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Abstract

Although the silver fox (Vulpes vulpes) has been largely overlooked by neuroscientists, it has the 

potential to serve as a powerful model for the investigation of brain-behavior relationships. The 

silver fox is a melanistic variant of the red fox. Within this species, the long-running Russian 

farm-fox experiment has resulted in different strains bred to show divergent behavior. Strains 

bred for tameness, aggression, or without selection on behavior present an excellent opportunity 

to investigate neuroanatomical changes underlying behavioral characteristics. Here, we present 

a histological and MRI neuroanatomical reference of a fox from the conventional strain, which 

is bred without behavioral selection. This can provide an anatomical basis for future studies of 

the brains of foxes from this particular experiment, as well as contribute to an understanding of 

fox brains in general. In addition, this can serve as a resource for comparative neuroscience and 

investigations into neuroanatomical variation among the family Canidae, the order Carnivora, and 

mammals more broadly.
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Introduction

Atlases are a crucial tool for grounding neuroscience research in a detailed understanding 

of brain structure. Here, our aim is to provide a preliminary cytoarchitectonic and MRI 
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anatomical reference dataset of the brain of the silver fox (Vulpes vulpes), a species for 

which there has been genetic and behavioral research (e.g. Woolard and Harris 1990; Trut et 

al. 2009; Soulsbury 2011; Kukekova et al. 2012, 2018; Henry 2013; Díaz-Ruiz et al. 2016; 

Wang et al. 2018), but very little neuroanatomical investigation.

The silver fox is a melanistic variant of the red fox (Kukekova et al. 2012). This species 

belongs to the family Canidae, which also includes gray wolves and domestic dogs. Canid 

species are only distantly related to other members of the order Carnivora, such as ferrets 

and domestic cats (Agnarsson et al. 2010; see Figure 1). Nevertheless, canids are of great 

interest to biologists due to their complex social systems (Kleiman and Eisenberg 1973; 

Dorning and Harris, 2019), large geographic distribution (Padilla and Hilton, 2015), and 

high degree of morphological and behavioral diversity (Macdonald and Sillero-Zubiri 2004).

Of all the canid species, the brain of the domestic dog has been studied the most extensively 

(Ericsson et al. 2013). There are multiple dog brain atlases (Lim et al. 1960; Singer 1962; 

Palazzi 2011; Datta et al. 2012; Czeibert et al. 2019; Johnson et al. 2020), and a number of 

structural and functional dog brain studies (e.g. Hecht et al. 2019; Hecht et al. 2021; Andics 

and Miklósi 2018; Thompkins et al. 2018). By comparison, far less is known about the silver 

fox brain. To date, only a handful of studies have investigated neuroanatomy in this species 

(Najdzion et al. 2009; Wasilewska et al. 2012, Huang et al. 2015; Rowniak et al. 2003, 2020, 

2022; Hecht et al. 2021; Ortiz-Lea et al. 2022).

Although the silver fox has been largely overlooked by neuroscientists, it has the potential 

to be a powerful model for the investigation of brain-behavior relationships. For over 60 

years, members of this species have been selectively bred in the Russian fox experiment 

based on their social interactions with humans (Trut et al. 2009; Statham et al. 2011). Three 

strains have been developed: the tame, aggressive, and conventional strains, originating 

from populations in Eastern North America (Statham et al., 2011). Unlike wild red foxes, 

individuals from the tame strain eagerly approach humans and exhibit affiliative behaviors 

towards them. Meanwhile, foxes from the aggressive strain avoid human contact and are 

defensively aggressive when approached. Foxes from the conventional strain are kept on 

the farm but bred without selection on behavior, and are also avoidant of humans (Trut et 

al. 2009; Statham et al. 2011). Compared to foxes from the tame and aggressive strains, 

conventional farm-bred foxes although have been bred in captivity for over hundred years, 

are thought to behave most similarly to wild silver foxes (Trut et al. 2009).

Here, we provide labeled histological sections of a brain from a conventional silver fox from 

the Russian fox experiment. We also provide a matching MRI section for each histological 

section. Our hope is that this can serve as an anatomical basis for future studies, both 

in silver foxes and among strains, as well as bolster comparative research between canid 

species and other mammals.
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Methods

Tissue preparation

Foxes were provided by the Institute of Cytology and Genetics (ICG) of the Russian 

Academy of Sciences in Novosibirsk, Russia, where the farm-fox experiment has been 

ongoing since 1959. All animal procedures at the ICG were performed in accordance with 

standards for humane care and use of laboratory animals by foreign institutions, Office of 

Laboratory Animal Welfare Assurance F16–00180 (A5761–01). Foxes were euthanized with 

an intravenous overdose of pharmaceutical grade thiopental sodium immediately before the 

sample collection at the farm research facility. The use of thiopental sodium for euthanasia is 

approved by the AVMA Guidelines on Euthanasia. Brain tissue was acquired from 1.5-year 

old male foxes from the conventional strain, i.e., farmed foxes bred without selection on 

behavior. Brains were hemisected immediately following extraction. Left hemispheres were 

prepared by immersion in 10% neutral-buffered formalin and were stored at +4° Celsius for 

approximately 5 years prior to MRI. Before sectioning, tissue was placed on a rocker in a 

series of sucrose concentrations: 3 days in 20% sucrose, 3 days in phosphate-buffered saline, 

1 day in 10% sucrose, 3 days in 20% sucrose, 1 week in 30% sucrose, 3 weeks in 40% 

sucrose. Right hemispheres were preserved for other studies and were not available for this 

endeavor.

Tissue staining

Fixed tissue was sectioned in the coronal plane at 40 μm thickness using a freezing 

microtome (Thermo Fisher HM450, Waltham, MA). The plane of sectioning was chosen 

by identifying an imaginary line connecting the anterior and posterior commissures, and 

sectioning perpendicular to this line. Every 10th section was stained for the Nissl substance 

with thionin using the following protocol: 3× 5 min washes in distilled water (dH2O) were 

followed by a series of dehydrating alcohol incubations, each for 5 min, in 50%, 70%, 95% 

(2x), 100% (2x) ethanol. The tissue was then delipidized in xylene twice for 5 min each, 

followed by a chloroform/xylene incubation for 20 min. The tissue was then once again 

placed in xylene for 5 min and then rehydrated with another series of alcohol immersions, 

each for 5 min in 100%, 95%, 70%, and 50% ethanol. Slides were then washed in dH2O for 

5 min then placed in a thionin solution (940 mL dH20, 37g sodium acetate, 500 mg thionin 

acetate, pH to 4.2 with glacial acetic acid) for 7 min, followed by a dH2O rinse and 70% 

acetic acid for approximately 3 min, 95% ethanol for 1 min, and then 100% ethanol for 2 

min. Tissue was moved to an ethanol/xylene solution for 2 min, and 2 xylene incubations for 

5 min each, then cover-slipped.

MRI Methods

For scanning, specimens were packaged in a plastic jar and stabilized with polyethylene 

beads. The jar was then pumped full of Fluorinert FC-770 (3M). Fluorinert is a fluorocarbon 

which produces no MRI signal and therefore provides a clean background. Images were 

acquired on a 9.4 T/20 cm horizontal bore Bruker magnet, interfaced to an Avance console, 

with Paravision 5.1 software (Bruker). A 7.2-cm-diameter volume radio frequency coil was 

used for transmission and reception. We acquired a RARE T2 sequence (2 averages, 13 ms 

TE, 2500 ms TR, rare factor 8) at a resolution of 300 μm3 with a matrix size of 256 × 100 
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× 88. Bias correction was accomplished using FAST (Zhang et al., 2001), part of the FSL 

software package (Smith et al., 2004; Woolrich et al., 2009; Jenkinson et al., 2012). MRI 

data is displayed mirror-reflected to the histological sections for ease of comparison. MRI 

data was re-sliced to match the plane of sectioning as closely as possible. Additionally, MRI 

sections were visually selected to match histological sections as closely as possible.

Digitization and labeling

Stained sections were scanned on an Aperio T2 Whole Slide Scanner (Leica Biosystems, 

Nussloch, Germany). High quality images at a magnification up to 20x were compared to 

existing cytoarchitectural atlases and relevant neuroanatomical works to identify and label 

brain regions. We present every 40th section, cut at 40 μm thick. Thus histological sections 

are 1.6 mm apart.

Results

Neuroanatomical reference images

Labeled histological images with equivalent MRI sections are provided in PDF format via 

Supplementary File 1.

Our reference contains 37 plates. Each plate contains a labeled histological section and a 

matched MRI section, both presented in the coronal plane. Each plate contains a scale bar 

and key, as well as an indication of the distance in millimeters from the anterior end of the 

brain. A list of structures is provided in Table 1. Plates 14 and 20 are shown as examples 

in Figure 2 and Figure 3. Additionally, we provide surface drawings with labels of sulci and 

gyri (Figure 4).

High-Resolution Digitized Slides

High-resolution scans corresponding to each plate are available at https://

dataverse.harvard.edu/dataverse/harvard. Slides can be viewed using ImageScope, free 

software from Leica Biosystems, available at https://www.leicabiosystems.com/us/digital-

pathology/manage/aperio-imagescope/.

MRI Template

Nissl-stained sections are displayed alongside corresponding MRI sections. MRI sections 

represent the average of 10 1.5-year-old male foxes from the conventional strain, and thus 

encompass some degree of individual variation present in these animals. The MRI template 

is available for download as Supplementary File 2.

3D Printable File

We also include a supplementary file in .stl format compatible with 3D printers 

(Supplementary File 3). This corresponds to the 10-subject average brain template.

List of Structures

Table 1 contains a list of all structures included and associated unique abbreviations.
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Discussion

Here, we present a neuroanatomical reference of the left hemisphere of the silver fox 

(Vulpes vulpes). This represents the brain anatomy of the conventional strain from the 

Russian farm-fox experiment, i.e., farm-raised animals bred without selection on behavior. 

It should be noted that conventional farm-raised foxes have likely undergone some 

unintentional behavioral selection as result of living in captivity (Webster and Rutz, 2020; 

Statham et al., 2011), and the brains of these foxes might therefore differ in some ways 

from wild foxes. However, the Russian farm-fox experiment represents a well-controlled 

experimental evolution study where specific selection pressure was applied to behavioral 

responses in a specific context (i.e., approach by an unfamiliar human), resulting in 

significant differences in social approach/avoidance behavior in this context. Prior research 

has examined additional behavioral and physiological traits in these foxes, including HPA-

axis and reproductive function (reviewed in Trut et al., 2009; Hekman et al., 2018), intra- 

and inter-specific communication (Hare et al., 2005; Gogoleva et al., 2008, 2009, 2011), 

cranial morphology (Kistner et al., 2021), and genomic correlates of behavioral adaptation 

resulting from experimental selection (Kukekova et al., 2008, 2011a, 2011b, 2018; Nelson 

et al., 2017; Wang et al., 2018). However, very little neuroscience research has been carried 

out to date. One study determined that tame foxes show increased adult hippocampal 

neurogenesis (Huang et al., 2015). Other studies have reported impacts on gene expression 

and gross morphology in the brain (Kukekova et al., 2011c; Rosenfeld et al., 2020; Hecht 

et al., 2021a). Because the brain is the intermediate phenotype that links genes to behavior 

– the ultimate trait under selection in the farm-fox experiment – further research will 

be necessary to understand how genetic changes produce behavioral changes by affecting 

brain development, organization, and function. We hope that this reference can provide a 

foundation for such efforts.

While outside the scope of the present report, this may also be useful for future comparative 

and evolutionary neuroscience research examining brain organization across related canid 

and carnivore species. In the absence of an existing fox brain atlas, atlases for closely 

related species as well as neuroanatomical research articles were compared to our sections to 

identify brain regions. We compared our sections primarily to dog atlases (Singer 1962; Liu 

et al. 1960; Palazzi et al. 2011). Gyri and sulci were identified and named following Miller, 

1965; Johnson, 2020; and Czeibert, 2018. We also drew from figures in journal articles, 

particularly for the thalamus (Sakai et al. 1983; Sakai and Smith 1992) and amygdala 

(Rowniak et al. 2020). Additionally, we drew upon high magnification cat atlases for regions 

with a large number of small nuclei, such as the brainstem and hypothalamus (Bleier 1961; 

Snider & Niemer 1961; Berman 1968). There is also an extensive atlas for a wild canid 

species, the African Wild Dog, which may offer interesting opportunities for comparison 

(Chengetanai et al., 2020a-d). The current work may also be useful for comparison with 

more distantly related species. Notably, elaboration and enlargement of the temporal lobe 

has evolved independently in primates and carnivores (Bryant and Preuss, 2018).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Phylogenetic tree showing the evolutionary relationship between Vulpes vulpes and other 

species of interest to neuroscience, including other canids (such as Canis familiaris), other 

members of the family Carnivora (such as Felis cactus and Mustela furo), rodents (such as 

common animal model species Mus musculus and Rattus norvegicus), and primates (such 

as Homo sapiens). While there is no previously existing neuroanatomical reference for 

Vulpes vulpes, brain atlases exist for Felis catus (Berman 1968; Berman and Smith 1982; 

Snider and Niemer 1987), Canis familiaris (Lim et al. 1960; Singer 1962; Miller et al. 1964; 

Palazzi 2011), Mustela furo (Radtke-Schuller 2018), Rattus norvegicus (König and Klippel 

1974; Paxinos 1999; Paxinos and Watson 2018), Mus musculus (Paxinos and Watson 2009; 

Paxinos and Franklin 2019), and Homo sapiens (Stelmasiak and Stański 1956; Zyleger 

and Staubesand 1977; Mai et al. 2015). Phylogenetic tree constructed using the TimeTree 
resource (Kumar et al. 2017).
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Figure 2: 
Plate 14.
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Figure 3: 
Plate 20.
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Figure 4: 
Schematic drawing of cortical surface with labels for sulci and gyri.

Rogers Flattery et al. Page 13

Brain Struct Funct. Author manuscript; available in PMC 2024 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Rogers Flattery et al. Page 14

Table 1:

Labeled brain structures and unique abbreviations.

3V Third ventricle

ac Anterior commissure

ACmG Anterior composite gyrus

aCN Accessory cuneate nucleus

AD Anterior dorsal nucleus of the thalamus

AEG Anterior ectosylvian gyrus

AES Anterior ectosylvian sulcus

AFL Ansiform lobule

AM Anterior medial nucleus of the thalamus

AmN Ambiguous nucleus

AN Abducens nucleus

AnS Ansate sulcus

AON Anterior olfactory nucleus

Aq Cerebral aqueduct

AS Septal area

ASSG Anterior suprasylvian gyrus

ASSS Anterior suprasylvian sulcus

ASyG Anterior sylvian gyrus

AV Anterior ventral nucleus of the thalamus

bic Brachium of the inferior colliculus

BL Basolateral nucleus of the amygdala

BM Basomedial nucleus of the amygdala

BST Bed nucleus of the stria terminalis

CA1 Cornu ammonis field 1 of the hippocampus

CA2 Cornu ammonis field 2 of the hippocampus

CA3 Cornu ammonis field 3 of the hippocampus

cc Corpus callosum

Cc Central lobule of the cerebellum

Cd Caudate nucleus

CE Central nucleus of the amygdala

CeP Cerebellar peduncle

Cg Coronal gyrus

CG Cingulate gyrus

Cl Claustrum

CLN Centrolateral nucleus

CN Cochlear nucleus

cn5 Trigeminal nerve

cn7 Facial nerve

cn8 Cranial nerve

CnC Central canal
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CM Centromedian thalamic nucleus

CO Cortical nucleus of the amygdala

cp Cerebral peduncle

CPRN Caudal pontine reticular nucleus

Cs Coronal sulcus

CS Cruciate sulcus

csc Commissure of the superior colliculus

Cu Cuneiform nucleus

Cuc Culmen of the cerebellum

CuN Cuneate nucleus

Db Diagonal band of Broca

Dc Declive of the cerebellum

Den Dentate nucleus of the cerebellum

DG Dentate gyrus of the hippocampus

dLGN Dorsal lateral geniculate nucleus

Dm Dorsomedial nucleus of the hypothalamus

dpt Decussation of the pyramidal tract

DR Dorsal raphe

dscp Decussation of the superior cerebellar peduncle

DVN Dorsal vagal nucleus

ecMG Ectomarginal gyrus

ecMS Ectomarginal sulcus

En Entopeduncular nucleus

enMG Endomarginal gyrus

enMS Endomarginal sulcus

f Fornix

FD Fascia dentata

FF Nucleus of the fields of forel

FG Frontal gyrus

fi Fimbria

FL Flocculus

FMN Facial motor nucleus

Fn Fastigial nucleus of the cerebellum

Gi Gigantocellular reticular nucleus

GN Gracile nucleus

Gp Globus pallidus

Gr Gyrus rectus

Gs Genual sulcus

H Hilus of the hippocampus

Haa Anterior hypothalamic area

Hda Dorsal hypothalamic area

Hgn Hypoglossal nucleus

Hla Lateral hypothalamic area
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Hpa Posterior hypothalamic area

ic Internal capsule

icc Inferior colliculus commissure

ICN Nucleus of the inferior colliculus

icp Inferior cerebellar peduncle

In Infundibulum

IN Interpeduncular nucleus

INn Interposed nucleus of the cerebellum

ION Inferior olivary nucleus

IsC Islands of Calleja

ITP Bed nucleus of the inferior thalamic peduncle

LA Lateral nucleus of the amygdala

Lc Lingula of the cerebellum

LC Locus coeruleus

LD Lateral dorsal nucleus of thalamus

LGN Lateral geniculate nucleus

LH Lateral habenula

ll Lateral lemniscus

lot Lateral olfactory tract

LP Lateral posterior nucleus of the thalamus

LPn Lateral pontine nuclei

LRN Lateral reticular nucleus

LS Lateral septum

LV Lateral ventricle

mcp Medial cerebellar peduncle

MD Mediodorsal nucleus of the thalamus

ME Medial nucleus of the amygdala

MEG Medial ectosylvian gyrus

MES Medial ectosylvian sulcus

MG Marginal gyrus

MGN Medial geniculate nucleus

MH Medial habenula

ml Medial lemniscus

mlf Medial longitudinal fasciculus

Mm Mammillary body

MMG Magnocellular nucleus of medial geniculate 
body

MnV Trigeminal motor nucleus

MOBg
l Main olfactory bulb, glomerular layer

MOBg
r Main olfactory bulb, granule layer

MOBo
pl Main olfactory bulb, outer plexiform layer
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MOB
mi Main olfactory bulb, mitral layer

MPn Medial pontine nuclei

MR Median raphe

MRf Midbrain reticular formation

MS Marginal sulcus

Ms Medial septum

MSSG Medial suprasylvian gyrus

MSSS Medial suprasylvian sulcus

mtt Mammillothalamic tract

MV Medioventral nucleus of the thalamus

NAc Nucleus accumbens

Nbic Nucleus of the brachium of the inferior 
colliculus

Nc Nodulus of the cerebellum

nD Nucleus of Darkschewitsch

NPC Nucleus of the posterior commissure

nST Nucleus of the solitary tract

Ntb Nucleus of the trapezoid body

OCM Oculomotor nucleus

OPRn Oral pontine reticular nucleus

opt Optic tract

OS Olfactory sulcus

OT Olfactory tubercle

OTS Occipitotemporal sulcus

ox Optic chiasm

Pa Paraventricular nucleus of the hypothalamus

PA Pretectal area

PAT Parataenial nucleus of the thalamus

PBB Pontobulbar body

Pc Pyramis of the cerebellum

PC Paracentral nucleus of the thalamus

PCG Postcruciate gyrus

PCmG Posterior composite gyrus

pco Posterior commissure

PCS Postcruciate sulcus

Pe Periventricular nucleus of the hypothalamus

Pea Anterior periventricular nucleus of the 
hypothalamus

PEG Posterior ectosylvian gyrus

PESS Posterior ectosylvian sulcus

Pf Parafascicular nucleus of the thalamus

PFL Paraflocculus

Pg Periaqueductal gray
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PG Prorean gyrus

PGl Pineal gland

PHG Parahippocampal gyrus

Pir Piriform cortex

PML Paramedian lobule

Pn Pontine nuclei

Po Posterior nucleus of the thalamus

PrCG Precruciate gyrus

PRN Parvocellular reticular nucleus

Ps Presylvian sulcus

PS Prorean sulcus

PSG Posterior sylvian gyrus (not sigmoid!)

PSSG Posterior suprasylvian gyrus

PSSS Posterior suprasylvian sulcus

PSyG Posterior sylvian gyrus

pt Pyramidal tract

Pu Putamen

Pul Pulvinar

R Reticular nucleus of the thalamus

Rf Reticular formation

Rh Rhomboid nucleus

Rhf Rhinal fissure

Rn Reuniens nucleus of the thalamus

RN Red nucleus

Rs Rostral sulcus

rSpS Retrosplenial sulcus

RTN Reticulotegmental nucleus

SC Superior colliculus

scp Superior cerebellar peduncle

Sg Suprageniculate nucleus

SI Substantia innominata

Smn Supramammillary nucleus

SMT Stria medullaris terminalis

SNi Substantia nigra

SnV Sensory nucleus of trigeminal nerve

So Supraoptic nucleus of the hypothalamus

SON Supraolivary nucleus

SpG Splenial gyrus

SpS Splenial sulcus

SpV Spinal trigeminal nucleus

SS Sylvian sulcus

SSG Suprasylvian gyrus

SSpG Suprasplenial gyrus
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SSpS Suprasplenial sulcus

SSS Suprasylvian sulcus

St Nucleus of the stria terminalis

Stn Subthalamic nucleus

SUB Subiculum

SuG Subcallosal gyrus

SVZ Subventricular zone

tb Trapezoid body

Tc Tuber of the cerebellum

Tca Tuber cinereum area

tst Tectospinal tract

Uc Uvula of the cerebellum

VA Ventroanterior nucleus

Vem Ventromedial nucleus of the hypothalamus

VL Ventrolateral nucleus

VM Ventroposteromedial nucleus

VNI Inferior vestibular nucleus

VNL Lateral vestibular nucleus

VNLL Ventral nucleus of the lateral lemniscus

VNM Medial vestibular nucleus

VPL Ventral posterior lateral thalamic nucleus

VPn Ventral pontine nuclei

VRN Ventral reticular nucleus

VTA Ventral tegmental area

ZI Zona incerta
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