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Graphical abstract

HIGHLIGHTS

e Squirrel monkey can be investigated in meaningful samples.
e Squirrel monkey cognition is far superior to marmoset monkeys.

e Squirrel monkey develops age-related cerebral impairments similar to
humans.
e Squirrel monkey will fuel new translational discoveries for humans

Abstract

Clinical neuroscience research relying on animal models brought valuable translational

insights into the function and pathologies of the human brain. The anatomical, physiological,



and behavioural similarities between humans and mammals have prompted researchers to
study cerebral mechanisms at different levels to develop and test new treatments. The vast
majority of biomedical research uses rodent models, which are easily manipulable and have
a broadly resembling organisation to the human nervous system but cannot satisfactorily
mimic some disorders. For these disorders, macaque monkeys have been used as they have
a more comparable central nervous system. Still, this research has been hampered by
limitations, including high costs and reduced samples. This review argues that a squirrel
monkey model might bridge the gap by complementing translational research from rodents,
macaque, and humans. With the advent of promising new methods such as ultrasound
imaging, tool miniaturisation, and a shift towards open science, the squirrel monkey represents
a window of opportunity that will potentially fuel new translational discoveries in the diagnosis

and treatment of brain pathologies.

Keywords: Primates, Clinical Neuroscience, Translational, Animal Model, Neuroimaging.
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Figure 1: Evolutionary tree of the main species studied as a surrogate for the human brain.
Numbers indicate the phylogenetic distance in millions of years between each species. (true
to scale, modified from http://neurosciencelibrary.org)

Non-human primates are the closest relatives to humans and share common cerebral
characteristics in the organisation and functioning of the brain and cognition (Bernardi and
Salzman, 2019; Friedrich et al., 2020; Hendrickx and Binkerd, 1990). The evolution of primates
is characterised by an increase in the surface of the cerebral cortex and expansion and
subdivision of the neocortex (Friedrich et al., 2020; Lewis and Van Essen, 2000). Likewise,
there is an increase in functional fields related to the acquisition of higher cognitive functions,
such as executive control, episodic memory, and communication (Kaas, 2012). The brain of
non-human primates has a larger prefrontal cortex than rodents, and the patterns of neural
activities in interconnected circuits are comparable to humans (Perretta, 2009). This
phylogenetic, functional, and anatomical proximity to humans makes non-human primates a
good model for testing the efficacy and the safety of treatments before entering clinical trials
in humans (see the evolutionary tree in Figure 1). Among non-human primate models, Old
World monkeys (e.g. baboons, macaques, vervet monkeys) and New World monkeys (e.qg.
capuchin monkeys, titi monkeys, marmosets) are frequently used in cognitive and clinical

neuroscience studies.

In contrast, Great Apes (gorillas, orangutans, chimpanzees and bonobos) are rarely
used for understandable ethical reasons and handling cost. Prosimians (grey mouse lemurs,
galagos) are also seldom used because they are phylogenetically distant from humans
(Phillips et al., 2014). Despite the valuable clinical application, research in non-human
primates represents less than 1% of all animal models studied (Phillips et al., 2014). Several
reasons may explain this discrepancy. The controversial use of non-human primates and their
proximity to humans has led to strict ethical guidelines on their keeping and breeding
conditions. Additionally, the high costs, constraints (e.g. lower number of animals and longer
lifespan), and the high degree of expertise required for non-human primate (NHP) researchers
are also drastically limiting the broader use of the model. Therefore, there is an urgent need
for the neuroscientific community to adopt a model that will combine the small animals’
advantages (e.g. low cost, fast-breeding) with non-human primates advantages (e.qg.

anatomical and behavioural similarities to humans).

The development and standardisation of procedures, methods (e.g. micro-surgery, ultrasound

imaging), and tool miniaturisation (e.g. micro-electrodes, micro-manipulator) are offering novel



possibilities to study smaller non-human primate species such as marmosets or squirrel
monkeys (i.e. Saimiri sciureus). The squirrel monkey is a non-human primate endemic of
Central America and equatorial South America. They belong to the suborder Haplorhini and
to the Cebidae family, which includes small, omnivorous primates. Their large tribes (between
20 and 75 animals) are distributed from primary forests to degraded forest remains (Defler,
2004). Compared to the marmoset, the squirrel monkey has a bigger brain with more
pronounced gyrification (such as the arcuate sulcus see Figure 1). Compared to macaques,
squirrel monkeys have a shorter lifespan (~21 years in captivity compared to ~35 years for
macaques)(Brady, 2000), a smaller body size (318 mm for males and 316 mm for females),
mass (554 g - 1150 g for males and 651 g - 1250 g for females) (Bernarcky et al., 2002; Rowe,
1996) and are easily bred and raised in captivity. Their smaller size makes it possible to host
larger colonies than macaques at lower maintenance costs. Their small brain size is another
advantage for new methods such as ultrasound imaging and high field MRI imaging that will
allow full brain coverage in high-resolution acquisition of anatomy and function (Blaize et al.,
2020; Dizeux et al., 2019). Cognitively, they are considered superior to marmoset monkeys
(see (Williams and Glasgow, 2000) for an extensive review of squirrel monkey behavioural

research).

For instance, squirrel monkeys released in the wild appeared to dominate the marmoset
population (e.g. marmoset spent less time foraging and more time in vigilance (alertness) than
squirrel monkeys during interactions). The apparent competitive advantage of the squirrel
monkey led to the recommendation of management measures to control their expansion
(Camarotti et al., 2015). In laboratory conditions, a delayed-response task demonstrated a
larger working memory span in squirrel monkeys conditions than marmosets (Tsujimoto and
Sawaguchi, 2002). These differences may be attributed to a higher ratio between the
neocortex and the rest of the brain in squirrel monkeys (15541 / 22572 mm3 = 69%) than in
marmoset (4371 / 7241 mm3 = 60%)(Sawaguchi, 1992). Additionally, the squirrel monkey
develops age-related cerebral impairments similar to neurodegenerative disorders in ageing
humans (Elfenbein et al., 2007; Emborg, 2007), rendering it a very apt model for neurological
clinical translational studies. Despite its physiological and neurodegenerative similarities with
humans that will make this species an ideal model for clinical neurosciences, the use of the
squirrel monkey in research has been steadily decreasing over the past 20 years (see Figure
2). Therefore, the present review gathers the central neuroscientific literature in squirrel
monkeys to summarise the exceptional contribution of this species to our current

understanding of clinical neuroscience and promote its potential for future study.
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Figure 2: Number of PubMed peer-reviewed publications per primate species (date:

26.11.2020)

Cerebral anatomy

The brain of the squirrel monkey weighs approximately 22g (Hofman, 2014) which resembles
a ratio with the body mass close to other primates (Fleagle and Seiffert, 2016; Friedrich et al.,
2020; Roth and Dicke, 2012; van Dongen, 1998). The neuroanatomy of the squirrel monkey
can be derived from several atlases (Akert, 1963; Gao et al., 2014; MacLean, 1962; Schilling
et al., 2017, 2019a; Sun et al., 2015). MacLean and Akert atlases present brain structures
delineated based on cyto- and myelo-architecture (Nissl and myelin stained sections);
however, the lack of a digital version of these atlases limits the possibility to register and
compare across individual monkeys (Akert, 1963; MacLean, 1962). In contrast, the atlases by
Gao et al. (Gao et al., 2014) and Schilling et al. (VALIDATe29) (Schilling et al., 2017) used in
vivo and ex vivo MRI acquisitions but in turn lack histological information. A recent atlas
integrates histology with MRI data (CHIASM) (Schilling et al., 2019a) by including Nissl and
myelin stains and anatomical and diffusion MRI contrasts from the same animal. We provide
a comprehensive overview of the surface and the subcortical anatomy of the squirrel monkey

in line with these references.



Surface

Similar to mammals and other primates, including humans, the brain of the squirrel monkey is
covered by meninges which are composed of the dura mater, the arachnoid membrane, and
the pia mater (Barcellos et al., 2011).

In primates, the amount of neocortical folding and sulci is proportional to the cerebral volume
(Heuer et al., 2019). Accordingly, the squirrel monkey brain is not strictly lissencephalic, and
it presents more sulci than the marmoset (as shown in Figure 1). Post mortem dissections and
neuroimaging investigations in squirrel monkeys indicate the existence of a lateral fissure
(Barcellos et al., 2011) that separates the temporo-occipital from the fronto-parietal cortices.
A central sulcus separates the frontal from the parietal cortices and the primary motor cortex
(M1) from the primary somatosensory cortex (area 3b). A superior precentral dimple (SPCd)
separates the primary motor cortex from the premotor cortex (PMd and PMv). As in other non-
human primates, the squirrel monkey’s frontal eye field (FEF) is located in the front of the
premotor cortex and limited anteriorly by the arcuate sulcus (As). Area 5 and the posterior
parietal cortex (PPC) can only be dissociated from the somatosensory areas based on
electrophysiological observations (Benjamin and Welker, 1957; Kaas et al., 2016) as the
cytoarchitecture of the parietal cortex has not yet, to our knowledge, been parcellated in
squirrel monkeys. Similar to macaques, the temporal lobe of the squirrel monkey can be
divided into several regions, including the temporalis superior cortex (TS), lateral
parakoniocortex (paAlt), temporo-parietal region (Tpt), temporo-occipital region (TEO), and
temporal region (TE)(Weller et al., 2006). Areas 35 and 36 of the perirhinal cortex are located
between the inferior temporal sulcus and the rhinal sulcus. Medially, the squirrel monkey's
brain displays a wealth of familiar features similar to the human brain, such as a calcarine
fissure typically indicating the location of primary visual areas. From there, the parieto-occipital
medial sulcus separates the occipital lobe from the parietal and limbic lobes, respectively. A
cingulate gyrus circles from the medial frontal to the medial temporal lobe around the corpus
callosum. The medial frontal lobe is split into a dorsal and ventral portion by the rostral sulcus.
An occipitotemporal sulcus separates the lateral portion of the temporal from the medial
portion of the temporal lobe, where cytoarchitectural areas 35 and 36 will correspond to the

perirhinal cortex in humans (see Figure 3).

Despite a small number of gyri and circumvolutions, the six-layered cortex ratio (i.e. the weight
of the cerebral cortex relative to the total weight of the brain) of the squirrel monkey is 68.4%.
This value is higher than in rodents (mouse: 43.0%; rat: 44.6%), grey mouse lemurs (50.5%),

and owl monkeys (67.5%); but lower than in marmosets (71.5%), capuchins (75.0%), baboons



(79.5%), macaques (79.9%), and Great Apes (i.e. Humans: 81.7%)(Herculano-Houzel et al.,
2015). Hence, the cortex of squirrel monkeys is close to the brain of macaques and very similar
to humans except for some gyri and sulci that are also absent in the other monkeys.
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Figure 3: Gross anatomy of the squirrel monkey brain. The top panel displays a digital 3D
reconstruction of the left hemisphere of a squirrel monkey derived from magnetic resonance
imaging. The bottom panel shows post mortem coronal sections (modified from
http://neurosciencelibrary.org and Gergen and MacLean atlas (Gergen and MacLean, 1962)
demonstrating the existence of sulci in the squirrel monkey brain and the close similarity of

the subcortical anatomy with humans.

Subcortical



The brain of the squirrel monkey also has most of the subcortical areas identified in the human
brain (see Figure 3). For instance, the diencephalon includes the pineal gland, thalamus,
hypothalamus, hypophysis, and colliculi are visible and proportional to the brain size of the
squirrel monkey. The lateral geniculate nucleus (part of the thalamus) of the squirrel monkeys,
like Old World monkeys (e.g. rhesus monkey), is composed of six layers, including two ventral
magnocellular layers and four dorsal parvocellular layers (Rosenblum and Coe, 1987)
receiving input alternatively from the contralateral and ipsilateral eyes.

The telencephalon of squirrel monkeys contains the cerebral hemispheres, including the
cerebral cortex and some subcortical structures. The subcortical structures of the
telencephalon include the amygdala, the hippocampus, the basal ganglia, the septal nuclei,
the basal nuclei of Meynert, and the nucleus accumbens (Emmers and Akert, 1963; Vanier et
al., 2019).

In the brainstem of the squirrel monkey, the main structures such as the tectum, tegmentum,
cerebral peduncles, and the superior and inferior colliculi are also well visible to the naked eye

and with imaging methods.

Hence, the brain of squirrel monkeys harbours a wealth of structures comparable to humans
and Great Apes (Dyce et al., 2010). In contrast, the rodent brain differs from humans with a
smooth (rather than convoluted) cortex and a dorsally located hippocampus (instead of a
ventral and medial position). The sensory system patrtially overlaps with the motor system in
rodents and has a larger olfactory sensory cortex (i.e. considerably larger olfactory bulb) that
includes a dedicated whisker sensory system (contrary to the importance of touch and taste
in primates), the visual cortex is located lateral, and its brain circuitry is less complex (Snyder
et al., 2018). The comparability of these structures in squirrel monkeys and humans is crucial
as they allow more translational clinical investigations of functional systems that are not

available or not developed in rodents.

Brain circuits and functional systems

Functional systems are defined here as brain regions working together via large circuits of
neurons and connections to achieve main functions such as, for example, motor actions or
the processing of sensory information. In squirrel monkeys, the connections of functional

systems have been demonstrated using several techniques such as postmortem axonal



tracing (e.g. (Huerta etal., 1987, 1986)) or in vivo diffusion-weighted imaging (Gao et al., 2018,
2016, 2013; Schilling et al., 2019c, 2019b).

Visual system

Primate visual functions require primary visual inputs (i.e. retinogeniculate or retinotectal),
good coordination between the two brain hemispheres for stereoscopy, and higher-level visual
processing along the ventral and dorsal visual stream to quickly detect food and potential
predators. In other words, in primates, visual functions are possible only through the

integrative effort of different structures in a complex network.

Squirrel monkeys, like other primates, have an optical chiasma, although the proportion of
non-crossing fibres remains, to our knowledge, unknown. Their ocular fibres terminate in the
lateral geniculate nucleus (LGN)(Rosenblum and Coe, 1987) and their LGN of the thalamus
projects between layers IVa/IV and layer 1lIB of the striate cortex (V1) (Lachica et al., 1993).
However, in contrast with other monkeys, columns of ocular dominance in layer IV are less
well segregated but still visible in squirrel monkeys (Horton and Hocking, 1996; Rosenblum
and Coe, 1987), which opens up the question of the functioning/existence of eye dominance
in squirrel monkeys (Livingstone, 1996). This difference suggests potential binocular
interactions and differences between squirrel monkeys and Old-World monkeys that remain

to be scrutinised in future research.

Visual interhemispheric coordination in squirrel monkeys is also very similar to macaques and
humans (Gazzaniga, 2000; Rosenblum and Coe, 1987), with posterior callosal connections
projecting preferentially to V1 and V2 (Gould et al., 1987). Visual information is also further
processed along the dorsal (where) and the ventral (what) streams in the squirrel monkey,
similar to macaques (Ungerleider and Mishkin, 1982; Weller, 1988). Accordingly, the ventral
stream complex of squirrel monkeys is composed of a chain of local interconnected regions
linking hierarchically successive functional modules along the occipital-temporal lobe (V1, V2,
V3, and V5)(Tigges et al., 1981). These modules are systematically interconnected with the
posterior thalamus—the pulvinar (Kaas and Lyon, 2007). The dorsal stream of the squirrel
monkey runs in parallel to the ventral stream in the squirrel monkey. Area V2 is sending
significant connections to area 19 (V4-6), albeit more moderately than macaques and humans
(Cusick and Kaas, 1988).

Further along, the most anterior portion of area 19 (front of the parieto-occipital sulcus
corresponding to V6) is connected with the frontal eye field (FEF) in squirrel monkeys, located

near the arcuate sulcus and responsible for saccadic eye movements (Huerta et al., 1987).



The subcortical connections of the FEF in squirrel monkeys are comparable to macaque
monkeys suggesting homology and conservation or convergent evolution (Huerta et al., 1986;
Percheron et al., 2015). Overall, the structural organisation of the visual system in squirrel
monkeys, albeit mapped incompletely, appears to be a much more accurate model of human
visual functions than rodents where FEF has not been identified yet (Laubach et al., 2018).

Somatosensory system

The somatosensory system is contingent on primary sensory inputs, fast interpretation of

threatening stimulation (i.e. pain), body representation, and sensory-motor integration.

The primary somatosensory cortex of the squirrel monkey, like its primate counterpart, is
somatotopic and has the same somatic sensory fields described in other primates (Cusick and
Kaas, 1988). For example, in the primary somatosensory cortex, Brodmann’s areas (1, 2, and
3) and the subdivisions of 3 into 3a and 3b have also been demonstrated in squirrel monkeys
(Sanides, 1968). In the squirrel monkey, area 1 of the somatosensory cortex is involved in
tactile discrimination. It receives strong connections from other cytoarchitectonic regions of
the somatosensory cortex (i.e. 2, 3a and 3b), the parietal lobe (5), the primary motor cortex
(M1), the dorsal and ventral premotor cortex (PMd and PMv), the supplementary motor area
(SMA), and the second somatosensory regions (i.e. S2, parietal ventral (PV), and two divisions
of ventral somatosensory (VS) areas)(Ashaber et al., 2014; Cerkevich and Kaas, 2019;
Friedman et al., 2020; Palfi et al., 2018; Wang et al., 2013). This circuit has been mapped with
axonal tracing. The cortical projections in squirrel monkeys are similar to the pattern of
connections in macaques (Nelson et al., 1980; Pons and Kaas, 1986; Sur et al., 1982) and,

putatively, humans.

Like in other primates, a sensory and an affective functional network processes pain in squirrel
monkeys. The sensory network links primary (area 3b) and secondary somatosensory (areas
S2, PV and 2 divisions of VS) cortices together with the posterior parietal cortex in squirrel
monkeys. The affective network of the squirrel monkey involves connections between the
whole cingulate cortex with the insula. These two networks interact at the system level via

strong interconnections between S2 and the insula (Wu et al., 2017).

Additionally, squirrel monkey somatosensory cortex (3aV) connections to the rest of the brain
(motor, M1 and premotor, PMd/PMv, posterior parietal, PPC, limbic, thalamus, 24 insula
together with the primary and secondary somatosensory cortex) are putatively responsible for
the representation of the body comparably to humans (Pacella et al., 2019; Pacella and Moro,
2020; Stevens et al., 1993).



Sophisticated techniques, such as electrical intracortical microstimulation with optical imaging,
allow the mapping of inter-areal and intra-areal connections in vivo primates (Friedman et al.,
2020; Liao et al., 2013). This approach revealed that the somatosensory and motor cortices
are tightly connected in squirrel monkeys. For example, area 2 projects to areas 1, 3a, 3b, and
M1. Similarly, area 3a is connected to areas 1, 2, 3b, and area 3b is connected to M1 and
area 1. As in other primates, this dense sensorimotor integration was proposed to be mediated
by short u-shaped connections recently discovered in humans (Catani et al., 2012).
Functionally this dense network supports control and fine motor skills through connections
between the different representations of each digit in area 3b with areas 1, 2, 3a, M1, parietal
ventral/somatosensory cortex (PV/S2) and ventroposterior lateral nucleus of the thalamus
(Liao et al., 2013, 2016).

The structural organisation of the somatosensory system in the squirrel monkey is more
comparable to humans and Old World monkeys than rodents. A modest parietal lobe size and
a limited range of behaviours restrict detailed sensorimotor and body representation

investigations in NHP (Kaas et al., 2018).
Motor system

The motor system receives inputs from the prefrontal cortex to facilitate the planning of action
sequences. The motor system is also connected to the parietal lobe to coordinate actions
within a reference system (e.g. reaching a target or defending your peripersonal space). Fine-
tuning of motor initiation (e.g. monitoring and planning) is orchestrated by cortico-subcortical
interactions (i.e. striato-thalamic and ponto-cerebellar) within each hemisphere. The

interaction between both hemispheres is required for bimanual coordination.

In the squirrel monkey, activity related to the elaboration of a motor plan would converge in
the frontal rostral field (FR) before reaching the PMd, PMv and M1 (Dancause et al., 2008)
and further processing along the fronto-parietal network. Like in other primates, the fronto-
parietal network of the squirrel monkey can be divided into three systems that help to
coordinate the action in a reference system for reaching (PMd, M1 to dorsal PPC), grasping
(PMv, M1 to ventral PPC), and defending the peripersonal space (PMv, M1 to mid
PPC)(Gharbawie et al., 2011; Kaas et al., 2016; Stepniewska et al., 2014). These fronto-
parietal connections can therefore be considered as sensory-effector modules dedicated to
actions. This network has been described in other primates as well, including owl monkeys
(Stepniewska et al., 2006, 1993), galagos (Fang et al., 2005; Fogassi et al., 1994;
Stepniewska et al., 2009, 2005) and macaques (Godschalk et al., 1995; Luppino et al., 1999;



Matelli et al., 1998; Tanné-Gariépy et al., 2002) suggesting their conservation during evolution
(Gharbawie et al., 2011; Kaas et al., 2016).

The motor network extends to subcortical structures. The squirrel monkey motor and premotor
cortices project to the putamen (Lapper et al., 1992) and then to the internal pallidum and the
motor thalamus (Lavoie et al., 1989). The information is directed back to the supplementary
motor area (SMA) via the ventrolateral nucleus divisions of the motor thalamus and to a lesser
extent via the rostral motor thalamus in squirrel monkeys (Gharbawie et al., 2010).

Finally, with the help of axonal tracers, Dancause et al. (Dancause et al., 2007) identified
several interhemispheric connections of PMv in squirrel monkeys, which participate in the
coordination of bimanual movements. These included interhemispheric connections of PMv

and SMA and the posterior parietal cortex (PPC) and inferior parietal cortex (PG).

In sum, the motor system in squirrel monkeys seems highly comparable to other non-human
primates. It might, therefore, serve as a valuable model for the investigation of human motor
disorders. The SMA region is located at the dorsomedial margin of the frontal lobe (Jirgens,
1984; Welker et al., 1957) but is not connected with the insula, area 3a, and PPC as has been

described in other primates (Guldin et al., 1992).
Limbic system

In primates, including humans, the limbic system integrates visceral sensations, memory, and
spatial orientation and introspective self-directed thinking (Catani et al., 2013). The visceral
sensation can be triggered by olfactory senses and is highly developed in squirrel monkeys
(Laska et al., 2000) with easily identifiable structures such as the piriform cortex, olfactory
bulbs, trigone and tractus (MacLean, 1962). Viscero-receptive thalamic neurons of the squirrel
monkey are also present in the ventral posterior lateral portion of the thalamus. Like humans,
these thalamic neurons are responsive to bladder, colon, and oesophagus stimulation in
squirrel monkeys (Briggemann et al., 1994). The squirrel monkey visceral sensations are
further enriched with affective representation through their interaction with S2 and the insula
(Wu et al., 2017).

In primates, memory and spatial orientation are typically attributed to the hippocampus (Sosa
et al., 2018). The hippocampus and entorhinal area of squirrel monkeys receive projections
from the prefrontal and the orbitofrontal cortex (Leichnetz and Astruc, 1976a, 1975).
Additionally, tracers injected in the hippocampal formation of squirrel monkeys identified

projections to the medial septal area, the basal forebrain, anterior and laterodorsal thalamic



nuclei, reuniens and periventricular nuclei of the thalamus, lateral hypothalamus, and the

dorsal and superior raphe nuclei (DeVito, 1980).

The default mode network is the primary network activated during mind wandering and self-
thinking (Kucyi et al., 2016). Whilst mind wandering and self-thinking are challenging to
qguantify in animals, the existence of some critical structures and connections suggests that
squirrel monkeys might have a default mode network comparable to apes. The anterior
cingulate cortex of the squirrel monkey has connections to other cortical areas (e.g. frontal
cortex, insula), subcortical structures (e.g. claustrum, thalamus), and brainstem nuclei (e.g.
Raphe nuclei, nucleus coeruleus)(Jirgens, 1982). Most of these areas appear to be involved
in the default mode network in humans (Alves et al., 2019). This network is anatomically
mimicked in squirrel monkeys and may present a unique opportunity to investigate its clinical

role and manipulate its function pharmacologically.
Vestibular system

Several studies suggest a close similarity between the vestibular system in macaques and
squirrel monkeys (Cavada and Goldman-Rakic, 1989; Guldin et al., 1992; Neal et al., 1987).
The vestibular system of the squirrel monkey takes roots in the parieto-insular vestibular cortex
(PIVC), which is homologous to the PIVC in macaques (Pandya and Sanides, 1973). Further
reciprocal connections between PIVC, 2, 3a, PPC and FEF are essential for the processing of
vestibular information in squirrel monkeys (Guldin et al., 1992). The squirrel monkey
somatosensory-proprioceptive system, together with the visual movement system (V5, see
the previous sections on Somatosensory and visual systems), also participates in the
vestibular network via a relay in the temporo-parietal region (Tpt). Hence, squirrel monkeys

might be an excellent model to investigate therapeutics for symptoms like vertigo.
Auditory-vocal system

Studying primates rather than rodents offers a unique opportunity to tap into primitive vocal

communication as a precursor for language evolution (Balezeau et al., 2020).

Like other primates, squirrel monkeys can cackle, growl, chirp, trill, or quack (Winter et al.,
1966) and relevant brain structures have already been identified for cackling and growling
(Jurgens and Ploog, 1970). Cackling and growling share the same network of regions involving
the midbrain, the thalamus, and the subcallosal gyrus. However, cackling uniquely involves
connections between the midbrain and the hypothalamus via the dorsal longitudinal fasciculus

of squirrel monkeys (Winter et al., 1966). Crackling also requires thalamic projections to the



amygdala and the ventral temporal lobe via the inferior thalamic peduncle and the anterior
cingulate cortex via the anterior thalamic radiations. In the squirrel monkey, growling, on the
other hand, involves thalamic projections to the nucleus accumbens, which is interconnected

with the hippocampus and the subcallosal gyrus via the fornix.

The auditory system of the squirrel monkey has been limited to the study of the lateral
parakoniocortex (paAlt) in the superior temporal gyrus, which has a tonotopic organisation
(Cheung et al., 2001). The parakoniocortex of squirrel monkeys can analyse complex auditory
signals (Wollberg and Newman, 1972) and is finely tuned to intraspecies vocalisation
(Funkenstein et al., 1970).

Prefrontal system

The investigation of the prefrontal system beyond motor tasks remains, to our knowledge,
unexplored in squirrel monkeys. However, preliminary evidence derived from the unilateral
partial ablations in the medial granular frontal cortex of the squirrel monkey revealed fibre
degeneration along connections to the rest of the brain, including the limbic (via the cingulum),
the contralesional hemisphere (via the corpus callosum), subcortical structures (via the
internal capsule), the temporal lobe (via the uncinate fascicle)(Leichnetz and Astruc, 1976b),
and the parietal lobe (via the superior longitudinal fasciculus)(Kaas et al., 2016). This wealth
of connections with the rest of the brain is compatible with the putative ‘conductor’ role of the
prefrontal cortex in cortical and subcortical limbic mechanisms. Hence, specific symptoms
observed in humans with brain injury, such as behavioural disinhibition or strategies for their

compensation, could be explored in squirrel monkeys.

Behaviour and cognition

The functional systems described above are involved in a wealth of behavioural and cognitive
functions. Most of these functions can be tested given that the tasks performed in rodents and
other primates can be adapted to the behavioural specificity of squirrel monkeys. For instance,
in behavioural research studies, it is possible to investigate the reaching and grasping of
objects in squirrel monkeys. In translational neurological studies, the squirrel monkey model
can facilitate the study of neurologic lesions on the motor system and cognitive performances

or drug effects on learning and memory skills (Williams and Glasgow, 2000).

We review here the typical tasks that have already been successfully adopted



Vision

Vision is one of the primary senses of primates, and the impact of its manipulation on
behaviour in squirrel monkeys has been studied through variation of colour wavelength,

duration, frequency, form, discrimination and co-orientation.

When it comes to colour perception, male squirrel monkeys are dichromatic, which can lead
to colour vision deficiency similar to humans (De Valois et al., 1974; Jacobs, 1983; Jacobs
and Blakeslee, 1984; Jacobs and Neitz, 1985; Miles, 1958). Dichromatism makes male
monkeys less sensitive to long-wave-length light (640nm - red-orange hue). Females can
either have dichromatic or a pseudo-trichromatic vision as they only have 2 classes of cones
(Jacobs, 1977). The pseudo-trichromatic vision can be explained by an allelic variant of the
gene for long wavelengths on each X chromosome. For instance, the combination of M/LWS
alleles, 535 and 562, compared to the 550/562 and 535/550 associations, allows the animals
to discriminate better greens and reds (De Araujo et al., 2006). Squirrel monkeys also seem
to display a preference (i.e. selective attention) for the colour of the visual stimulation rather
than its form (Ploog, 2011). Nevertheless, the presentation of attractive forms (i.e. prey)
improves their performance, whereas repulsive forms (i.e. predators) induce fear reactions
and an increase of gaze frequency (Humphrey, 1972; Murray and King, 1973). Significantly
for these visual paradigms, repetitive visual stimulation induces habituation. For instance, the
presentation of the picture of prey such as a moth or a spider to the squirrel monkey causes
habituation after 120-130sec during the first session and up to 20-50sec after the tenth session
(Marriot, 1976). Squirrel monkeys show visual co-orientation (i.e. the monkey will fixate an
object when a human is fixating it), although less frequently than in macaques (Anderson et
al., 2005; Anderson and Mitchell, 1999; Ferrari et al., 2000). These results demonstrate that
the exploration of the visual behaviour in squirrel monkeys is appropriate to investigate the
mechanisms subserving pathological behaviour and therapeutic strategies of the extended

visual system (e.g. hemianopia, agnosias, visual neglect).

Olfaction

Squirrel monkeys exhibit a higher olfactory sensitivity which is very similar to human and other
NHPs but less sensitive than other species such as rats or dogs (Laska et al., 2000).
Anatomically, fMRI studies in sedated squirrel monkeys revealed robust odorant-induced
activations in several brain areas similar to the human olfactory system (Waymel et al., 2020).
These squirrel monkey brain areas include the orbitofrontal cortex, the cerebellum and the
piriform cortex (Boyett-Anderson et al., 2003). These results suggest that sedated squirrel

monkeys and conscious humans share similar neural substrates in olfactory processing. As



squirrel monkeys have an excellent sense of smell, its investigation may help to understand
the critical role of olfaction in primate behaviour across several domains from social cognition
(e.g. oxytocin), neurological symptoms (e.g. anosmia in Covid), and as an early disease
biomarker (e.g. neurodegeneration). This opens up exciting new avenues previously not

available to neurosciences reliant on rodent studies with limited translational power.
Audition

The audible frequency range of squirrel monkeys (0.125 kHz to 46 kHz) is higher pitched than
the human range (0.02 kHz to 15 kHz). The maximum sensitivity is 8 kHz, and auditory
stimulation, typically white noise, distracts squirrel monkeys and reduces their performance
(Hornbuckle, 1972).

Auditory localisation can be assessed using a modified Wisconsin General Test Apparatus
(i.e. two speakers separated by a central partition with boxes concealing a food reward). This
study design has revealed auditory spatial maps in squirrel monkeys (Capps and Ades, 1968).
The complexity of their vocal repertoire also demonstrates well-developed auditory abilities
(Schott, 1975). Squirrel monkeys can use familiar vocal conspecific cues to reach a hidden
distant goal area (Fragaszy, 1980). Auditory discrimination (i.e. sequences of low and high
pitch sounds) studies even indicated that squirrel monkeys could detect variations of an ABnA
grammar beyond the habituation patterns (Ravignani et al., 2013). However, these findings
have been criticised (Ghirlanda, 2017), highlighting the lack of statistical robustness of the
results (i.e. omission of data points, dichotomisation of the response variable). Additionally,
according to Ghirlanda et al. (2017), it remains unclear whether the detection of variation relied
on perceptual similarity rather than grammar. Further research will be required to settle this
debate.

Hence, albeit criticised (Ghirlanda, 2017), audition in squirrel monkeys seems to show
primitive elements of vocalisation and simple grammar that could be harvested to assess the
mechanisms and the rehabilitation of auditory-verbal disorders. Additionally, while the
existence of auditory-spatial maps in squirrel monkeys has been confirmed, they are still

poorly understood and offer a strategic target for future studies of visual neglect rehabilitation.
Eye movements

During spontaneous eye movements, execution of saccades, and smooth pursuit tasks, the
oculomotor behaviour of squirrel monkeys and macaques is similar (Heiney and Blazquez,

2011). Squirrel monkeys, however, exhibit a smaller oculomotor range, weaker performance



for horizontal saccades above 10 degrees and smaller gains for smooth horizontal pursuit.
The smaller range of saccades and pursuit gains in squirrel monkeys may indicate that eye
movements play a lesser role for gaze control than in macaques and are compensated for by
more frequent head movements (Gdowski et al., 2000; McCrea and Gdowski, 2003; Roy and
Cullen, 2001). Even if slightly more distractible than macaques during experimental sessions,
gaze orienting can be investigated in squirrel monkeys and opens up some exciting

possibilities for studying attention and related disorders.

Whether squirrel monkeys can perform anti-saccades still awaits confirmation. The ability of
squirrel monkeys to correctly execute inhibitory control (see inhibitory control section)

suggests that they might perform anti-saccades after training.
Reaching and grasping

Manual dexterity and fine motor coordination during manual prehension and manipulation
tasks are testable in squirrel monkeys. However, in the absence of visual input, the prehension
in squirrel monkey is not as sharp as macaques and humans (Zander et al., 2013), limiting the
exploration of neuropsychological syndromes such as, for instance, ideational apraxia. On the
other hand, squirrel monkeys are better than most of the other non-human primates for the
prehension of a rapidly moving object (Fragaszy, 1983; Welles, 1976), a process that is

typically impaired in optic ataxias.

Like macaqgues (Chatagny et al., 2013), squirrel monkeys also have a slight hand preference
that may vary according to the task. While no preference can be observed for fruit grasping,
squirrel monkeys preferentially use their left hand to catch their prey (Pouydebat et al., 2014).
Further investigation of lateralised behaviour might suggest a potential brain functional

lateralisation.
Inhibitory control

A typical experimental setup to study inhibitory motor control requires a squirrel monkey to
choose a smaller amount of food over a larger amount of food. The latter would be a natural
choice that has to be inhibited. Squirrel monkeys can achieve this inhibition and maintain it for
up to eight months (Anderson et al.,, 2004). However, when increasing the cognitive load
during an inhibition task, squirrel monkeys perform less well than other primates. For example,
for a fine motor inhibition task, squirrel monkeys usually perform an inappropriate movement

(e.g. pulling candy off a wire) rather than the target movement (e.g. move candy along the



wire to come off) (Davis and Leary, 1968). As such, squirrel monkeys are appropriate to
investigate inhibitory control but using experimental designs with a low task load.

Social dimensions

In primates, recognition of individuals is a critical ability to form and maintain social groups.
Like Old World monkeys, squirrel monkeys can detect subtle differences in facial features,
which allows them to distinguish individuals within their species (Nakata and Osada, 2012).
Social contact with their peers also facilitates task-directed behaviour and increases their
acquisition of an instrumental response (Benjamin and Welker, 1957). Importantly, for the
squirrel monkey living in social groups, the isolation during cognitive tests is a significant stress
factor leading to distractibility and restless behaviour (Rosenblum and Coe, 1987). A
comparison could be drawn here that could be interesting to explore in finding strategies to

compensate or prevent the psychological danger of social distancing in humans (Sikali, 2020).

Memory

Working memory skills are comparable between macaques and squirrel monkeys, although
squirrel monkeys are more distractible during delayed response tasks (Goldberg et al., 1980;
Rosenblum and Coe, 1987).

Squirrel monkeys can accurately remember lists containing up to 20 items (Overman et al.,
1983) and build long-term spatial memories (Burdyn et al., 1984; Ludvig et al., 2003). Their
information retention period is also comparable to humans (Overman et al., 1983). Squirrel
monkeys succeed at reversal learning tasks, although their performance is more modest than
macaques (Rosenblum and Coe, 1987). Squirrel monkeys can remember newly learned rules
even after a 5-year interval (Adachi et al., 2011). Therefore, albeit slower learners than
macaques, squirrel monkeys' long-term memory abilities appear to be comparable to human
memory. In combination with their ability to succeed in reverse learning tasks, they are a

valuable model for investigating the anatomy and disorders of memory.

Healthy ageing and neurological pathologies



Ageing is defined as the progressive alteration of the organism’s functions, accompanied by
an increased risk of developing pathologies. With a life span of 35-40 and 25-30 years (Fischer
and Austad, 2011; Tigges et al., 1988; Walker et al., 1990), macaques and squirrel monkeys
are the most extensively studied primate models in ageing research. Some neuropathological
changes characteristic of ageing or Alzheimer’s disease in humans are also present in these
senescent monkeys, and age-related deficits in memory tasks exist in squirrel monkeys similar
to humans (Fischer and Austad, 2011).

Ageing

Similar to cognitive decline in humans, cognitive functions are affected in ageing squirrel
monkeys (Fischer and Austad, 2011). For example, aged squirrel monkeys make more errors
than younger animals during variations of a two-choice, spatial delayed-response task.
However, the reduced accuracy in older squirrel monkeys was not due to a memory deficit per
se, as the difference between the two groups was independent of the delay interval (King and
Michels, 1989). Indeed, older squirrel monkeys perform comparably to younger animals in
learning and memory tasks (Lyons et al., 2004). However, for motor inhibition tasks, there is
a detectable effect of age as these are more challenging for older squirrel monkeys. This
decline correlates with the overall white matter volume (Tigges et al., 1988). Cortisol treatment
can also accentuate this decline in elderly squirrel monkeys (Lyons et al., 2000). This is of
particular interest as, with ageing, humans develop endogenous hypercortisolism associated
with cognitive impairment. Hence future research in older squirrel monkeys can shed light on

the cascade of events that happens during ageing and help discover new targets for treatment.
Alzheimer’s disease

An estimated 1 out of 15 people over the age of 65 years is affected by Alzheimer’s disease
(Qiu et al., 2009). The high presence of B-amyloid peptides (leading to senile plaques) and
tau proteins (leading to neurofibrillary tangles) in the limbic system is a defining characteristic
of Alzheimer’s disease in humans (Ballard et al., 2011; Braak and Braak, 1997). However,
establishing a suitable animal model for this disorder is challenging as no other mammals
seem to compare exactly with humans with regards to this pathology. For instance, whilst
squirrel monkeys B-amyloid peptide is identical to humans (Levy et al., 1995), its deposit (AB)
preferentially affects capillaries, rather than neurons, in the form of cerebral pB-amyloid
angiopathy (CAA) around the age of 13-14 years (Oikawa et al., 2010; Walker, 1997, 1993;
Walker et al., 1990). Aged squirrel monkeys present with relatively few senile plagues,

predominantly distributed in the third and fifth layers of the cerebral cortex and are smaller



than those present in macaques and humans (Walker et al., 1990). Their presence in the
squirrel monkey has been observed in the hippocampus in severe cases, similarly to humans
(Ogomori et al., 1989).

In sum, squirrel monkeys naturally develop a deposit of 3-amyloid peptide (AB) which is one
advantage over rodent models. However, in squirrel monkeys, the deposits cause cerebral 3-
amyloid angiopathy (CAA) and not Alzheimer’s disease. Future genetics research might shed
light on neurodegenerative processes leading to the squirrel monkey as a model for Alzheimer
disease. For instance, squirrel monkeys and humans present with 99.5% similarities for
amyloid beta-protein precursors (BPP) (Levy et al., 1995). This substitution of nucleotides in
the BPP gene (involved in neural plasticity or the regulation of synapse formation) could be

one cause of human Alzheimer’'s disease.

Parkinson

The incidence of Parkinson's disease is estimated at around 1% of the population over 70
years. In non-human primates, the MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) is a
toxin that destroys neurons in the substantia nigra leading to the neurochemical, pathological,
and behavioural characteristics of Parkinson's disease (Emborg, 2007; Porras et al., 2012). In
MPTP squirrel monkeys, profound Parkinsonism and severe nerve cell destruction in the
substantia nigra are evident within a day after toxin injection (Irwin et al., 1990). After one
week, the number of dopaminergic neurons in the substantia nigra of squirrel monkeys
decreased by 10%, and after one month, the neuronal loss is as high as 40% (Purisai et al.,
2005). Squirrel monkeys injected with MPTP develop motor abnormalities similar to those
observed in humans with Parkinson's disease, such as bradykinesia, rigidity, and postural
abnormalities but recover quickly and spontaneously, preventing chronic motor symptoms in
this species (Petzinger et al., 2006). Like humans, squirrel monkeys respond positively to L-
DOPA treatment which is the primary drug for treating Parkinson's disease (Boyce et al.,
1990). Apart from the neuronal loss in the substantia nigra, alpha-synuclein proteins tend to
aggregate in neuronal tissues and form Lewy Bodies when combined with other proteins.
Squirrel monkeys' dopaminergic neurons that survived the toxicity of an MPTP injection show
alpha-synuclein proteins, albeit with a slightly different genetic signature than humans
(Vermilyea and Emborg, 2015). These alpha-synuclein proteins, particularly in aged squirrel
monkeys, aggregate into Lewy Bodies in the substantia nigra, the amygdala-parahippocampal
region, the locus coeruleus, the basal nucleus of Meynert, the Raphe nuclei, and the dorsal
motor nucleus of the vagus nerve (Forno et al., 1995, 1993, 1986). The difference between

the inclusions in squirrel monkeys and human cortical Lewy Bodies is the orientation of the



filaments in the inclusion bodies. Contrary to the random orientation in human Lewy Bodies,
squirrel monkeys present with curving bundles arranged in a ball or cap adjacent to the
nucleus (Forno et al., 1995).

In sum, the MPTP model of squirrel monkeys shows many similarities with human
Parkinsonism. However, it is essential to remember that the genetic code of some Parkinson
Disease’s actors varies (i.e. alpha-synuclein proteins), which may explain the spontaneous
recovery of symptoms in squirrel monkeys and lead to differences in the efficiency of future

treatments.
Stroke

It is estimated that one out of six people will suffer a stroke during their lifetime. Stroke is the
second leading cause of death in the western world. Stroke has a detrimental toll on public
health as patients find themselves amputated for life from a part of their mind. The current
COVID-19 crisis has recently aggravated this number (Hernandez-Fernandez et al., 2020).
However, as it stands, clinicians cannot yet predict the clinical outcome after a stroke. There
is an urgent need for a suitable animal model for stroke that captures some of the complexity
of clinical-physiological processes and the influence of psychodynamic mechanisms on
human behaviour and cognition after stroke. A suitable animal would permit elaborating
informative models for stroke recovery that can be translated to humans. While the occurrence
of a stroke by an occlusion (i.e. ischemic infarct) can be mimicked in many animals, studying
the mechanisms of recovery is limited to only a few. Squirrel monkeys have already been
considered better suited than rodents, cats, or dogs to model brain circulation and vasculature
(Waltz and Sundt, 1967) and have been used preferentially for thrombolytic therapy research
(Sundt et al., 1969; Sundt and Waltz, 1967). Experimental stroke studies in squirrel monkeys
initiated an occlusion in the middle cerebral artery, which, if permanent, causes a large infarct
in the brain (Waltz and Sundt, 1967). In the two hours following an occlusion in squirrel
monkeys, cerebral blood flow does not necessarily cease entirely. Still, it decreases but
decreases to a critical level of 80 to 50% compared to the normal flow (Sundt and Waltz,
1971). Restoration of blood flow in the artery of the squirrel monkey within three hours after
occlusion potentially allows for the survival of salvageable brain tissues (Sundt and
Michenfelder, 1972). These results demonstrated that, if taken care of in time, the ischemic
effects are potentially reversible and improved the lives of countless stroke survivors
(Fassbender et al., 2013). Squirrel monkey models have also been used to investigate motor
behaviour recovery. Findings indicate that the degree of motor deficit and the time required

for recovery depends on the size of the injury. For instance, small acute lesions involving 35%



of M1 hand area lead to altered motor skills in squirrel monkeys with a behaviour similar to
sensory agnosia (Barbay et al., 2006; Nudo et al., 2003). Particularly in the case of large
lesions, squirrel monkeys use the impaired hand only when they cannot use the intact hand
even two years after infarct comparably to patients with motor neglect (Laplane and Degos,
1983).

Hence the model of stroke in squirrel monkeys allows dissociating the different trajectories of
behavioural recovery according to lesion size and location and might be informative for

rehabilitation.
Spongiform encephalopathies or prion diseases

Each year, spongiform encephalopathies (i.e. prion diseases) are estimated to affect 1-2
persons per million, equivalent to 8000 to 15000 people worldwide (Chen and Dong, 2016).
Spongiform encephalopathies can also impact other mammals such as primates. For instance,
the inoculation of bovine spongiform encephalopathy in squirrel monkeys leads to a similar
clinical presentation as Creutzfeldt-Jakob in humans (Piccardo et al., 2012). The disease
develops between 29 and 46 months after the inoculation in squirrel monkeys, with evolution
over 2 and 5 months. The disease is characterised by prominent deposits of tau and prion
proteins in several brain areas, including the cerebellum, with occasional and abnormal tau-
immunoreactive neurites and neurons. These deposits are associated with progressive
behavioural, cognitive, motor, and cerebellar alterations such as ataxia, tremors, loss of
balance, jerky and uncoordinated movements, bradykinesia as well as a generalised
weakness (Piccardo et al., 2012). However, neurdfibrillary tangle formation remains, to our

knowledge, to be explored in squirrel monkeys (Heuer et al., 2012; Oikawa et al., 2010).

In conclusion, squirrel monkeys can exhibit behavioural similarities with Creutzfeldt-Jakob
disease in humans and therefore offers a potential line of investigation into its biological,

behavioural, and cognitive features.

Conclusion

This review summarised the available literature on the squirrel monkey brain regarding its

anatomy, functional systems, behaviour, normal ageing, and pathologies.

The squirrel monkey diverged from the human lineage 10 million years before the macaque
monkey. Instead of a step back in evolution, the squirrel monkey offers a step forward in
neuroscience by providing an opportunity to model better the evolution of the primate brain

(Friedrich et al., 2020). Besides answering questions on the origins of the modern human,



understanding the phylogeny of the primate brain will allow for targeted studies matching
human brain mechanisms to their phylogenetic counterpart. Further, it may also help discover

neuroprotective agents allowing for resilience to disease in animals.

Squirrel monkeys also offer a point of comparison to the anatomical, physiological, and
behavioural knowledge that has been derived from rodents, macaques, and humans. With a
cortex representing %5 of its brain, the squirrel monkey has a higher ratio than rodents but
lower than most other primates. However, compared to macaques, its smaller brain is ideal
for new methods such as ultrasound imaging and high field MRI imaging that will soon allow
full high-resolution acquisition of the anatomy and the functioning of the brain (Blaize et al.,
2020; Dizeux et al., 2019; Norman et al., 2021). As the squirrel monkey is smaller in body size
but more social than the macaque, it is possible to host larger colonies at lower maintenance
costs. Likewise, and in contrast to rodents, the long-life expectancy of squirrel monkeys offers
an opportunity for studying brain ageing, neurodegenerative diseases, and recovery
mechanisms after stroke. Their highly developed five senses allow estimating the impact of

brain damage and disease on their behaviour with unprecedented accuracy.
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Figure 4: Perspective on the clinical neuroscience research in squirrel monkey that will allow
assessing with unprecedented precision the effect of surgical and pharmacological lesions on
in vivo brain anatomy, function and cognition as well as its relationship with post-mortem
histological findings. Top panel: In vivo virtual dissection of the fronto-parietal network SLF

(superior longitudinal fasciculus I, Il and 111) using diffusion tractography. Typical anti-saccade



paradigm (left) and corresponding functional ultrasound imaging (FUS) in the frontal and the
parietal lobes.

With the advent of new methods such as micro-surgery, tool miniaturisation and open science,
the squirrel monkey will allow for an advanced in vivo investigation between the standard
surgery/pharmacology and histology (see Figure 4). Structural, behavioural, and functional
exploration of the living squirrel monkey brain will give unique access to the mechanisms
supporting cognitive impairment and its spontaneous or pharmacologically boosted recovery
in meaningful samples. In doing so, the squirrel monkey has the potential to become a
cornerstone to clinical neuroscience. Its use in research will allow to translate and extend the
work carried out in rodents to primate. Also, it will allow for the replication of the work published
in macaques in larger samples before its translation to humans and will help to bridge the gap
between magnetic resonance neuroimaging and histological findings. Hence, the squirrel
monkey represents a window of opportunity that will potentially fuel new translational

discoveries for humans and should be encouraged for future research.
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