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Abstract

Introduction: Prairie voles (Microtus ochrogaster) are one of
the few mammalian species that are monogamous and
engage in the biparental rearing of their offspring. Bipa-
rental care impacts the quantity and quality of care the
offspring receives. The increased attention by the father may
translate to heightened tactile contact the offspring receives
through licking and grooming. Methods: In the current
study, we used electrophysiological multiunit techniques to
define the organization of the perioral representation in the
primary somatosensory area (S1) of prairie voles. Functional
representations were related to myeloarchitectonic
boundaries. Results: Our results show that most of S1 is
occupied by the representation of the contralateral mys-
tacial whiskers and the lower and upper lips. The mystacial
vibrissae representation encompassed a large portion of the
caudolateral S1, while the representation of the lower and
upper lips occupied a large portion of the rostrolateral as-
pect of S1. We found that neuronal populations representing
the perioral structures tended to have small receptive fields
relative to other body part representations on the head and

that the representation of the mystacial whiskers and per-
ioral structures was coextensive with cytoarchitectonically
defined barrel fields that extend from the caudolateral to a
rostrolateral aspect of S1. Conclusions: The relative mag-
nification of the perioral representation in S1 reflects the
importance of these regions for sensory-mediated behaviors
such as tactile interactions in biparental care and social
bonding. This highlights how environmental and behavioral
factors shape S1 organization through brain-body synergy,
suggesting that relatively small changes in experience can
drive adaptive cortical plasticity that, over subsequent
generations, drives the cortical phenotypic diversity across
the rodent clade and mammals in general.

© 2025 S. Karger AG, Basel

Introduction

Prairie voles (Microtus ochrogaster) are small, noc-
turnal, and burrowing mammals native to the grass
prairies and hayfields of central and eastern North
America [1, 2]. Prairie voles adopt an underground
lifestyle during the day and emerge at night when they
navigate thick grassy undergrowth dotted by surface
runways made by other ground-dwelling species [3]. Like
other rodents, the prairie vole developed behavioral
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adaptations that involved peripheral sensory specializa-
tions and cortical organization commensurate with their
nocturnal and underground lifestyle. Unlike other ro-
dents, however, the prairie vole is one of the few socially
monogamous mammalian species, forming long-lasting
bonds with one individual of the opposite sex and en-
gaging in co-parenting behaviors [4] that may signifi-
cantly alter the sensory experience of the young during
development.

Prairie voles experience a large amount of tactile
contact shortly after birth from both parents in the form
of licking and grooming, often directed at the pup’s
orofacial region [5, 6] (shown in Fig. 1a, b). As in other
rodents, the perioral region is sensitive to tactile stimu-
lation and subserves ethologically relevant behaviors,
including parent-to-parent and parent-to-pup tactile
interactions. As adults, prairie voles engage in social
behaviors with their partners, including licking, allog-
rooming, and sniffing. Such social behaviors, specifically
after mating, influence paternal behaviors shown by male
prairie voles. Tactile cues from females toward their
partners during gestation increase the males’ propensity
to engage in physical contact with infants [5]. The be-
haviors between parents and between parents and off-
spring rely, to a large extent, on the somatosensory system
to support these social and parenting styles. Such be-
haviors are absent from long-term conspecific interac-
tions in other nonmonogamous rodents [7]. These be-
havioral specializations are likely supported by the pri-
mary somatosensory cortex (SI; see Table 1 for
abbreviations). In fact, natural variation in the amount of
licking and grooming a prairie vole pup receives is as-
sociated with differences in cortical field size and the
distribution of corticocortical connections [8, 9], indi-
cating that tactile stimulation in developing voles has a
large impact on the somatosensory system.

While the relationship between social and behavioral
specializations and the organization and function of sub-
cortical structures [10], as well as behavioral neuroendo-
crinology [11], have been well documented in this and other
species of voles, there is relatively little known about the
coevolution of these same behaviors with the organization
of the sensory cortex. A previous electrophysiological re-
cording study in our laboratory examined the organization
of the sensory cortex and the gross topography of the
primary somatosensory area in prairie voles [12]. However,
this study did not explore the detailed organization of the
perioral representations, which are critical for generating
adaptive behaviors in these animals. The current study is
part of a larger effort to study the neuroanatomical and
functional underpinnings of social behavior in prairie voles.
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Here, we utilize multiunit electrophysiological recording
techniques to define the detailed organization of the perioral
representations in the primary somatosensory area (S1), a
cortical field that processes tactile inputs that define the
unique behaviors of the prairie vole.

Methods

All subjects were born and housed in the UC Davis
Psychology Department vivarium. These animals were
descendants of a wild stock originally caught near Cham-
paign, Illinois. The animals were pair-housed in small
laboratory cages (27 x 16 x 13 cm) in which food and water
were available ad libitum. All animals were maintained on a
14:10-h light/dark cycle, with the lights on at 6:00 a.m. All
experiments were performed under National Institutes of
Health guidelines for the care of animals in research and
were approved by the Institutional Animal Care and Use
Committee of the University of California, Davis. The
detailed organization of the face and perioral representa-
tions in the somatosensory cortex was examined in 9 adult
prairie voles (M. ochrogaster) using multiunit electro-
physiological recording techniques (see Table 2 for animal
information). In all, 11 females and 14 males ranging in age
from 5 months to 1.5 years were used in this study.

Surgical Procedures

Animals were initially anesthetized using isoflurane
(2-5%) infused inside an acrylic induction chamber and
then given intraperitoneal injections of 30% urethane
(150 mg/kg) diluted in phosphate-buffered saline (pH =
7.4) in two doses 20 min apart, followed by subcutaneous
injections of ketamine hydrochloride (30 mg/kg). Sup-
plemental doses of urethane (150 mg/kg) or ketamine
(0.5-10 mg/kg) were administered as needed for the
remainder of the experiment. Respiration rate, body
temperature, and pinch reflexes were monitored to ensure
animals maintained a stable level of anesthesia. If sup-
plemental ketamine was necessary to keep the animal
anesthetized while supplemental doses of urethane took
effect, we paused the collection of neural data until the
ketamine was cleared, as indicated by the lack of spon-
taneous bursting activity in cortical neurons. Once an-
esthetized, animals were placed in a stereotaxic apparatus,
and the eyes were covered with ophthalmic ointment. An
incision was made along the midline of the scalp; three
screws were placed on one side of the skull to provide
anchor points for a head post. The craniotomy, which
extended from the occipital lobe to the frontal pole, was
made over the opposite hemisphere. The dura overlying
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Fig. 1. Images of prairie vole morphology. a View of the perioral
area of a prairie vole. The arrows show the division between the
lateral furry upper lip and the medial upper lip, marked by a
transition from thick pelage to sparsely distributed microvibrissae
that line the edge of and curve into the oral cavity. The division
between the macrovibrissae of the caudal lower lip and the mi-
crovibrissae of the rostral lower lip is similarly marked by a re-
duction in pelage close to the oral cavity. b Dorsal view of the head
of the prairie vole. The dorsal aspect of the mystical whisker pads is
visible. The scale bar in a represents 1 c¢m, and the scale bar in
b represents 4 cm.

the exposed cortex was removed, and liquid silicone was
placed over the brain to prevent desiccation. Once the
surgery was complete, the animals were removed from
the stereotaxic frame, and the screws and skull on the
contralateral hemisphere were secured to a head post with
dental cement. This allowed full access to tactile stimu-
lation of the face and body.

Multiunit Electrophysiological Recording Procedures

A digital image of the exposed cortical surface was
taken using a Nikon (DSLR 5200) digital camera to relate
electrode penetration sites to the surface blood vessel
patterns (shown in Fig. 2a). Using a micromanipulator,
an electrode was lowered to layer 4 (approximately
400 um from the pial surface). Once the electrode was in

Perioral Representation in Prairie Vole
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Table 1. List of abbreviations

Abbreviations

ALBSF Anterolateral barrel subfield
Aud Auditory cortex

EN Extranumerary barrel

FLBSF Frontal limb barrel subfield
LJBSF Lower jaw barrel subfield

M1 Primary motor cortex

PMBSF Posteromedial barrel subfield
OB Olfactory bulb

Pyr Pyriform cortex

PV Parietal ventral area

S1 Primary somatosensory cortex
S2 Secondary somatosensory cortex
Vi Primary visual cortex

place, tactile stimulation was manually delivered to dis-
crete body regions using fine hand-held probes, paint-
brushes, and Von Frey hairs. Extracellular population
activity was recorded on-line using tungsten electrodes
(FHC, Inc., Bowdoin, ME, USA) with an impedance of
3-5 MQ. Neural activity was amplified using a head stage
preamp, an amplifier with a built-in bandpass filter (low
bound: 100 Hz, high bound: 5,000 Hz) (A-M Systems,
Sequim, WA, USA), and sampled at 28,000 Hz with a
DAQ (Power 1401 Mark II, CED, Cambridge, England).
The signal was then played through a speaker and
concurrently viewed as a voltage trace on a simulated
oscilloscope using Spike 2 software. Signal quality
(qualitative SNR) was assessed by auditory and visual
inspection of the waveforms. The receptive field size and
location was recorded manually on schematic images of
voles. These procedures are commonly used in studies
that examine the organization of S1 in a variety of
mammals [12-15]. We focused on the representation of
the head, face, and perioral structures but mapped
portions of the representations of the forelimbs and
trunk. Descriptions of the receptive fields and the type of
stimulation required to elicit a response were docu-
mented, and the size, shape, and location of receptive
fields were drawn on scaled illustrations of the vole body.

When the multiunit electrophysiological recording
was complete, fluorescent fiducial probes (a single elec-
trode dipped in Fluoro-Ruby: 7-10% in distilled water;
KMS Medical Surgical Supplies) were inserted at strategic
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Table 2. Animal information

Animal Date of birth Date of death Age Sex Body weight, g Responsive sites Unresponsive sites Total
No.

18-179  July 04, 2018 October 19, 2018 195 Female 50 68 30 108
19-14  May 23, 2018 March 13, 2019 294 Male 94 60 30 20
19-41 January 05, 2018 June 17, 2019 412 Male 56 57 33 90
19-44 January 05, 2018 June 21, 2019 416 Male 63 87 29 116
19-68 May 21, 2018 July 24, 2019 429 Male 66 74 50 124
19-70 August 19, 2018 December 23, 2019 491 Male 70 54 31 85
19-72 January 09, 2018 January 17, 2020 504 Female 62 60 33 93
19-94  October 17, 2018 February 29, 2020 501 Female 54 48 28 76
19-95  March 11,2018  March 15, 2020 498 Male 64 56 32 88
Average 415.7 64.3 62.7 32.8 95.6

Fig. 2. Method of reconstructing electrode penetrations from
multiunit electrophysiological recording experiments to histo-
logically processed tissue in the vole neocortex. a Digital image of
the brain surface of case 18-179 in which estimated electrode
penetration locations (dark circles) were marked relative to the
cortical vasculature during the experiment. b Superficial section of
tangentially sectioned cortex stained for CO to reveal cortical

locations in the cortex to assist with data reconstruction
(see below). Animals were then given a lethal dose of
sodium pentobarbital (390 mg/kg; IP) and were perfused
transcardially with phosphate-buffered saline followed by
2% paraformaldehyde in phosphate buffer (PB; pH = 7.4)
and then with a 2% paraformaldehyde in PB with 10%
sucrose added. The brains were then extracted from the
skull, and the cortex was separated from underlying brain
structures and manually flattened between glass plates.
The tissue was postfixed in 4% paraformaldehyde in PB
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vasculature. White circles denote the corresponding electrode
penetration site tracts and are marked relative to cortical vascu-
lature found on stained tissue sections. The black and white stars
indicate the location of a fiducial marker (a large electrode pen-
etration track marked with fluorescent dye), which was made
during the experiment and used as part of the layer registration
process. Scale bars in a and b represent 1 mm.

for 1 h and then transferred to a 30% sucrose PB solution
for 12-48 h.

The cortex was cut into sections tangential to the pial
surface on a freezing microtome. The first two superficial
sections were cut at a thickness of 70 pm and processed
for cytochrome oxidase (CO) to reveal the surface blood
vessel patterns (shown in Fig. 2b). The subsequent sec-
tions were cut at a thickness of 30 um and were saved in
two series: one processed for CO (shown in Fig. 2b) [16]
and the second processed for myelin (shown in Fig. 3)
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Fig. 3. Organization of the vole neocortex revealed by myelin
stains. A section of flattened cortex was tangentially sectioned and
stained for myelin. Primary areas S1, V1, and Aud stain darkly for
myelin, and M1 stains moderately for myelin, as does S2 and PV.
The entire series of myelin-stained cortical sections were used to
identify the borders of sensory areas, as all borders of an area are
often not seen in a single section. Solid black lines mark cortical
field boundaries. The scale bar represents 3 mm. See Table 1 for
abbreviations.

[17]. Once processed, sections were mounted onto glass
slides and then coverslipped. Digital images were then
taken of each section using an Aperio ScanScope or a
Microfire camera (Optronics, Goleta, CA, USA) mounted
to a Nikon E400 microscope. Images were cropped and
adjusted for brightness (Adobe Inc., San Jose, CA, USA)
and contrast but were otherwise unaltered.

Map Reconstructions and Measurements

Functional maps were related to anatomically defined
cortical field boundaries by aligning the digital image
taken before electrophysiological recording (seen in
Fig. 2a) with images of processed tissue sections (seen in
Fig. 2b) using Adobe Illustrator [18]. The entire series of
sections were processed to reveal anatomical borders and
were used to determine the extent of S1 by aligning
fluorescent probes, blood vessels, and other landmarks
across subsequent tissue sections. Once the physiological
data were directly related to cortical architecture, Voronoi
tessellations were created with an Adobe Illustrator script
(https://github.com/fabianmoronzirfas/illustator-
JavascriptVoronoi) based on the location of the electrode
penetration sites found in images of stained tissue sec-
tions. This script creates borders at equidistant locations
among adjacent electrode penetrations found on images
of stained tissue sections (Fig. 2b). Voronoi Tessellations
are more precise than hand-drawn interpolation lines
traditionally used for constructing cortical functional

Perioral Representation in Prairie Vole
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maps [18, 19] and is consistent with methods previously
used for measuring the relative size of representations
within sensory maps [20-23]. Once maps were re-
constructed, individual electrode penetrations were
characterized as representing either the “face” or the
“body.”

Further distinctions within the face representation
included the macrovibrissae of the mystacial pad, the
nose, the dorsal and lateral face, and the perioral struc-
tures around the mouth. Body representations were
further distinguished into neck, arm, forepaw, and
forelimb representations. The hindlimb, trunk, and tail
were not explored. The perioral region was divided into
medial and lateral upper lip, rostral and caudal lower lip,
teeth, and nose. For a complete list of the body part
representations and average measurements, see online
supplementary Table 1 (for all online suppl. material, see
https://doi.org/10.1159/000543248). The size of the pri-
mary somatosensory cortex, the size of the cortical sheet,
and the size of the barrel cortex were also measured. We
restricted our measurements to those cases that showed a
complete posteromedial barrel subfield (PMBSF) and
anterolateral barrel subfield (ALBSF). (Measurements of
S1 were calculated as a percentage of the cortical sheet,
and measurements of the barrel field were calculated as a
percentage of the overall size of S1 (Table 3)). Each area of
the barrel field was measured separately, and the septa
between each barrel structure were included. The re-
ceptive field data drawn onto scaled illustrations of
multiple views of the vole body were reconstructed in
Adobe Illustrator and measured using Image] software.

Receptive Field Measurements

Receptive fields of populations of neurons were drawn
onto scaled drawings of prairie voles. These receptive field
drawings were scanned and digitized in Adobe Illustrator
and measured in Image] (Fiji) [24]. Each receptive field
was then assigned to the body part parcellations divided
into medial and lateral upper lip, rostral and caudal lower
lip, furry buccal pad, teeth, nose, dorsal and lateral face,
and macrovibrissae. Receptive field measurements can be
found in Table 4.

Statistical Analysis

Voronoi tessellations allowed us to group discrete body
part representations of the perioral area, such as the lower
lip, upper lip, or nose, to generate maps of the perioral
regions. (A full list is found in online suppl. Table 1.) It is
likely that the rostrolateral extent of S1, where teeth and
tongue representations have been found in other rodents
[25-27], was not fully mapped, as it was difficult to access
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Table 3. Architectonic measurement results

Animal  Cortical sheet S1 S1 area, % of  ALBSF ALBSF, % PMBSF PMBSF, % LJBSF LJBSF, %
No. size, mm? area, cortical sheets area, mm? of S1 area, mm?2 of S1 area, mm? of S1
mm?2
18-179 75.52 10.01 13.25 1.43 13.51 147 13.92 NA NA
19-14 65.09 15.00 23.04 1.44 9.41 2.09 13.59 0.37 246
19-41 67.74 15.45 22.80 1.01 7.88 141 11.03 0.34 2.67
19-44 68.27 13.00 19.04 NA NA NA NA NA NA
19-68 62.68 11.74 18.73 1.20 10.53 1.40 12.26 044 3.91
19-70 46.60 10.96 23.51 1.62 12.42 1.96 14.98 0.52 3.98
19-72 71.36 15.97 22.38 NA NA NA NA NA NA
19-94 47.97 13.03 27.16 1.38 12.53 1.40 12.76 0.58 5.34
19-95 47.03 11.34 24.12 NA NA NA NA NA NA
Average 61.36 12.94 21.56 1.35 11.05 1.62 13.09 0.45 3.67
SD 11.22 2.13 4.03 0.21 2.15 0.31 1.38 0.10 1.16

Table 4. Median receptive field size per body part (in mm?)

Body part Median, mm?2 MAD, mm?
Caudal lower lip 4,05 2.67
Rostral lower lip 1.75 0.71
Dorsal face 2.65 0.76
Furry buccal pad 0.37 0.02
Lateral face 11.15 1.46
Lateral upper lip 342 0.45
Nose 2.1 1.64
Medial upper lip 1.6 0.85
Macrovibrissae 2.22 0.98

in our experimental setup. The receptive field measure-
ments were not normally distributed due to sample bias
inherent in our experiment (we focused our population
activity recording on the perioral area and head [online
suppl. Fig. 1]). Thus, we calculated the median and
median absolute deviation of receptive field measure-
ments for neurons within the body part representations
that compose the perioral region and for neurons in other
body part representations of the head. We used a Mann-
Whitney U test to quantify differences between the re-
ceptive field sizes found on different body parts. To
generate average measurements across the entire subject
pool, we explored the possibility of sex differences using a

6 Brain Behav Evol
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Mann-Whitney U test. We explored sex differences in the
relative size of S1 (male = 6, female = 3) and the barrel
fields (male = 6, female = 3). For all tests, « = 0.05.
Receptive field sizes between the face and the rest of the
body were compared using a two-tailed ¢ test (n = 5).

Results

In the following results, we first describe the histo-
logical boundaries of S1 in tissue that was sectioned
tangentially and stained for myelin. We then detail the
organization of the barrel fields in S1 identified using
CO stains. Following this, we describe the detailed
functional organization of the perioral representations,
the relative amount of S1 that they occupy, and the
receptive field size for neurons in different regions of the
perioral representation.

Cortical Myeloarchitecture

The architectonic boundaries of different cortical fields
determined using myelin stains have been previously
described for voles in our laboratory [8, 12]. Briefly, here
we found that the primary cortical areas, including S1,
were darkly myelinated compared to surrounding fields
and dominated most of the cortical sheet (shown in Fig. 3;
Table 3). S1 was a large, irregularly shaped field that
stained darkly for myelin compared to the moderately
staining motor cortex, which was just rostral to SI.
The average size of architectonically defined S1 was
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12.94 mm” + 2.13 (SD) and assumed 21.56% + 4.03 (SD)
of the cortical sheet. The border between S1 and cortical
fields S2/PV, which are known to be adjacent to the
caudolateral border of S1 in other rodent species, was
readily distinguished since S2/PV stains moderately for
myelin compared to S1 and the auditory cortex (shown in
Fig. 3). A small strip of cortex between the caudal
boundary of S1 and the rostral boundary of V1 stained
lightly while V1 stained darkly for myelin. As in other
rodents studied, the auditory cortex was also round and
stained darkly for myelin (shown in Fig. 3).

In cortex stained for CO, cortical fields were less
distinct. However, CO stains revealed well-defined barrel
fields that extended from caudomedial to rostrolateral
aspects of the lateral portion of S1 along with less ap-
parent barrel zones in the rostromedial aspect of S1
(shown in Fig. 4). These architectonically defined barrel
fields were coextensive with functionally defined regions
of the mystical vibrissae, the perioral structures (see
below) and with structures found on the forepaw, similar
to that described for mice and rats [28]. Myelin and CO
stains were aligned to electrode penetration sites using the
location of fiducial probes and blood vessel patterns,
which allowed us to confirm the location of our electrode
penetrations and their relationship to cortical field
boundaries and underlying barrel structures. The regis-
tration of CO and myelin-stained tissue with electro-
physiologically defined perioral representations also al-
lowed us to quantify the extent of cortex occupied by
different body part representations.

The Barrel Fields

As with other rodents, prairie voles possess several
barrel subfields corresponding to whiskers located on
different parts of the body, primarily around the perioral
area and the mystacial pad. The PMBSF and ALBSF
dominated S1 and corresponded to electrophysiological
representations of macro- and microvibrassae of the face
and the upper jaw including the microvibrissal medial
and lateral upper lip, while the lower jaw barrel subfield
(LJBSF) corresponded with the representations of macro-
and microvibrissae on the caudal and rostral lower lip. In
several cases, the frontal limb barrel subfield (FLBSF) that
represents the whiskers and paw pads of the forelimbs
was visible in tissue stained for CO. However, the present
study did not examine these structures in detail (shown in
Fig. 4a2, b2). The PMBSF barrels of the prairie vole are
organized in five rows and six columns, which corre-
sponded with the representation of individual macro-
vibrissae within the mystacial pad on the face of the
prairie vole. Here, we term the PMBSF by the traditional

Perioral Representation in Prairie Vole
Somatosensory Cortex

nomenclature for rats and mice; the first caudal column of
straddling vibrissae was composed of four barrels iden-
tified by Greek letters 9§, y, , and a. The remaining barrel
structures in the PMBSF form a rough grid and are ar-
ranged in columns - one through five, and in five
rows — A, B, C, D, and E in the medial to lateral direction.
These rows and columns of barrels correspond to the
rows and columns of the macrovibrissae in the mystacial
pad (shown in Fig. 4d, e). In some cases, a single ex-
tranumerary whisker was observed to dorsally straddle
columns 2 and 3, and this corresponded to a barrel-like
structure observed in the caudal-lateral aspect of the a
barrel (shown in Fig. 4d). To our knowledge, prairie voles
are the only rodent to have been documented with an
extranumerary barrel at this location.

Prairie voles possessed a well-defined ALBSF, which
corresponded in part to the representation of the mi-
crovibrissae located on the surface of the upper lip,
similar to mice and rats (shown in Fig. 4e) [29, 30]. The
organization of the ALBSF relative to individual micro-
vibrissae located in the perioral area was unclear as the
arrangement of follicles for these small vibrissae was
challenging to observe amidst the surrounding pelage.
Unlike many rodents, the pelage between vibrissae does
not become significantly thinner until very close to the
mouth, making the follicle of the 45 microvibrissae dif-
ficult to localize. However, we identified some hairs as
vibrissae instead of pelage due to their length, stiffness,
and stereotyped shape. The LJBSF within S1 corre-
sponded to the representations of the rostral and caudal
lower lip of the prairie vole. The LJBSF, as it appeared in
tissue stained for CO, was diffuse and contained irreg-
ularly shaped barrel structures (shown in Fig. 4a-c). We
measured the area occupied by the ALBSF, PMBSF, and
LJBSF individually to estimate the area occupied by the
functional representation of the perioral structures. The
PMBSF measured 1.62 mm? + 0.31 (SD) and composed
13.08% =+ 1.38 (SD) of S1. The ALBSF measured
1.35 mm? + 0.23 (SD) and composed 11.04% + 2.15 (SD)
of S1. In comparison, the LJBSF measured 0.45 mm? +
0.101 (SD) and occupied 3.67% * 1.16 (SD) of S1. Using a
Mann-Whitney U test, we found no sex differences in the
overall size of the barrel cortex (U = 11.0, p = 0.69)

Topographic Organization of Perioral Structures and

the Vibrissae Representation in S1

Multiunit electrophysiological population recording
techniques allowed us to generate detailed maps of the
perioral representations in prairie voles (shown in Fig. 5,
6; see online suppl. Fig. 2). Neurons in S1 responded to
light tactile stimulation of the macrovibrissae on the
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mystacial pad, the microvibrissal structures and pelage
found in the lateral and medial upper lip, the macro- and
microvibrissae of the lower lip, as well as the tongue,
teeth, and furry buccal pad. We also found representa-
tions of the dorsal face surrounding the contralateral eye,
the lateral face caudal to the mystacial pad, the ventral
neck, and the proximal forelimb and forepaw. As with
other rodents and mammals, the forelimbs and the neck
were represented medially, while the head, face, and
mouth structures were located laterally in S1 (as shown in
Figs. 5¢, d; 6¢, d; 7a, b).

Macrovibrissae are organized in a matrix of five rows
(A-E) and five columns (1-5) with an additional column
of four whiskers denoted by Greek letters as previously
described (shown in Fig. 4e). This functional represen-
tation of the macrovibrissae corresponded with the
PMBSF barrel structures shown in Figure 4e. Not all
electrode penetrations coincided with a barrel; thus, not
all sites showed a principal vibrissa in the resulting re-
ceptive field. The organization of the macrovibrissae was
similar across all cases (shown in Fig. 5, 6). Located just
rostral to the representation of the macrovibrissae were
the representation of the lateral upper lip and the medial
upper lip, and the representation of the lower lip (shown
in Figs. 5, 6). Microvibrissae form a continuous array
encompassing the rostral extent of the macrovibrissal
field to the furry buccal pad inside the oral cavity. Al-
though it is challenging to distinguish microvibrissea
from typical pelage, the microvbrissae located on the
medial upper lip curve inward toward the buccal cavity,
partially obscuring the upper incisors at the most roestral
part of the medial upper lip (shown in Fig. la). The
sensory representation of the microvibrissae and the
sorrounding hair-bearing areas of the lower and upper
lips in the primary somatosensory cortex (S1) is orga-
nized along a continuous anterior-to-posterior axis, with
the midline of the rostral lower lip being represented most
anteriorly in S1 and progressing toward the corner of the
mouth in a caudal direction (shown in Fig. 7a, sites 1-3).
The surface of the lateral upper lip extended further
caudally in S1 to just below the nose (shown in Fig. 7a,

Fig. 4. Organization of the orofacial region’s barrel field in layer 4
of the prairie vole S1. a1, a2 Digital images of the barrel field from
adjacent flattened and tangentially cut tissue sections stained for
CO, showing the locations of individual barrels in case 19-68.
a3 Schematic of barrels drawn from tissue stained for CO in
(a1, a2). The dark line delineates the border of S1. The border of
S2/PV is demarked lateral to the PMBSF. b1, b2, c1 Digital
images of barrel fields in cases 19-72 and 19-94. b3-c2 Repre-
sentative schematics of complete reconstructions showing the

Perioral Representation in Prairie Vole
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sites 4-6). The nose is represented further caudal still
(shown in Fig. 7a, site 7), while the tip of the snout and the
dorsal aspect of the snout near the eye are at the extreme
caudal position in S1 (shown in Fig. 7a, sites 8 and 9). The
representation of the surface of the upper lip, including
the microvibrissae, corresponded with the ALBSF, and
the representation of the surface of the lower lip mapped
onto the LJBSF. Representations of individual micro-
vibrissae were impossible to identify as it was difficult to
distinguish microvibrissae from the surrounding pelage
(shown in Fig. 1a).

Representations of structures that compose the inside
of the mouth, including the teeth, tongue, and furry
buccal pad, were located laterally in S1. However, these
representations were hard to access in this study due to
their far lateral location in the cortex. The furry buccal
pad inside of the mouth was densely covered in hairy
structures. However, this area occupied a small portion of
the rostral and lateral aspect of S1, lateral to the repre-
sentation of the microvibrissae of the upper lip (shown in
Figs. 5, 6).

Medial to the representations of the upper lip was the
representation of the lower lip, which we divided into
caudal and rostral surfaces. We noted the existence of
large vibrissae on the furry aspect of the caudal lower
lip. These vibrissae did not extend to the most rostral
aspects of the rostral lower lip. Instead, the pelage became
less dense, and smaller microvibrissae dominated the
rostral tip of the rostral lower lip, which progressed into
the oral cavity (shown in Fig. la). The cortical repre-
sentation of the vibrissae on the lower lip was found
caudal to the cortical representation of the microvibrissae
on the rostral lower lip. The vibrissae situated closer to the
inside of the mouth were represented in the most rostral
extent of S1. The topography of the structures that
compose the perioral region was similar at a gross level
across cases, although there was variability in the details
of these representations. The representation of the ventral
neck and caudal lower lip was located medially and
slightly caudally to the representation of the rostral lower
lip. As with other rodents, the ventral portion of the body

barrel field as in a3. d Divisions of the barrel subfields in prairie
vole and classic terminology used to describe them. The colors
delineate the boundaries between different barrel subfields.
e Drawing of the lateral aspect of the prairie vole snout. The small
circles represent the macrovibrissae of the mystacial pad. The
row letters and column numbers indicate the identity of the
whisker as it relates to the barrel cortex, denoted in other rodents.
Scale bars represent 1 mm. M, medial; L, lateral. See Table 1 for
abbreviations.
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Fig. 5. Functional organization of the
perioral representations in S1 in prairie
voles. a Dorsolateral view of the brain of
case 18-179 depicts the location of S1 on a
dorsolateral view of the neocortex. b Map
of the functional organization of the or-
ofacial region produced from multiunit
electrophysiological recordings. Black dots
represent electrode penetration sites with
Voronoi polygons drawn and colored to
represent the corresponding functional
body part representation revealed from
tactile stimulation to the contralateral side
of the body. Xs represent electrode pene-
tration sites where neurons did not respond
to tactile stimulation. The solid black lines
indicate the borders of S1 identified from
tissue sections stained for myelin. ¢ Dor-
solateral view of the brain of case 19-94
depicting the location of S1. d Map of the
functional organization of the orofacial
region as described in b. e Drawings of the Nose
ventral upper half of the prairie vole body. e
f Drawing of a lateral view of the head and
face. Colors in b and d represent the major
body parts of the prairie vole depicted in
e and f. Bottom: key of color-coded body
parts. Scale bars present in a and ¢ repre-
sent 5 mm. Scale bars present in b and
d represent 1 mm.
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and head was represented rostrally, and the dorsal por-
tions of the head and body were represented caudally.
Receptive field progression within the perioral area is
illustrated in Figure 7.

Receptive Field Size

We measured the size of receptive fields for groups of
neurons in the perioral representations of S1 with a single
electrode. Receptive field sizes were then expressed as
median and MAD. We found that the smallest receptive
fields were for neurons representing the furry buccal pad,
the medial upper lip, and the rostral lower lip. Receptive
fields on the rostral lower lip measured 1.75 mm? + 0.71

10 Brain Behav Evol
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(MAD) (shown in Fig. 7c), while the receptive fields on
the medial and lateral upper lip measured 1.6 mm? + 0.85
and 3.42 mm? + 0.45, respectively (shown in Fig. 7c).
Receptive fields on the caudal lower lip were larger and
measured 4.05 mm? * 2.67. Receptive fields of the
mystacial macrovibrissae encompassed an average of 1-4
individual vibrissae surrounding a principal vibrissa and
measured 2.22 mm? + 0.98. These receptive fields sur-
rounded the principal whisker but could be asymmetrical.
The receptive fields on the nose measured 2.1 mm? + 1.64.
Curiously, the receptive fields on the dorsal face were
small and measured 2.65 mm? * 0.76, while the receptive
fields of the lateral face were much larger, 11.15 mm? +

Pineda et al.
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Fig. 6. Functional organization of the perioral representations in S1
in prairie voles. a Dorsolateral view of the brain of case 19-70 de-
picting the location of S1. b Map of the functional organization of the
orofacial region produced from multiunit electrophysiological re-
cordings. ¢ Dorsolateral view of the brain of case 19-72 depicting the

Perioral Representation in Prairie Vole
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location of S1 within the whole brain. d Map of the functional
organization of the orofacial region. e, f Drawings of the ventral
upper half of the prairie vole body (e) and lateral aspect of the head
and face (). Conventions as in Figure 5. Scale bars present in a and
¢ represent 5 mm. Scale bars present in b and d represent 1 mm.
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Fig. 7. Receptive field progression for
neurons in the perioral face representation.
a Illustration of S1 with a progression of
electrode penetration sites from rostral to
caudal (1-9). Numbers correspond with
select receptive fields drawn on body parts
in b. b Schematic of the vole’s face, showing
the locations and shapes of the receptive
fields highlighted in a. Note that as elec-
trode penetration sites progress from rostral
to caudal, receptive fields move from ven-
tral to dorsal surfaces of the head and face.
The macrovibrissae of the mystacial pad are
represented directly lateral from the fore-
limb (not shown), marked by the prom-
inent PMBSF. The nose is represented
lateral to the PMBSF and marked by two
barrel-like structures that extend rostrally
from the PMBSF (sites 7 and 8). The ventral
surface of the head is represented rostrally
to the macrovibrissal representation and
PMBSF, with the surface of the distal lower
lip represented rostral to the proximal lower
lip near the oral cavity (sites 1-3). The
functional representation of the lower lip is
marked by the LJBSF. The surface of the 12
upper lip is found lateral and caudal to the
lower lip representation and marked by the
ALBSF (sites 4-6), with the medial upper
lip represented caudally (sites 5-7) and the
lateral upper lip represented rostrally. ¢ Bar
graphs showing the median size of receptive
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fields of the perioral region, snout, and ? J i

forelimbs in mm?. The error bars represent
the median absolute deviation. The small
scale bar in a represents 5 mm. The large
scale bar in a represents 1 mm. R, rostral;
M, medial.

’ Q@_ wa- @
@f@yf@g
c

&8

5

1
Receptive Field Size (mm?)
L w £

hguill

& o o & Perioral Body
f @“\ & & ,,;p‘e & Receptive Fiald Location
& i
&

Body Part

1.46. Receptive fields of the perioral region were signif-
icantly smaller than those of the rest of the face (U= 1,373,
p = 0.0005740) (shown in Fig. 7c right), while no bio-
logical sex differences were found (U = 3,615.5 p = 0.103).

Discussion

In the current investigation, we utilized multiunit
electrophysiological recording techniques to define in
detail the functional representations of the perioral
structures and vibrissae in S1 in prairie voles. As noted
previously, the sensory structures on these portions of
the face are associated with critical behavioral special-
izations in this species. We found that most of S1 is
occupied by the representations of the orofacial region,

12 Brain Behav Evol
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particularly the macrovibrissae and upper lip, and that
receptive fields for populations of neurons in these areas
are small relative to other body parts. We also identified
distinct histologically defined barrel fields within S1 that
were coextensive with functional maps of the whiskers of
the perioral region and the mystacial pad. In the fol-
lowing discussion, we compare the organization of the
perioral representations in the prairie vole with those of
other rodents, emphasizing the magnification of etho-
logically relevant body parts and the niche these rodents
occupy.

Perioral Representations in S1 of Rodents

The cortex of the prairie vole contains a large primary
somatosensory area (S1), which consists of a complete
somatotopic map of the contralateral body as found in

Pineda et al.
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other rodents such as rats, mice, hamsters, squirrels, naked
mole rats, beavers, and capybaras, and in other mammals
[31-34]. As in other mammals, the functional represen-
tation of S1 in prairie voles is inverted, with the orofacial
representations located laterally and the hind limbs and tail
representations located medially (see Krubitzer et al. [25]
for review). The barrel cortex of the prairie vole, like that of
mice, rats, and other rodent species, is divided into
multiple subfields with some variation across species.
These fields represent the mystical vibrissae (PMBSF) and
the microvibrassae in and around the orofacial area in the
upper and lower jaw (ALBSF, LJBSF). Barrel structures
located medial to the L]JBSF are known to represent the toe
pads of the forepaw (FLBSF) and hindlimb toe pads in rats
(hindlimb barrel subfield).

Early comparative work in rodents showed great
variability in the organization, relative size, and ap-
pearance of the barrel structures in S1. For example, out
of the 15 rodents examined by Woolsey and colleagues
[35], the capybara and the beaver had no visible barrel
structures in S1, while the barrels of the muskrat (another
cricetid rodent) and squirrels are relatively diffuse and
undifferentiated [35]. We found that much of the barrel
cortex of the prairie vole is distinct and easily discernible
histologically and functionally, except for the most rostral
aspects of the ALBSF and LJBSF where barrels appear less
structured (shown in Fig. 4). The appearance of the L]BSF
in the prairie vole contrasts with that of the rat in the
shape and definition as described by Pellicer-Morata and
colleagues [36]. The rat possesses well-defined barrel-like
structures representing vibrissae on the forelimb and
hindlimb. In contrast, the prairie vole FLBSF was diffuse
but present, while the hindlimb barrel subfield was not
observed (shown in Fig. 4a, b) [36].

Magnification of Behaviorally Relevant Body Parts in

S1 of Rodents

While previous qualitative studies indicated that
prairie voles likely have a significant representation of
the macrovibrissae in S1 [12], in the current study, we
found that the overlapping functional and histologi-
cally defined anatomical representations of the mac-
rovibrissae PMBSF encompassed 13.98% of S1. In
contrast, the representation of the perioral area, mainly
the representation of the lateral and medial aspects of
the upper lip overlaying the ALBSF, encompassed
11.04% of S1 (shown in Fig. 8a). However, it should be
noted that using architectonic measurements of the
barrel field as a proxy for functional body represen-
tations may underestimate the extent of such repre-
sentations, as electrophysiological studies show that

Perioral Representation in Prairie Vole
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these representations can spill outside of architecton-
ically defined barrel fields [37].

Although scientists generally consider “rodents” as
animals that rely heavily on their macrovibrissae with a
magnification of the representation of these structures
found in S1, this is only true for some rodents. Cortical
magnification of the macrovibrissae of the mystical pad
dominates S1 of rats (20% [31]) (shown in Fig. 8). In
contrast, the size of the forepaw representation in the
grasshopper mouse (Onychomys leucogaster) is relatively
large (17.5%) (shown in Fig. 8) compared to that of the
rat. However, the size representations of the macro-
vibrissae and intraoral structures appear comparatively
large, though the size of S1 was not directly measured
[13]. Examples of cortical magnification of the repre-
sentation of body parts in other species include the buccal
pad and lip surfaces in S1 of gray squirrels (19% and 32%,
respectively) (shown in Fig. 8b) [33, 40], the buccal pad in
capybaras (though only the representation of the head
was measured) (80%) [32], and the lower lip, upper lip,
and intra-oral structures in agoutis (33%) [41] (shown in
Fig. 8b). Similar magnifications of the upper lip have been
observed in the California ground squirrel [14]. One of
the most dramatic and well-known examples of this
phenomenon in rodents is the magnification of the
representation of the upper and lower incisors in the
naked mole rat, which occupies 31% of S1 [27]. Also of
note in the naked mole rat is the enlargement of the
representation of the buccal surfaces, which encompass
11.50% of S1, surround the teeth, and extend outside the
buccal cavity [15, 27].

What Do Animals Do with These Morphological

Specializations?

Cortical magnification of the representations of dif-
ferent parts of the head and body in S1 reflects their
relative importance for sensory-mediated ethologically
relevant behaviors [25]. This relative enlargement of the
representation of a particular body part or sensory
structure may reflect an increase in the number of re-
ceptors on the body and increased persistent use during
the animal’s lifetime [42-47]. The exact number of re-
ceptors that innervate specific body parts or how the
information from those body parts is processed is poorly
understood in rodents other than mice and rats. How-
ever, findings in rats and mice indicate that neurons in the
orofacial whisker representation process important sen-
sory information required to generate complex etho-
logical behaviors such as sensory-guided locomotion,
food localization, and social behaviors [15, 27], and this is
likely the case in other rodents, including prairie voles.
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Fig. 8. Magnification of different
structures of the face and body in
different rodents shown schemati-
cally. a Drawing of the whole brain
of a prairie vole (left) depicting S1,
and the approximate location of the
perioral representation (red inset).
The “vole-unculus” (right) provides
a graphical representation of cor-
tical magnifications in the prairie
vole S1. Note the expanded repre-
sentation of the perioral surfaces
within the primary somatosensory
cortex (S1; left). b Phylogenetic tree
of the rodent order with repre-
sentative species of different fami-
lies listed with accompanying
graphical illustrations of cortical
magnifications. While many spe-
cies studied have enlarged repre-
sentations of portions of the face,
the magnifications are different for
different species (e.g., vibrissae in
rats vs. lips in squirrels). Numbers
at branch nodes indicate reference
time in millions of years ago [38,
39]. The scale bar in a represents
5 mm.
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Grey squirrel
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Most of what we know about the functions and relative
contributions of portions of the body and head with
magnified representations in S1 comes from studies of the
vibrissae. For example, studies of the macrovibrissae in mice
and rats show that while a single whisker can support
accurate texture discrimination, discrimination of infor-
mation at larger spatial scales is mediated by the macro-
vibrissal field as a whole [42, 48]. The macrovibrissae are not
used alone during discrimination tasks but in conjunction
with the microvibrissae, in which their placement upon the
surface of interest is temporally correlated with macro-

14 Brain Behav Evol
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vibrissal use [49, 50]. In addition to tactile discrimination,
the whisker system in rats appears to play a substantial role
in ethologically relevant behaviors. For example, neural
activity in the PMBSF is highest during social interactions
that involve the nose and mystacial vibrissae of rats in a
gender-dependent manner [51]. The extent to which these
findings may generalize to voles is a crucial question to
investigate following the results described in this paper, and
particularly because the vole’s adaptations to monogamy
and biparental care reduce the difference in gender-specific
behaviors compared to other rodents.
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Prairie voles and other biparental monogamous ro-
dents, like the California mouse, appear to use their vi-
brissae and perioral structures for parent-to-parent and
parent-to-offspring interactions, in addition to other
ethological behaviors specific to their niche. For example,
tactile contact between prairie vole-mated parents in-
fluences how male parents interact with their pups. Males
with more direct tactile contact with their mate ap-
proached infants faster and initiated tactile contact with
infants more frequently [5]. In turn, tactile experience
provided by both parents to their offspring appears to
affect the connectivity of the representations in S1 as-
sociated with this contact (e.g., perioral structures [8])
and influence biparental behaviors of the offspring later
in life [7, 52]. Our results show that the perioral region
occupies a particularly large portion of S1 in voles likely
associated with these behavioral specializations.

Given what we know from studies of the vibrissal
system, the cortical enlargement of different body part
representations observed in rodents is likely related to the
contribution of these body parts to ethologically relevant
behaviors. For example, the enlarged forepaw represen-
tation of the grasshopper mouse may be the result of or
support its predatory lifestyle, as it grasps fast-moving
prey [13, 53]. The magnification of the incisor repre-
sentation in naked mole rats is likely related to several
adaptive behaviors, as behavioral observations implicate
incisor use during tunnel excavation, foraging and
feeding, tending to pups, and social interactions with
conspecifics [54]. The relationship between cortical
magnification and ethological behaviors can also be more
subtle in other rodents. For example, capybaras and
squirrels inhabit wide patchy habitats where food quality
and quantity vary widely over seasons [55-57]. Capybaras
live in seasonally flooded open savannas, are selective
consumers of high-quality aquatic and nonaquatic
grasses [38], and are long-term ruminators, particularly
when food quality is low [39]. The enlarged represen-
tations of the lips and buccal surfaces of the capybara and
ground squirrels may be part of a system that allows these
animals to discriminate among food of different nutri-
tional quality and provide sensory feedback during the
manipulation of cached food in the cheek pouches.

The rodent order represents 40% of all mammals,
comprising 2,277 species [25]. The common ancestor of
all rodents was present 80 million years ago [58, 59], and
although rodents have evolved similar overall body plans,
there is remarkable diversity in their morphological
specializations, behavior, and niches, which appear to be
reflected in the organization of S1. Although we have
discussed correlations between cortical magnification and

Perioral Representation in Prairie Vole
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ecological niche, the mechanisms underlying this scaling
remain poorly understood. A central question is: To what
extent are the differences found in the neocortex across
rodents driven by progressive alterations to the devel-
opmental plan of the cortex versus alterations to the
developmental plan of the body? While we formulate this
question as a dichotomy, the reality is that genetically
mediated morphological and cortical alterations likely
happen synergistically in response to environmental
context mediated by epigenetic mechanisms. This brain-
body synergy is capable of remarkable plasticity, and
changes in the use of a structure, like the vibrissae or
perioral regions of the prairie vole, are dynamic and based
on the context in which an individual develops. Variation
in use, for example, in the amount of tactile contact a
prairie vole pup receives can generate modifications in the
cortical representation within S1 over a single lifetime,
which can persist over generations if the environmental
context is stable over time. However, if and how these
alterations ultimately become integrated into the germ
line is unknown. Recent advances in epigenetics offer
clues into how persistent alterations in cortical phenotype
in response to environmental factors can “tweak” de-
velopmental processes that result in stable adaptations
that explain the remarkable diversity observed in the
rodent clade.
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