conducted hierarchical cluster analysis of the
association matrix in SOCPROG software [Whitehead, 2009]. To
determine whether individuals assigned to a same resting location
were also socially cohesive when active, we quantified the percent
spatial overlap of range areas between individuals assigned to the
same resting locations. Pairwise estimates of the percent overlap
between polygons for different females were also calculated using
Ranges VI.

Brain Preparation

A sample of radio-collared degu subjects from each population
was transported to the laboratory and euthanized (table 1). All an-
imals were anesthetized (0.5 ml ketamine and 0.1 ml xylazine) and
perfused transcardially with 0.1% saline followed by 4% buffered
paraformaldehyde. Brains were postfixed, weighed (a measure of
absolute brain size), kept at 4°C and then cryoprotected in a 30%
sucrose solution for 72 h. Tissue was cut into 60-um coronal sec-
tions on a Leica CM 30508 cryostat at —20°C. Free-floating sections
were collected in 0.1 M phosphate-buffered saline, and every 3rd
section was mounted and stained with cresyl violet (Fluka: 61123,
0.2% solution, pH 4.3) and coverslipped with Permount.

Histological Measures

Measurements of DG volume and cell number were estimated
on cresyl violet-stained sections with the use of StereoInvestigator
8.0 (MBF Bioscience, Williston, Vt., USA) and a Nikon micro-
scope (eclipse E400). Stereotaxic reference data were retrieved
from the studies by Wright and Kern [1992] and Kumazawa-
Manita et al. [2013] (fig. 1a—c). All sampling schemes were opti-
mized by us (R.S. and S.E.D.) and collaborators (S. Fernadndez,
Pontificia Universidad Catolica de Chile, and T. Roth II, Franklin
and Marshall College) based on strategies in StereoInvestigator
8.0. The DG of each subject was examined on every 12th section
with the use of an optical fractionator workflow and a Cavalieri
estimator [Gundersen and Jensen, 1987]. DG volume was mea-
sured with a 40-um square grid on a x40 lens. Cell counts were
performed using an optical fractionator procedure [West et al.,
1991] using a x100 oil immersion lens (fig. 1d). A 200-pm sam-
pling grid was used and all 40 x 40 um frames were counted with
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Fig. 1. Cell nuclei (a, black arrowhead) can be differentiated into
Nissl-stained sections and were used for cell quantification, inde-
pendent of density and cell overlay (a, dashed white line contour).
Sagittal sections of the right side of the degu’s brain (b) showing
the location of referential structures in the hippocampus (gray
structure): olfactory bulb (OB), cortex (CX), cerebellum (Ce) and
pineal gland region (orange structure; see online version for col-

a dissector height of 5 um and 2-um guard zones. We calculated
coefficients of error to estimate precision of estimates [West et al.,
1991]. These figures [mean coefficients of error (SE)] were 0.02
(0.001) at LM, 0.03 (0.001) at ES and 0.03 (0.002) at RI. Together,
these procedures allowed us to quantify absolute and relative brain
sizes, DG total and relative volumes, and the total number of DG
cells in the right and left hemispheres.

Statistical Analyses

We first ran ¥* tests to examine the null hypothesis of equal
habitat complexity in terms of vegetation cover among all three
populations [Zar, 1999]. To further examine habitat complexity in
terms of the spatial behavior of degus, we used ANOVA to com-
pare the percentage of degu trajectories that were recorded in
patches with different types of vegetation cover in ES and RI. Giv-
en that animal trajectories differed in total length, we examined the
number of turns/linear meters of trajectory. This comparison was
restricted to the more abundant O. degus from ES and RI. Differ-
ences in degu range areas across all three populations and sex

Ecology and Rodent Dentate Gyrus

ors). The dashed red line (b) indicates the section of the DG where
the photomicrographs (c-e) were taken. c-e Photomicrographs
showing the location of the dorsal DG (dashed white line contour)
in Nissl-stained coronal sections of octodontid rodents: O. degus
at RI (c) and ES (d) and O. lunatus (e). Scale bars = 20 um (a) and
1 mm (c-e). All material has been processed in the laboratory us-
ing the same protocols.

(males vs. females) were compared with ANCOVA, and where
degu subjects’ body mass was entered as a covariate. We distin-
guished males and females in the analyses based on the frequent
sex differences in spatial navigation ability reported in other mam-
malian species, including humans [Jones et al., 2003; Popovic et al.,
2010]. Range area values were log) transformed to meet normal-
ity and homogeneity of variance assumptions. Student-Newman-
Keuls post hoc tests were used to detect significant pairwise differ-
ences.

We examined population differences in sociality with general-
ized linear/nonlinear models. In particular, we assessed the main
effect of population on total group size. Total group size was fitted
to a Poisson distribution with a log link function. Population dif-
ferences in the percentage of range area overlap were examined
with a general linear model (GLM). Range area overlap values were
arcsine squared root transformed to meet normality and homoge-
neity of variance assumptions.

We also used GLM to examine how population and degu sex
explained variation in brain size and DG cell number. In the case
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Fig. 2. Habitat variation across the populations studied. It was
measured as the distribution (%) of shrub, grass, bare ground and
rock cover.
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Fig. 3. Habitat complexity across the populations studied. O. degus
trajectory (%) through a diverse array of habitat patches. Different
letters on top of the bars are used to indicate population differ-
ences.

of brain size, body mass was added to the effects of population and
degu sex. Given that data transformation failed to normalize rela-
tive DG volume, we used the Kruskal-Wallis test with the Scheirer-
Ray-Hare extension (a nonparametric equivalent of two-way
ANOVA) [Sokal and Rohlf, 1995] to determine the effects of pop-
ulation, sex and a population-by-sex interactive effect on relative
DG volume. We used repeated-measure ANOVA followed by Stu-
dent-Newman-Keuls post hoc tests to examine the effects of brain
hemispheres (right vs. left), population, sex and factor interactions
on DG cell number.

We used GLM followed by best-fit and supported model ap-
proaches to examine how degu sex, body mass, total group size and

6 Brain Behav Evol
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range area within a population predicted variation in brain size,
DG cell number and relative volumes of the DG by brain hemi-
sphere.

All data are reported as means + SE. Analyses were conducted
with Statistica 9.0 (StatSoft Inc., Tulsa, Okla., USA), SigmaPlot (Sy-
stat Software Inc., San Jose, Calif., USA, www.sigmaplot.com) and
the R software 3.0.1 (The R Foundation for Statistical Computing,
http://www.rproject. org/foundation/).

Results

Habitat Conditions in Terms of Vegetation Cover

Based on 5 transects per population, we recorded that
vegetation cover did vary across populations (contingen-
cy table analysis, x* = 124.4, d.f. = 6; p < 0.0001; fig. 2). A
subsequent subdivision of contingency tables [Zar, 1999]
revealed that habitat based on cover was different in all
three populations (x* = 16.66, d.f. = 3; p = 0.0008). In par-
ticular, habitat at LM had more shrubs, followed by bare
ground and rock cover (fig. 2). Instead, ES was character-
ized by higher grass cover, followed by shrubs, bare
ground and rock cover (fig. 2). The habitat used by degus
at RI was characterized mostly by grass cover and bare
ground (fig. 2). Thus, a decreasing gradient of habitat
complexity in terms of vegetation cover observed was LM
> ES > RL

Habitat Conditions in Terms of the Spatial Behavior

of Animals

Our standardized trajectories (X + SE = 35 + 15 m)
were based on fluorescent marks recorded for 28 adult O.
degus from RI (1 male, n = 8) and ES (10 males, n = 20).
These data indicated that degus from ES moved through
a more diverse array of habitat cover compared with RI
(ANOVA, F5 14, =25.41, p = 0.0001; fig. 3). After control-
ling for this effect, we found that habitat complexity in
terms of the spatial behavior of degus did vary across pop-
ulations (contingency table analysis, x* = 10.43, d.f. = 2;
p =0.0054). Trajectories of degus intersected more patch-
es with shrubs and grass, butless patches with bare ground
at ES compared with RI.

Information on range areas was available for 45 radio-
collared O. degus (n = 15 from RI, n = 30 from ES) and 20
radio-collared O. lunatus. The size of range areas (ha) es-
timated from telemetry was greater at LM than ES (AN-
COVA, F, 56 = 3.72, p = 0.030) when sex and degu body
mass were included in the analysis (fig. 4). In contrast, the
size of range areas of degus at RI was not different from
ES and LM (unequal sample HSD post hoc test, p > 0.05).
Across populations, males had larger range areas than
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Fig. 4. Habitat differences as revealed from variation in O. degus
range areas across populations. Means + SE. Different letters on
top of the bars are used to indicate population differences.

females (ANCOVA, F; 55 =9.29, p = 0.004). Thus, a de-
creasing gradient of habitat complexity in terms of spatial
behavior of degus was LM > ES > RI.

Variation in Sociality

The numbers of social groups identified at RI, ES and
LM were 11, 8 and 5, respectively. Our examination of so-
cial conditions based on total group size (fig. 5) revealed
statistically significant differences across populations
(Wald =9.73, p = 0.008) and where social groups from ES
were larger than social groups from RI and LM. Instead,
range area overlap was similar across populations (GLM,
F, 9=0.90, p=0.439) and sex (GLM, F; ¢=0.47,p =0.510)
of degus (fig. 6). Thus, a decreasing gradient of social com-
plexity in terms of group size was ES > RI = LM.

Population and Species Differences in Brain Size,

DG Volume and Cell Number

The brains of 11 adult-sized O. degus (6 females and 5
males) and 6 O. [unatus (3 females and 3 males) were ex-
amined during this study (table 1). We found a statisti-
cally significant population by sex interaction effect on
brain size (F, 1o = 7.92, p = 0.009), where female O. luna-
tus from LM had larger brains than males, but not so in
O. degus from RI or ES (fig. 7). Body mass of degus did
not influence brain size (F; o = 1.82, p = 0.207). Our
examination of the relative volume of DG indicated no
effects of population (H, ;; = 3.20, p = 0.202), sex

Ecology and Rodent Dentate Gyrus

Fig. 5. Variation in total group size (number of adults) across pop-
ulations of O. lunatus (LM) and O. degus (ES and RI). Means =+ SE.
Different letters on top of the bars are used to indicate population
differences.
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Fig. 6. Variation in total range area overlap across populations of
O. lunatus (LM) and O. degus (ES and RI). Means + SE.

(Hy,11=3.20, p =0.074) or a population by sex interaction
(Hy, 11 = 3.20, p = 0.202).

When potential differences between hemispheres were
considered, we found a statistically significant population
by hemisphere interaction (F, j; = 4.27, p = 0.042), where
the right hemisphere of male and female DG had more
cells than the left hemisphere, but only in O. lunatus at LM
(Student-Newman-Keuls post hoc test, p = 0.030; fig. 8).
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Fig. 8. Female and male total number of DG cells in each brain
hemisphere across populations of O. lunatus (LM) and O. degus

Table 2. Akaike’s information criterion (AIC) values associated with five possible best-fit models explaining dif-
ferences in brain size, DG cell number and relative DG volume per brain hemisphere in O. lunatus at LM

Variable examined and model Parameters, AIC AAIC Akaike Evidence
n weight ratio
Brain size
Additive 3 -7.511 0.000 0.000 0.001
Sex 1 4.157 11.668 0.222 0.187
Total group size 1 5.568 13.079 0.320 0.379
Range area 1 6.225 13.736 0.494 0.526
Body mass 1 6.558 14.069 1.000 0.621
Relative DG volume/hemisphere
Sex 1 -138.022 0.000 0.579 1.000
Total group size 1 -137.070 0.952 0.853 1.610
Range area 1 -132.719 5.303 0.658 14.175
Body mass 1 -131.410 6.612 1.000 27.276
Additive 3 -78.40 59.282 1.000 7.46e+15
DG cell number/hemisphere
Sex 1 -137.247 0.000 0.644 1.000
Total group size 1 -135.443 1.804 0.734 2.465
Range area 1 -132.796 4.451 0.735 9.258
Body mass 1 -130.751 6.496 1 25.739
Additive 3 -76.374 60.873 1.000 1.65e+16

Predictors in these models were sex, body mass, range area and total group size. Values in italics indicate the
best-fit, yet not well-supported model for each variable. A best-fit model that was well supported had the lowest
AIC value, AAIC <2, Akaike weight approaching 0.90 or higher and evidence ratios close to 1 [Burnham and
Anderson, 2002; Symonds and Moussalli, 2011].
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Table 3. AIC values associated with five possible best-fit models explaining differences in brain size, DG cell
number and relative DG volume per brain hemisphere in O. degus at ES

Variable examined and model Parameters, AIC AAIC Akaike Evidence
n weight ratio
Brain size
Sex 1 -1.902 0.000 0.580 1.000
Body mass 1 0.762 2.664 0.365 3.789
Additive 3 1.517 3.419 0.394 5.53e+03
Range area 1 1.805 3.707 0.564 6.382
Total group size 1 2.318 4.220 1.000 8.248
Relative DG volume/hemisphere
Sex 1 -138.022 0.000 0.579 1.000
Total group size 1 -137.070 0.952 0.853 1.610
Range area 1 -132.719 5.303 0.658 14.175
Body mass 1 -131.410 6.612 1.000 27.276
Additive 3 -78.740 59.282 1.000 7.46e+15
DG cell number/hemisphere
Additive 3 245.500 0.000 1.000 1.000
Sex 1 330.300 84.800 0.598 2.60e+21
Total group size 1 331.428 85.928 0.846 4.56e+21
Range area 1 335.593 90.093 0.685 3.66e+22
Body mass 1 337.150 91.650 1.000 7.97e+22

Predictors in these models were sex, body mass, range area and total group size. Bold typing is used to indicate
the best-fit, well-supported model in each case. Instead, values in italics indicate the best-fit, yet not well-sup-
ported model for each variable. A best-fit model that was well supported had the lowest AIC value, AAIC <2,
Akaike weight approaching 0.90 or higher and evidence ratios close to 1 [Burnham and Anderson, 2002; Symonds

and Moussalli, 2011].

Within-Population Predictors of Neuroanatomical

Variables

The examination of how sex, body mass, range area
and total group size predicted brain size of O. lunatus re-
vealed that the best-fit model at LM was not well sup-
ported (table 2). Similarly, the best-fit model at ES was not
well supported, implying that brain size of O. lunatus and
O. degus was not well predicted by any of the factors ex-
amined (table 3).

Regarding DG cell number by hemisphere, the best-fit
model at LM was not well supported, implying that DG
cell number of O. lunatus was not well predicted by sex,
body mass, range area or total group size. In contrast, the
best-fit and well-supported model at ES was the full addi-
tive model (table 3). Thus, large-sized O. degus that ranged
over larger areas and were members of larger social
groups exhibited a higher number of cells per hemi-
sphere. Instead, the best-fit model explaining relative DG
volumes per hemisphere of O. lunatus at LM (table 2) and
O. degus at ES (table 3) were not well supported, implying

Ecology and Rodent Dentate Gyrus

that there was no association between relative DG vol-
umes per hemisphere and any of the predictors exam-
ined.

Discussion

Habitat conditions relevant to animal movements dif-
fered across all three populations. Shrub cover was greater
at LM, intermediate at ES and minimal at RI. Rock cover
was relatively lower at LM and RI compared with ES. Cov-
er of herbaceous vegetation was higher at RI compared
with LM and RI. When habitat conditions were examined
in terms of the spatial behavior of animals, we found degus
from LM to range over larger areas compared with degus
at ES. The tracking of fluorescent marks further indi-
cated movement of O. degus intersected more patches
with shrubs and grass at ES compared with RI.
O. degus trajectories at RI intersected patches with more
bare ground than trajectories at ES. These findings suggest
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that greater overhead or total shrub cover at LM makes the
use of distant visual cues or global landmarks more diffi-
cult to see, implying that this habitat is more cognitively
challenging for individual spatial use compared with RI.
The relatively intermediate shrub and grass cover at ES
would make the use of local and global landmarks less dif-
ficult to see compared with LM. The complete absence of
shrub and grass cover at RI would make the use of global
landmarks an easier task compared with LM and ES. In
contrast to vegetation cover of habitat, the social environ-
ment was more cognitively challenging at ES compared
with LM and RI, as revealed by differences in total group
size (a measure of social tolerance and the potential for
social interactions), but not total range area overlap (a
measure of social cohesion during activity). These differ-
ences in habitat and social conditions did co-vary with
differences and similarities in brain size and hemisphere
DG morphology to different extents. In particular, female
O. lunatus had larger brains than males from LM, a sex-
linked difference not recorded in O. degus from RI or ES.
Males and females degus from all three populations had
similarly sized DG in terms of relative volume. Alterna-
tively, absolute differences in brain size may represent
size-scaled, allometric differences. This is supported by
the observation that relative brain size was not different
among the populations. Mammalian brain evolution has
often been studied with the implicit assumption of com-
mon scaling rules. However, the relationship between
brain size and the number of neurons varies between in-
dividuals, among species and among neuroanatomical
structures [Herculano-Houzel et al., 2015]. Subsequent
studies are needed to determine how this absolute differ-
ences associate with brain structures other than DG.

The right hemisphere of male and female O. lunatus
from LM had more cells than the left hemisphere, a DG
asymmetry not found in O. degus from ES or RI. Thus, the
larger brain size of females and higher DG cell number in
male and female O. lunatus were associated with the use
of habitat with greater shrub cover. Instead, similarly
sized right- and left-hemisphere DG of O. degus were as-
sociated with differences in social conditions based on
total group size. Taken together, population differences
in brain size and DG cell number seemed more respon-
sive to differences in habitat complexity than to differ-
ences in social complexity.

Effects of Habitat

Our population and species comparisons confirmed
an association between physical conditions of habitat and
DG cell number and brain size. Brain size and DG cell

10 Brain Behav Evol
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number in O. degus from ES were associated to within-
population variation in habitat conditions. Individuals
need to manage and process spatial information on phys-
ical environment during spatial navigation [Clutton-
Brock and Harvey, 1980; Sherry et al., 1992]. As predicted
by Dukas [1998] and Shettleworth [1998], we confirmed
an influence of cognitive constraints derived from physi-
cal conditions of habitat on DG organization.

Habitat conditions influence navigation of scatter
hoarding birds and small mammals, and species exposed
to seasonal variation in terrestrial or aerial cover in space
and/or time exhibit greater hippocampal volume and
spatial recall accuracy [Clayton and Krebs, 1994; Jacobs,
1995, 1996; Barkley and Jacobs, 1998]. We lack informa-
tion on handling, transport and storage of food in O. lu-
natus. However, these rodents exhibit high fidelity to
their resting locations despite roaming over extensive
range areas [Sobrero et al., 2014], implying that O. luna-
tus has the ability to search and locate resting sites despite
habitat conditions that make the use of distant landmarks
more challenging. Recently, Vega-Zuniga et al. [2013]
showed that O. lunatus has a small number of retinal gan-
glion cells and, therefore, low visual acuity, a condition
that matches the partially nocturnal activity of these ro-
dents [Sobrero et al., 2014]. More importantly, a greater
number of brain cells is linked to greater computational
capacity or cognitive ability in rodents and other mam-
mals [Herculano-Houzel et al., 2006, 2007]. Thus, the
higher DG cell number recorded in O. lunatus compared
with O. degus may reflect the greater challenges faced by
O. lunatus in terms of more difficult use of long-range
landmarks. Intriguingly, navigation based on local land-
marks may be similarly limited as these rodents do not
burrow or use runways actively [Sobrero et al., 2014].

The observation that female O. lunatus from LM had
larger brains than males remained puzzling. These find-
ings might reflect greater cognitive difficulties in the fe-
males for spatial learning and navigation compared with
males [Cimadevilla, 2001; Jacobs and Schenk, 2003; Bark-
ley and Jacobs, 2007]. Males can generate cognitive maps
and navigate efficiently based on the use of global refer-
ences exclusively [Langley, 1994]. In contrast, females
rely more on local references [Langley, 1994; Sandstrom
etal., 1998; MacFadden et al., 2003]. Popovi¢ et al. [2010]
demonstrated gender dimorphism in O. degus spatial
navigation. O. degus males subjected to spatial navigation
challenges tend to explore (or look for alternative naviga-
tion strategies) the environment earlier and more widely
than females. In contrast, the females exhibit initially lon-
ger fixation duration, a condition necessary for encoding
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specific landmarks [Popovi¢ et al., 2010]. While all three
degu populations were examined during the breeding
season, female subjects were mostly pregnant in O. degus
populations and lactating in the O. lunatus population.
Thus, we cannot rule out that differences in the breeding
stage within the breeding season further contributed to
brain size differences between female and male O. lunatus
or between species differences. Seasonal and sex differ-
ences in overall brain size remain poorly understood, but
likely include hippocampal dendritic morphology, cell
sizes, numbers of cells and water content [Pucek, 1965;
Pyter, 2005; Workman et al., 2009].

Female O. lunatus of this study included lactating in-
dividuals, a condition characterized by important chang-
es in circulating hormones, hippocampal anatomy and
cognition [Roes and Galea, 2016]. Previous studies re-
vealed how low estradiol and high progesterone levels in-
crease spatial ability in pregnant rats [Galea et al., 2000],
and Hamilton et al. [1977] demonstrated that lactating
rats had increased cortical thickness compared with non-
breeding rats. Thus, potential hormonal differences as-
sociated with these different breeding stages may have
translated into various volumes in neuroanatomical
structures linked to the construction of cognitive maps
for navigation [McEwen, 2002]. Subsequent studies are
needed to examine how seasonal changes in spatial be-
havior are linked to variation in hormone levels and brain
structure in free-ranging adult degus and other rodents.

Our study also revealed directional asymmetry at the
population or specieslevel [Rogers etal.,2013],and where
the DG cell number of the right hemisphere was consis-
tently higher than the DG cell number of the left hemi-
sphere of O. lunatus. Brain asymmetry has been linked to
a greater ability for information processing and cognition
in several ecological contexts, including escape from
predators and foraging [Rogers et al., 2013]. The right
hemisphere of domestic chickens, rats and humans is in-
volved in short-term memory of object location [LaMen-
dola and Bever, 1997; Vallortigara et al., 2004; Maguire et
al., 2006]. Thus, asymmetry in the DG cell number of O.
lunatus is further consistent with more challenging con-
ditions of habitat in terms of navigation ability.

Effects of Sociality

Population differences in sociality were not associated
with neuroanatomical differences in degus. Relatively
more social degus from ES did not have greater brain size,
relative DG volume or DG cell number. On the other
hand, O. lunatus was less social than O. degus from ES yet
exhibited greater brain size (females) and DG cell number.

Ecology and Rodent Dentate Gyrus

Moreover, at least three observations suggest reduced op-
portunities for cooperative behavior in O. lunatus, an ad-
ditional and relevant aspect of sociality. In particular, O.
lunatus exhibit locomotor activity during daytime and
nighttime, associated with high shrub cover [Sobrero et
al., 2014]. The use of closed habitat conditions coupled to
a partially nocturnal activity in O. lunatus would reduce
opportunities to decrease the predation risk through so-
cial vigilance or its potential benefit as suggested by spe-
cies comparisons across caviomorph rodents [Ebensperg-
er and Cofré, 2001; Ebensperger and Blumstein, 2006].
Second, an absence of burrow digging may prevent coop-
eration in terms of communal burrowing as recorded in
O. degus [Ebensperger and Bozinovic, 2000]. Third, the
observation that female O. lunatus from the same social
groups were not simultaneously lactating [Sobrero et al.,
unpubl. data] further indicates reduced (if any) opportu-
nities for communally rearing their offspring. Altogether,
these considerations suggest a more challenging environ-
ment in terms of sociality in O. degus compared with O.
lunatus. Therefore, population differences in brain size
and DG cell number seem more closely associated with
cognitive demands from the physical environment and
navigation rather than to social demands in these rodents.

Interestingly, neuroanatomical variation was associ-
ated with differences in total group size within popula-
tions of O. lunatus and O. degus, suggesting neuroana-
tomical plasticity to social conditions. Previous labora-
tory studies have shown how experimental changes in the
composition of social groups influence DG cell prolifera-
tion in adult female prairie voles (Microtus ochrogaster)
[Fowler et al., 2002]. Changes in group composition (i.e.
a form of social instability) may disrupt adult partner-
ships reflecting social bonds and potentially affect social
interactions, including communal rearing [Champagne
and Curley, 2009; Cirulli et al., 2010]. Since permanent
changes in group composition are known to occur in O.
degus during the breeding season [Ebensperger et al.,
2009], these animals represent a natural model to deter-
mine how changes in brain asymmetry and DG morphol-
ogy underlie the effect of varying social conditions on so-
cial interactions among individuals.

Overall, results from this study suggest a greater influ-
ence of habitat complexity on population differences in
DG anatomy compared with social conditions, but a joint
effect of habitat and social environments within popula-
tions. Our findings highlight how degus and other non-
traditional study species [Burger et al., 2013; Amrein et
al., 2014; Burger et al., 2014] are important for a better
understanding of adult hippocampal plasticity in an eco-
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logically relevant context. Our study also shows how rec-
ords of habitat, and social and neuroanatomical measures
to the same wild study subjects are important to place
firmer conclusions on these associations. Yet, statements
from this study remain constrained by the relatively small
number of subjects studied, an unavoidable compromise
between sufficient statistical power and the numbers of
animals that could be sacrificed to quantify neuroana-
tomical measures [Sikes et al., 2011]. This was a particu-
larly important concern in O. lunatus, a wild and hardly
known species [Sobrero et al., 2014].
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