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Abstract
1.	 The selection pressures that drove dramatic encephalisation processes through 

the mammal lineage remain elusive, as does knowledge of brain structure re-
organisation through this process. In particular, considerable structural brain 
changes are present across the primate lineage, culminating in the complex 
human brain that allows for unique behaviours such as language and sophis-
ticated tool use. To understand this evolution, a diverse sample set of humans' 
closest relatives with varying socio-ecologies is needed. However, current brain 
banks predominantly curate brains from primates that died in zoological gar-
dens. We try to address this gap by establishing a field pipeline mitigating the 
challenges associated with brain extractions of wild primates in their natural 
habitat.

2.	 The success of our approach is demonstrated by our ability to acquire a novel 
brain sample of deceased primates with highly variable socio-ecological exposure 
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1  |  INTRODUC TION

Both dramatic increases in brain size relative to body size and brain 
reorganisation processes are apparent across evolution throughout 
mammal, and especially primate, lineages (Barton, 2012; Bryant & 
Preuss, 2018; Jerison, 1970; Sol et al., 2008). Examples include the 
emergence of a third temporal gyrus exclusively in hominoid lin-
eages (Bryant & Preuss, 2018) and the extension of the dorsal white 
matter tract deep into the temporal lobe, considered critical for lan-
guage and exclusively being evident in humans (Rilling et al., 2008). 
Brain region variation can co-occur with socio-ecological variation, 
such as group size, dominance, predation, or pregnancy (Hoekzema 
et al., 2017; Reddon et al., 2018; Sallet et al., 2011), with early-life 
experience also considered to be influential (Bogart et al.,  2014; 
Buss et al.,  2012; Miguel et al.,  2019). Moreover, frequently per-
formed behaviours may alter related brain structures suggesting 
considerable plasticity (e.g. Maguire et al., 2000; Pope et al., 2018; 
Quallo et al., 2009). Individual differences emphasise the need for a 
representative sample of brains from individuals that have lived in 
highly variable socio-ecological environments, including the natural 
habitat. To acquire datasets with both suitable brain and behaviour 
measures, interdisciplinary approaches involving neuroscientists, 
evolutionary biologists, and ethologists are required.

Analysing the brains of living animals has been conducted via 
capturing electrophysiological signals of brains, or neuroimaging 
of anaesthetised captive animals (Martin,  2014). Another inva-
sive approach depends on obtaining post mortem tissue suitable 
for macro- or micro-structure analyses by killing study animals 
(e.g. Atapour et al., 2019; Saraf et al., 2019). Due to ethical issues, 

invasive studies are nowadays avoided whenever possible and 
are off limits for certain species such as the great apes (Padrell 
et al.,  2021). Hence, our knowledge of the brain structure of our 
closest living relatives is drawn from a brain sample that is difficult to  
replenish and lacks specimens from wild populations. (e.g. Iwaniuk, 
2010; https://prima​tebra​inbank.org: Kaas & van Eden,  2011;  
http://www.chimp​anzee​brain.org: National Chimpanzee Brain Reso­
urce (RRID:SCR_019183), n.d.). Furthermore, existing collections are 
largely comprised of specimens from adult animals; hence little is 
known about ontogenetic processes.

Primates offer a particularly suitable system to test hypotheses 
about brain evolution, given their remarkable diversity in social sys-
tems and ecology, and variation in relative brain size and reorganisa-
tion (Barton, 2012; Bryant & Preuss, 2018; Powell et al., 2017; Shultz 
& Dunbar, 2007). Another advantage of studying primates is the ex-
istence of multiple long-term field sites, not only for several species 
but for different subpopulations living in different habitats. Here, 
site records offer detailed information about lifetime demography, 
reproductive and social history. Thus, we can collect data from in-
dividuals varying in their habitats, social structures, social networks 
and strategies, or extractive foraging (including tool use).

Modern high-resolution imaging can showcase brain structures 
and pathways in unprecedented detail, particularly in brains sourced 
after (natural) death (Eichner et al.,  2020; Friedrich et al.,  2021), 
due to the possibility of using long scanning times. This approach 
allows for overcoming ethical restrictions when studying the brains 
of wild and/or endangered animals (almost 60 % of all primate spe-
cies are threatened with extinction, Estrada et al., 2017; IUCN, n.d.; 
Junker et al.,  2020). Several field sites engage in daily follows of 

and a particular focus on wild chimpanzees. Methods in acquiring brain tissue 
from wild settings are comprehensively explained, highlighting the feasibility 
of conducting brain extraction procedures under strict biosafety measures by 
trained veterinarians in field sites.

3.	 Brains are assessed at a fine-structural level via high-resolution MRI and state-
of-the-art histology. Analyses confirm that excellent tissue quality of primate 
brains sourced in the field can be achieved with a comparable tissue quality of 
brains acquired from zoo-living primates.

4.	 Our field methods are noninvasive, here defined as not harming living animals, 
and may be applied to other mammal systems than primates. In sum, the field 
protocol and methodological pipeline validated here pose a major advance for 
assessing the influence of socio-ecology on medium to large mammal brains, 
at both macro- and microstructural levels as well as aiding with the functional 
annotation of brain regions and neuronal pathways via specific behaviour 
assessments.

K E Y W O R D S
brain connectivity, brain evolution, brain extraction, brain microstructure, field necropsy, MRI, 
socio-ecological factors
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habituated animals, and occasionally deaths are observed (Wittig & 
Boesch, 2019), providing the opportunity to obtain tissue for scien-
tific investigation. This study aimed to (1) establish a protocol that 
allows for safely removing complete primate brains even in remote 
field sites and (2) to evaluate whether the specimens' quality is ade-
quate for fine structural tissue assessment by state-of-the-art mag-
netic resonance imaging  (MRI) and histological techniques. Tissue 
quality is additionally assessed in comparison to brains sourced from 
deceased zoo-housed animals in specialised European pathology 
institutions.

2  |  MATERIAL AND METHODS

2.1  |  Pipeline

2.1.1  |  Network and training

To obtain a sample of brains from nonhuman primates that have 
lived under diverse socio-ecological conditions, we work with a 
growing network of collaborators from sites across Africa, Europe, 
and Central America (Figure  1). Partnering institutions consist of 
zoological gardens (N = 14), primate sanctuaries (N = 3), field sites 
(N = 8) and veterinary pathology laboratories.

The diversity of network partners results in varying conditions 
under which brain specimens are collected. Regarding European 
zoos, the bodies of deceased apes are most frequently transported 
to specialised veterinary pathology units, where experienced teams 
conduct necropsies. In African sanctuaries, gross pathology is usu-
ally performed on-site in a designated room by the veterinary unit. 
In field sites, necropsies are conducted by the field veterinarian at 
the location of the primate's  death, sometimes many kilometres 
away from the nearest camp, deep in the rainforest. Where access 
to specialised pathology services is limited, on-site and local veter-
inary services are supported with equipment, know-how and staff 

to ensure samples can be obtained safely and with the quality re-
quired for subsequent analyses. We established a training program 
conveying the brain removal techniques and biosafety aspects of 
performing a necropsy. To optimally prepare new veterinarians, su-
pervised necropsy simulations are conducted, meticulously follow-
ing the various implemented hygiene protocols. Initial brain removal 
training aims to familiarise with handling the oscillating saw, and cut-
ting coconuts has proven to be a suitable introduction (supplemen-
tary material S5). This is followed by extracting the brains of wild 
or domestic animals at partnering veterinary pathology laboratories. 
Additionally, the training includes attending a human autopsy due 
to the anatomical similarity to apes and the associated analogous 
extraction protocol applied in the field. Our research is conducted 
according to standards specified by the Max Planck Society's Ethics 
Committee (04.08.2014).

2.1.2  |  Socio-ecological data acquisition from 
wild and human-managed primates

To maximise socio-ecological diversity between individuals, target-
ing habituated wild primates from established field sites and those 
living in zoos or sanctuaries has two benefits. First, this approach 
offers highly diverse socio-ecologies. Second socio-ecological vari-
ables known or hypothesised to impact brain structure are often 
documented in the site records and hence can be readily accessed 
after an individual's death. Data collection of particular behaviours 
of interest related to brain structure, such as communication abilities 
(Girard-Buttoz et al., 2022), handedness (Margiotoudi et al., 2019), 
or specific cognitive abilities tested in experiments (e.g. Kopp 
et al., 2021) can be planned explicitly by individual projects across 
sites. Death events are stochastic, so predicting final sample sizes 
for studies relying on brain and behavioural data from the same indi-
viduals remains challenging. (For examples of the extent of variation 
for ecological, social and individual characteristics, see Table 1).

F I G U R E  1  Network of collaborating African field sites (including sites for three of the four chimpanzee subspecies) and sanctuaries, and 
European zoos. Additionally, we collaborate with the capuchins at Taboga Project, Costa Rica.
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2.1.3  |  Health monitoring in field sites

High quality, in toto extracted brain specimens constitute the foun-
dation for the Evolution of Brain Connectivity (EBC) project's scien-
tific investigations. Tissue degrades progressively after death, and 
the causative lytic processes are accelerated at higher temperatures 
found in sub-Saharan African field sites and sanctuaries (Tsokos & 
Byard, 2012). Thus, a brief post mortem interval (PMI) before fixa-
tion, ideally below 12 h and not exceeding 48 h, is the critical factor 
for achieving tissue quality suitable for high-resolution MRI scanning 
and histology. If the PMI is not known from direct observation (ha-
bituated primates), an estimate is inferred from the animal remains, 
considering factors like rigor mortis, algor mortis, fly-larvae infesta-
tion and tissue decomposition (Kori, 2018; Lothe, 1964).

Linked to the implemented passive/noninvasive approach, sam-
pling cannot be scheduled, requiring short-term responsiveness in 
case of an ape fatality. Therefore, a trained veterinarian responsible 
for the autopsy is permanently based at remote field sites. Trained 
field assistants routinely assess the individuals' health during daily 
chimpanzee follows. Health incidents are reported promptly to 
the veterinarian, who further evaluates the situation and decides 

on the next steps. Such incidents largely consist of traumatic inju-
ries inflicted by intra/intergroup aggression or leopard predation 
(Boesch,  1991; Wilson et al.,  2014). Further, important health ob-
servations encompass clinical signs indicative of infectious diseases. 
Depending on the pathogen, infections may be accompanied by a 
disturbed general condition, lethargy, diarrhoea, coughing, sneezing 
and/or skin efflorescences (Mubemba et al., 2020). Sick or injured 
wild chimpanzees may separate from the main group, requiring indi-
vidual nest-to-nest follows from dawn to dusk. This extensive moni-
toring might sometimes be necessary for several days or weeks.

2.1.4  |  On-site brain removal following 
biosafety protocols

Despite the importance of rapid brain removal, speed must not com-
promise biosafety. Primates', and especially apes', close phylogenetic 
relationship to humans does not only allow for unique insights into 
hominid brain evolution but further leaves them susceptible to the 
same pathogens (Calvignac-Spencer et al.,  2012). Primates might 
have succumbed to a deadly disease and spillover during necropsy 

TA B L E  1  Examples in the current sample of individual variation in socio-ecological variables of relevance to brain variation.

Socio-ecological variables of interest Variation in sample Articles documenting relevance to brain variation in any species

Individual characteristics

Subspecies P. t. verus,
P. t. schweinfurthii,
P. t. troglodytes

Sex M/F Vijayakumar et al. (2018)

Age 0–56 years Miller et al. (2012), Mulholland et al. (2021), Sakai et al. (2013) and 
Skeide and Friederici (2016)

Reproductive history Pregnant, lactating, cycling, 
contraception

Hoekzema et al. (2017)

Mothering (years of mothering received) 1–32 years Schubert et al. (2009), Bennett et al. (2021) and Bogart 
et al. (2014)

Characteristics of the individual's social group

Social group size at death 2–150 Meguerditchian et al. (2021) and Sallet et al. (2011)

Lifetime social group size 2–150 Meguerditchian et al. (2021) and Sallet et al. (2011)

Intergroup competition exposure 0–5 neighbouring groups Connor (2007) and González-Forero and Gardner (2018)

Intrasexual competition exposure (>12 y) 0–31 reproductive competitors 
(same sex)

Lindenfors et al. (2007)

Intrasexual competition exposure (>12 y) 0–21 reproductive partners 
(opposite sex)

Lindenfors et al. (2007)

Site ecology variables

Provisioning Yes/no DeCasien et al. (2017)

Predation exposure Present/absent Reddon et al. (2018)

Population density 1–100 chimps/km2 González-Forero and Gardner (2018) and Triki et al. (2019)

Home range/enclosure size 0.1–29 km2 Harvey et al. (1980) and Powell et al. (2017)

Number of tools used 0–32 Quallo et al. (2009), Reader and Laland (2002) and Whiten 
et al. (1999)

Novel behaviour observed/reported Yes/no Reader and Laland (2002), Sol et al. (2008) and Bandini and 
Harrison (2020)
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could pose a serious risk. This is particularly the case for severe 
zoonoses like anthrax, Ebola, and monkeypox known to cause wild 
chimpanzee fatalities (Formenty et al., 1999; Leendertz et al., 2004; 
Patrono et al., 2020). Thus, post mortem examinations are conducted 
following a strict hygiene protocol by personnel who have received 
specific biosafety training. Primates exhibiting signs of severe infec-
tion, such as blood leaking out the body orifices or extensive haem-
orrhages within the body cavities, are excluded from brain extraction 
and sampled minimally (e.g. swabs of the leaked hemorrhagic fluids). 
Additionally, an Ebola quick test (OraQuick® Ebola Rapid Antigen 
Test) can be performed upon initial carcass examination.

To prevent the spread of potential pathogens, autopsies of 
wild primates are conducted at the location of the animal's death, 

sometimes deep in the rainforest. A 10 m radius around the body is 
designated as the “contaminated zone”. This area is exclusively en-
tered wearing personal protective equipment (PPE), including rubber 
boots, a coverall, an FFP3 face mask, sleeves, three pairs of gloves 
and goggles and/or a face shield (Figure 2a). The required necropsy 
equipment and a step-by-step guide of the PPE dressing and undress-
ing protocol are included in the supporting information (supplemen-
tary material S1 and S2). A hygiene barrier is installed, enabling exit of 
the contaminated zone without pathogen carryover. Here, single-use 
necropsy material and PPE are discarded in at least two layers of large, 
durable plastic bags, which are subsequently incinerated in a desig-
nated ditch, whereas reusable material and sample containers are de-
contaminated. Household bleach is implemented as a disinfectant at 

F I G U R E  2  (a) Necropsy simulation wearing personal protective equipment. Here, the necropsy equipment is prepared and the hygiene 
barrier is installed. (b) Infant wild chimpanzee positioned for the necropsy and brain extraction. (c) Fully detached skullcap encompassing 
the brain of an adult chimpanzee. In the background, the inner skull base and the reflected scalp can be seen. (d) Brain suspended in 10 % 
neutral buffered formalin and hung by a string threaded underneath the basilar artery. (e) Padding of the brain in a leak-proof metal flask for 
shipping.
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a 1 % dilution of its active ingredient sodium hypochlorite. This yields 
an effective viricidal, bactericidal and sporicidal solution that is read-
ily available even in remote regions (Kenar et al., 2007).

For the necropsy, tarpaulins are used as working surfaces and 
the body is positioned in dorsal recumbency. To access the head's 
entire perimeter for the brain extraction, it needs to be elevated and 
tilted anteriorly by supporting the neck, for example with the help 
of a log (Figure  2b). The skin is incised from one to the other ear 
base utilising a scalpel and the resulting scalp parts are undermined 
and reflected to the front and the back. Subsequently, the tempo-
ralis muscles and any remaining soft tissue in the area of the cutline 
are dissected. The skull is opened extremely cautiously in a circular 
manner using a battery-operated oscillating saw (KUGEL medical). 
Landmarks for the sawing path are: (1) Rostral, behind the supraor-
bital ridge, where the frontal bone starts to slope upwards; (2) cau-
dal, just below the external occipital protuberance (Figure 3). Ideally, 
the bone is not penetrated in its full width, which would increase the 
likelihood of damaging the brain. The remaining thin bony ridges are 
easily cracked by inserting and twisting a t-shaped chisel in the saw 
line. Subsequently, the exposed dura mater is incised. As the brain is 
dorsally attached to the skullcap by the falx cerebri, a gentle steady 
pull on the skullcap can be applied to help visualise and sever basal 
structures including cranial nerves and blood vessels. A crucial point 
to recover the complete organ poses the bilateral incision of the ten-
torium cerebelli, which separates the cerebrum from the cerebellum. 
At last, the medulla oblongata is cut as caudally as possible and after 
carefully mobilising the cerebellum, the skullcap, encompassing the 
brain, can be completely detached (Figure 2c). A string is threaded 
underneath the basilar artery and the brain is transferred cautiously 
into 10 % neutral buffered formalin (NBF). The organ is submerged 
hanging upside down by the string to obviate potential deformation 
of the tissue (Figure 3d).

In addition to the brain extraction, a complete necropsy of the 
deceased primate including the collection of an extensive tissue set 
is performed (supplementary material S3). These samples are used 
to investigate the cause of death by means of molecular biological, 

microbiological, or histological techniques at partnering laboratories 
(e.g. Leendertz Lab and the German Primate Centre). Depending on 
the underlying pathogenesis, this might yield important metadata 
about the brain's tissue quality as assessed via MRI and histology—
for example, if a bacterial-induced sepsis caused premature onset of 
heterolysis (Zhou & Byard, 2011).

2.1.5  |  Brain fixation and storage

Concentrated formaldehyde solutions are purchased from local 
pharmacies and are diluted with phosphate buffered saline (PBS) at 
a pH of 7.4, which can be prepared on-site using tablets (ROTI®Fair 
PBS 7.4). For the initial 2 weeks, the tissue is preferably fixed at a 
cool temperature (4°C–10°C) in 10 % neutral buffered formalin 
(NBF), followed by storage at ambient temperature. 10 % NBF is re-
newed following fixed intervals (supplementary material S4). After 
a total of 3 months, the fixative is reduced to a 2.5 % NBF solution 
to preclude over-fixation, which would result in a decrease of water 
diffusion through the tissue, diminishing the quality of diffusion 
weighted imaging-based tractography. Upon arrival in Leipzig, brains 
are transferred for long-term storage into a PBS pH 7.4 solution with 
0.1 % sodium azide to prevent fungal and bacterial growth and are 
kept at 4°C.

2.1.6  |  Skulls

To relate the variation in brain shape and structure to the endocranial 
imprint, we also study the cranial bones using micro computed tomog-
raphy (Micro CT). Skulls, along with the entire body, are defleshed via 
burying them at the necropsy site for at least six months, at a sufficient 
depth to avoid excavation by scavengers (at least 1 m). Burial sites are 
documented using global positioning system (GPS) coordinates and 
are additionally marked (e.g. by signal tape). The bones are excavated 
in PPE and disinfected with a 10 % formalin solution. Alternatively, 

F I G U R E  3  Visualisation of the cutline using a micro computed tomography (Micro CT) scan of an adult chimpanzee, in lateral (left) and 
superior view (right).
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heads of young individuals may be completely immersed in formalin to 
prevent disintegration of the not yet fused cranial plates.

2.1.7  |  Export and permits

Brain export to Germany is carried out in agreement with the 
Convention on International Trade in Endangered Species of Wild 
Fauna and Flora (CITES) and varying national legislation. Within this 
context our local partners are crucial to liaise with local authorities 
and to obtain the required permits within the respective countries. 
An overview of permit issuing authorities and permit numbers is 
given in supplementary material S6. The brains are shipped in leak-
proof metal flasks, after a minimal fixation period of four weeks to 
warrant sufficient tissue durability. These containers are padded on 
the inside with trimmed pieces of sponges and filled with 2.5 % NBF 
(Figure 2e).

2.2  |  Tissue quality assessment

2.2.1  |  Magnetic resonance imaging (MRI)

We qualitatively evaluated the image quality, contrast and level of 
artefacts for high-end MRI protocols including: (1) MRI microscopy 
to characterise brain anatomy with the highest possible resolution; 
(2) ultra-high-resolution quantitative MRI to study the microstruc-
ture of brain tissue; (3) diffusion MRI to study brain microstruc-
ture and connectivity. For MRI acquisition the brains were placed 
in an egg-shaped (7 T structural MRI) or spherical (9.4 T diffusion 
MRI) acrylic container. They were embedded in a proton-free MRI-
invisible liquid (Fomblin®, Solvay) and degassed in vacuum for sev-
eral hours to remove air bubbles.

MRI microscopy and quantitative MRI
Structural MRI was performed on a human 7 T Terra MRI scanner 
(Siemens Healthineers, Erlangen, Germany), using a 32-channel 
human receive head coil (Nova Medical, Wilmington, MA). MRI mi-
croscopy images, weighted by the effective transverse relaxation 
T2* (T2*WI), were acquired using a fast low-angle shot magnetic 
resonance (FLASH) sequence at an isotropic resolution of 200 μm 
(repetition time (TR) = 70 ms; echo time (TE) = 15 ms, flip angle 31°) 
with a total acquisition time of 2 h. Quantitative maps of MR param-
eters were obtained via a multi-parametric mapping method (MPMs; 
Weiskopf et al., 2015, 2021) using multi-echo 3D FLASH acquisitions 
with isotropic resolutions of 300 μm. Three acquisitions weighted by 
proton density (PD, flip angle 18°), longitudinal relaxation time T1 
(flip angle 84°) and by magnetisation transfer (MT saturation pulse: 
Gaussian at 3 kHz offset, flip angle 700°) were acquired, together 
with calibration scans for the transmit field B1+ (Lutti et al., 2010, 
2012). Quantitative maps of MRI parameters were reconstructed 
with the help of an optimised pipeline in the hMRI toolbox optimised 
for 7 T post mortem imaging (www.hMRI.info, Tabelow et al., 2019). 

To correct the bias in the MTsat maps induced by inhomogeneity of 
the transmit radio-frequency field we developed the calibration ap-
proach described in detail in (Lipp et al., 2022).

Diffusion MRI (dMRI)
Whole-brain dMRI data were acquired on a preclinical Bruker Biospec 
94/30 MRI system at 9.4 T (Paravision 6.0.1), using a 300 mT/m gra-
dient system and a 154 mm transmit-receive quadrature RF coil 
(Bruker BioSpin). Data were acquired with an isotropic resolution of 
500 μm, using a segmented 3D EPI spin-echo sequence (matrix-size: 
240 × 192 × 144; TR = 1000 ms; TE = 58.9 ms, no Partial Fourier, no par-
allel acceleration, EPI segmentation factor = 32). Diffusion-weighting 
was applied with b = 5000 s/mm2 in 58 directions, distributed across 
a full sphere. Three interspersed b = 0 images were acquired for mo-
tion and field drift correction. An additional b = 0 image with reversed 
phase encoding was acquired for distortion correction (Andersson 
et al.,  2003). A noise map with matching imaging parameters was 
recorded for noise debiasing (Gudbjartsson & Patz, 1995). The total 
dMRI acquisition time for each brain was approximately 90 h.

Diffusion MRI preprocessing included (1) signal debiasing 
(Gudbjartsson & Patz,  1995), (2) MP-PCA denoising (Veraart 
et al., 2016), (3) 3D volumetric Gibbs ringing correction using sub-voxel 
shift (Kellner et al., 2016), (4) field-drift correction (Vos et al., 2017), 
(5) distortion correction (Andersson & Sotiropoulos, 2016). Next, (6) 
a diffusion tensor imaging (DTI) model was fit to the dMRI volume to 
reconstruct local white matter anisotropy, generating maps of DTI 
fractional anisotropy (FA), DTI mean diffusivity (MD), and DTI fibre 
direction.

2.2.2  |  Histology

State-of-the-art histology was applied to a subset of nine brains. 
Brains were cut in 15 mm thick coronal slabs and cryoprotected in 
30 % sucrose in PBS pH 7.4 with 0.1 % sodium azide. 30 μm sections 
were cut on a cryomicrotome (Thermo Scientific, Microm HM430, 
freezing unit Thermo Scientific, Microm KS34). Sections were col-
lected in PBS pH 7.4 with 0.1 % sodium azide and stored in sealed 
sample glasses at 4°C until further use. To facilitate co-registration 
between MRI and histology, block-face imaging was applied dur-
ing sectioning (Alkemade et al.,  2020; Brammerloh et al.,  2021). 
Consecutive sections were stained with histological and immuno-
histochemical methods.

To investigate cortical cytoarchitecture and tissue integrity, 
Nissl staining with acetate-buffered cresyl violet was applied. Silver-
based visualisation of myelin was carried out by a modified Gallyas 
stain. Immunohistochemical stains were applied to reveal preserva-
tion of protein/epitope content with several antibodies (neurons: 
mouse-anti-HuC/D, Invitrogen A21271, concentration 1:4000; 
myelin: rat-anti-MBP, abcam ab7349, concentration 1:1000; astro-
cytes: rabbit-anti-GFAP, DAKO Z0334, concentration 1:5000; mi-
croglia: rabbit-anti-IBA1, concentration 1:2000, Fujifilm Wako Pure 
Chemical Corporation 019-19741).
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3  |  RESULTS

3.1  |  Brain collection

Overall 28 chimpanzee brains (11 females, mean age = 23 y ± 19 y) 
were collected during the period from June 2018 to October 2021 
(Table 2). Fourteen brains (five females, mean age = 18 y ± 17 y), 
including three of the four subspecies, were collected at field sites 
in Ivory Coast, Uganda and Gabon. Fourteen brains (six females, 
mean age  =  28  y ± 19  y) originated from a sanctuary in Sierra 
Leone and zoos in Germany, UK and Sweden (six and eight brains, 
respectively). Subspecies included P. t. verus (N  =  15), P. t. sch­
weinfurthii (N = 4), P. t. troglodytes (N = 3) and currently unknown 
(N = 6). Note that brains collected in zoos were mainly from older 
adults (six cases >40 years). In comparison, the majority of brains 
collected in the African field sites and sanctuaries belonged to in-
fants or juveniles (eight cases <10 years), and subadults or young 
adults (eight cases: 10–18 years). Note that some chimpanzees' 
ages had to be estimated.

While the current focus of the brain bank is on chimpanzees, to-
gether with our network partners, we have also collected brains of 
other great apes and several monkey species both in field sites and 
zoos, demonstrating that this tissue collection approach is generally 
applicable to primates (Table 3).

3.2  |  Causes of death

The causes of death for chimpanzees from field sites included 
bacterial infections (N = 4), conspecific aggression (N = 4), human-
animal conflict (N = 2), leopard attack (N = 2), emaciation due to 
chronic renal disease (N = 1) and emaciation due to maternal loss 
(N = 1).

The cause of death for chimpanzees that died at sanctuaries and 
zoos were cardiovascular diseases (N = 5), brain and abdominal tu-
mours (N = 3), conspecific aggression (N = 2), renal disease (N = 1), 
epileptic episode (N = 1) and unknown causes (N = 2).

3.3  |  Brain integrity

Three brains collected at field sites were partially damaged by con-
specific or human aggression. For four brains, collected at sanctuar-
ies and zoos, brain parts were missing due to extraction artefacts, 
tumour, or head injury prior to death. Small blocks (about 1  cm3) 
were missing for some brains as a result of extraction artefacts or 
due to tissue dissected for diagnostic histology, with the same fre-
quency for field sites, zoos and sanctuaries. Minor superficial cuts, 
caused by sawing (up to 5 mm deep) and damages on the brain stem 
inflicted during brain extraction, were apparent for some brains from 
field sites, sanctuaries, and zoos. Some superficial damage occurred 
during the transport of three brains collected at field sites and one 
brain collected from a zoo animal. This type of damage occurred in 

the project's first year and was subsequently mitigated by improved 
packing and transport procedures (Figure 4).

3.4  |  Tissue fixation

Mean post mortem interval before fixation (PMI) was 12 ± 8 h for 
brains collected at field sites and was only 3 h longer than the mean 
PMI  =  9 ± 7  h for brains collected at sanctuaries and zoos (see 
Table 2).

Lytic tissue damages were observed in MRI scans of three brains 
collected at field sites, manifested as liquid-filled cavities in the white 
matter. Brains exhibiting signs of tissue lysis had a prolonged PMI of 
≥24 h (though in one case 12 h); and two of them were collected from 
animals who had died due to bacterial infections.

Homogeneous tissue fixation was achieved for nine of 14 brains 
collected at field sites (90 % of all brains, excluding brains from in-
dividuals with systemic bacterial infections) and 12 of 14 brains col-
lected at sanctuaries and zoos (85 %; Tables 2 and 3; Figure 5).

Heterogeneous tissue fixation with the gradient from brain sur-
face to the brain centre, most likely corresponding to the front of 
fixative diffusing into the tissue, was visible in T1w-MRI images of 
two brains collected at field sites and two brains collected at sanc-
tuaries and zoos.

3.5  |  Magnetic resonance imaging

All brains from individuals with pronounced cortical myelination 
(>1,5 years) exhibited high contrast between grey and white mat-
ter in MRI with PD, T2*, T1 and MT weightings. Particularly the 
maps of magnetisation transfer saturation (MTsat) showed high 
homogeneity, low levels of fixation artefacts, and high white-grey 
matter contrast (Figure 5). MTsat maps were identified as the most 
suitable input for automated brain segmentation algorithms. T1w 
images, commonly used as input for segmentation algorithms in 
human in vivo studies, also showed grey-white matter contrast, 
but were affected by tissue fixation gradients in brains with long 
PMI and brains of individuals with systemic bacterial infections. 
The grey-white matter contrast in MTsat images was comparable 
between brains collected in field sites and brains originating from 
zoos and sanctuaries (Figure 5). Thus, comparable brain segmenta-
tion can be achieved on brains collected at field sites, sanctuaries 
and zoos.

MRI microscopy of brains collected in the field, sanctuaries and 
zoos demonstrated preserved brain anatomy of macroscopic and 
mesoscopic brain structures (Figure  6). This is verified by clearly 
visible MRI contrast in mesoscopic anatomical structures, including 
cortical layers in the neocortex (Figure 6Ai,Bi), subfields in the hippo-
campus (Figure 6Aii,Bii) and nuclei in the subcortex (Figure 6Aiii,Biii). 
High and comparable qualities of ultra-high-resolution T2* weighted 
images were achieved in brains collected in the field, sanctuaries and 
zoos, enabling studies on small anatomical features.
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The acquired dMRI data showed high quality, with both a good 
directional and microstructural white matter contrast. The data 
quality is noticeable in the colour FA data, which are compared in 
Figure 7 for two adult chimpanzee brains, one collected at a field 
site, the other stemming from a zoo. Excellent image contrast is evi-
dent in dMRI images of both samples. Visual comparison shows that 
even under field conditions tissue may be obtained that enables the 
acquisition of excellent dMRI data, facilitating studies on brain con-
nectivity and microstructure.

3.6  |  Histology

Histological screening of a subset of chimpanzee brains revealed 
overall good tissue property preservation, whether they origi-
nated from field sites or not, allowing for a broad range of his-
tological investigations. The established staining techniques for 
visualising cyto- and myeloarchitecture provided histological 
data of high quality useful for qualitative and quantitative analy-
ses. Neurons and fibres were well preserved as seen in Nissl and 
Gallyas stains (Figure  8) enabling studies on cortical cyto- and 
myeloarchitecture.

The immunohistochemical stains revealed excellently preserved 
protein epitopes, resulting in good and over the sample range com-
parable staining of neurons (HuC/D), astrocytes (GFAP), myelin 
(MBP) and microglia (IBA1). The distinct visualisation of glial antigens 
unveiled specific information on the tissue inflammation status.

4  |  DISCUSSION

Sourcing brains from deceased primates at a quality that allows for 
high-resolution MRI and state-of-the-art histology generally re-
quires a coordinated team effort and trained personnel to ensure 
short post mortem times and skillfully extracted brains, regardless 
of the primate's origin. Thus, it is understandable why most exist-
ing brain banks (e.g. Iwaniuk, 2010; https://prima​tebra​inbank.org: 
Kaas & van Eden, 2011; http://www.chimp​anzee​brain.org: National 
Chimpanzee Brain Resource (RRID:SCR_019183), n.d.) largely consist 
of brains originating from primates housed under human care. Since 
animals are closely monitored by zookeepers, a primate fatality is 
promptly detected. Additionally, dead bodies are usually trans-
ported to veterinary pathology laboratories, where samples are 
obtained by specialised personnel. Conversely, primates in the wild 
typically decease without notice and pathological facilities might 
be unavailable. Moreover, especially wild primates might have died 
of a severe zoonotic disease, requiring strict biosafety precautions 
when handling a carcass (Hoffmann et al.,  2017). All these chal-
lenges have been successfully managed with the presented ap-
proach, resulting in high tissue quality brains sourced from wild 
primates that are on a par with the sample quality of brains from 
primates housed under human care. Thus, we offer a diversification 
of primate brain collections in terms of socio-ecological variability, A
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Age, year Sex Species (English) Species (scientific) PMI, h

Sanctuaries and zoos

43 F Western lowland gorilla Gorilla gorilla gorilla 4

33 F Western lowland gorilla Gorilla gorilla gorilla 27

33 F Western lowland gorilla Gorilla gorilla gorilla >24

8 M Bonobo Pan paniscus —

31 M Bonobo Pan paniscus —

Field sites

Adult M Western red colobus Piliocolobus badius <12

Infant — Western red colobus Piliocolobus badius —

Adult — Western red colobus Piliocolobus badius —

Adult M King colobus Colobus polykomos 12–24

Infant (0.25) M Vervet monkey Chlorocebus 
pygerythrus

4

Infant (0.3) M Vervet monkey Chlorocebus 
pygerythrus

10

Adult M Vervet monkey Chlorocebus 
pygerythrus

10

Adult F Sooty mangabey Cercocebus atys 7

Infant F Sooty mangabey Cercocebus atys <14

Adult M Sooty mangabey Cercocebus atys <24

Adult — Diana monkey Cercopithecus diana >16

Adult — Diana monkey Cercopithecus diana <12

Adult M Colombian white-faced 
capuchin

Cebus capucinus 24

Infant — Colombian white-faced 
capuchin

Cebus capucinus <12

TA B L E  3  Additional primate brains 
(excluding chimpanzees) collected at zoos, 
sanctuaries and field sites between 2018 
and 2021. Dash: Missing information.

F I G U R E  4  Well-preserved chimpanzee brain of a male, 45 year old chimpanzee collected in a field site (Taï Forest, Ivory Coast) less than 
24 h post mortem.
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demographic structure, and ontogenetic profiles. In addition, sam-
ples collected during necropsies provide invaluable opportunities 
to understand pathogens in wild primates, this being of importance 
for emerging infectious diseases and conservation (Leendertz 
et al., 2006).

We demonstrated for the first time that high-quality structural 
MRI and dMRI data could be obtained for brains sourced in the wild. 
Such data allow us to assess the anatomy and connectivity of these 
primate brains, which can be compared with in vivo MRI and dMRI 
metrics of other primates, including humans, and therefore enable bi-
ologically meaningful evolutionary comparisons across populations 
and species. For great apes, ethical concerns have prevented new 
in vivo data acquisition for more than a decade. Thus, noninvasive 
post mortem imaging, as used in this study, is currently the only op-
tion to apply recent advances in brain imaging to great ape research. 
Further, the employed specialised imaging methods, relying on ultra-
high field MRI systems, enable much finer brain mapping than what 
would be achievable with the current in vivo techniques due to lack 
of motion and longer possible scanning times. Particularly the use of 
quantitative MRI allowed us to minimise instrumental biases in the 
myelin and iron sensitive MRI maps and ensured maximal compati-
bility between the brains despite unavoidable differences in fixation 

procedure and tissue quality as well as fixation artefacts (Weiskopf 
et al., 2021).

The histological analysis revealed very good tissue preserva-
tion as expressed by maintained cellular structures and several 
brain-specific epitopes. No substantial differences between brain 
tissue acquired from field sites, sanctuaries, and zoos could be 
detected in the histological assessment, and the collected tissue 
can be compared to state-of-the-art human neuropathology tissue 
bank collections. Prospectively, the high quality of the collected 
tissue most likely allows analyses with a vast variety of antibod-
ies, and potentially even the application of different in situ tech-
niques (e.g. RNAScope, CISH, FISH) (Grabinski et al.,  2015; Liu 
et al., 2010).

Integral to the success of our pipeline are daily follows of wild 
habituated primates and a prompt line of communication when a fa-
tality is detected. Strengthening veterinary services in remote sites 
and thorough training to prepare veterinarians to conduct necrop-
sies and extract minimally damaged brains bio-safely in the middle 
of the rainforest pose another key factor. This is further reflected in 
the observation that the quality of tissue samples, regarding brain 
integrity and tissue fixation, has progressively improved with the re-
finement of training protocols.

F I G U R E  5  Magnetisation transfer saturation (MTsat) whole brain maps of post mortem chimpanzee brains collected at field sites (1–5) 
and from zoo- or sanctuary-housed animals (6–10). High contrast between grey and white matter (areas within white squares enlarged as 
11–14) indicates comparable tissue quality enabling investigations of cortical anatomy, cortical myeloarchitecture, and precise assessment of 
cortical thickness across development. Artefacts are observed in some brains, both from field sites and zoos/sanctuaries, including liquid-
filled cavities in white matter due to tissue lysis (white arrows), brain deformation during fixation (asterisk), or brain damages due to pre 
mortem injuries (grey arrow).
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Due to the work in remote sites, including the considerable ef-
fort to ensure biosafety, this approach is limited by its operational 
expense. Since death events are stochastic, it may be advantageous 
to gear study design to test more than one hypothesis. The issue 

of smaller sample sizes may be resolved over time as collaborative 
projects acquire reasonable sample sizes.

The Evolution of Brain Connectivity (EBC) project is commit-
ted to the conservation and protection of primate species, which 

F I G U R E  6  MRI microscopy (T2*WI) 
demonstrates that the high quality of post 
mortem chimpanzee brain tissue collected 
in the field site (a) is comparable with the 
quality of the tissue collected from zoo-
living chimpanzees (b). Both brains were 
extracted less than 24 h after death. Brain 
integrity is demonstrated by preserved 
MRI contrast, which allows visualisation 
of fine anatomical features such as 
layering in the neocortex (i), anatomy 
of hippocampal area (ii), and subcortical 
structures (iii). Cd = caudate nucleus; 
Pu = putamen; GP = globus pallidus; 
Th = thalamus; Ver = vermis cerebelli. 
(i) V1 = visual cortex, Brodmann area 
17; V2 = visual cortex, Brodmann area 
18; Cb = cerebellum. (ii) S = subiculum; 
DG = dentate gyrus; Ent = entorhinal 
cortex. (iii) Th (MD) = mediodorsal 
thalamic nuclei; Th (VL) = ventrolateral 
thalamic nuclei; R = red nucleus; 
STh = subthalamic nucleus; Cp = cerebral 
peduncle. Nomenclature of anatomical 
structures: Mai et al. (2004).

F I G U R E  7  Post mortem dMRI 
demonstrates preserved white matter 
fibres in chimpanzee brains. DTI colour 
FA reconstruction of chimpanzee brain 
that was collected at a field site (upper 
row, a) and sourced from a zoo (bottom 
row, b). The colours encode the main fibre 
orientation in each voxel. Bcc = body 
of corpus callosum; Cp = cerebellar 
peduncle; Cst = corticospinal tract; 
Gcc = genu of corpus callosum; Pn = pons; 
Scc = selenium of corpus callosum
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is supported by the presence of researchers in the forests and the 
recruitment of range country staff. We also train within-country 
students (e.g. Ivory Coast and Gabon) and veterinarians in countries 
of primate origins and work in cooperation with local research in-
stitutions and field projects for the overall functioning of the EBC 
Project. The EBC consortium combines researchers from multiple 
disciplines and many countries.
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