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Overview

Animal Models for the Study of Neurologic 
Manifestations of COVID-19

Kelsey C Carpenter,1,* Jibing Yang,2 and Jiajie J Xu3

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the cause of the worldwide coronavirus (COVID-19) 
pandemic, has infected an estimated 525 million people with over 6 million deaths. Although COVID-19 is primarily a 
respiratory disease, an escalating number of neurologic symptoms have been reported in humans. Some neurologic symptoms, 
such as loss of smell or taste, are mild. However, other symptoms, such as meningoencephalitis or stroke, are potentially fatal. 
Along with surveys and postmortem evaluations on humans, scientists worked with several animal species to try to elucidate 
the causes of neurologic symptoms. Neurologic sequelae remain challenging to study due to the complexity of the nervous 
system and difficulties in identification and quantification of neurologic signs. We reviewed animal models used in the study 
of neurologic COVID-19, specifically research in mice, hamsters, ferrets, and nonhuman primates. We summarized findings 
on the presence and pathologic effects of SARS-CoV-2 on the nervous system. Given the need to increase understanding of 
COVID-19 and its effects on the nervous system, scientists must strive to obtain new information from animals to reduce 
mortality and morbidity with neurologic complications in humans.

Abbreviations and Acronyms: ACE2, angiotensin-converting enzyme 2; BBB, blood brain barrier; dpi, days post infection; hACE2, 
human angiotensin-converting enzyme 2; IHC, immunohistochemistry; K18-hACE2, keratin 18 humanized angiotensin-converting 
enzyme 2; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; COVID-19, coronavirus disease of 2019
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Introduction
Since its identification in late 2019, severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) spread rapidly to be-
come a global pandemic, with 83 million coronavirus disease 19 
(COVID-19) cases and over 1 million deaths in the United States 
as of May 29, 2022.11 Although SARS-CoV-2 predominantly 
affects the respiratory system, neurologic manifestations such 
as smell and taste dysfunction (ageusia/hypogeusia [complete 
or partial loss of taste] and anosmia/hyposmia [complete or 
partial loss of smell]), headaches, dizziness, seizures, delirium, 
altered mental status, neuropsychiatric disorders, ataxia, and 
strokes have also been documented (Figure 1).13,36,51,69,70 In case 
series and cohort studies, clinical signs related to the nervous 
system are reported in 14% to 57% of hospitalized patients with 
COVID-19.36,51,69,70 According to a global study on neurologic 
manifestations of COVID-19, 80% of hospitalized patients re-
ported at least one neurologic symptom, with headache (37%) 
as the most common.14 Among nonhospitalized COVID-19 
patients with mild illness, neurologic and psychiatric symptoms 
are also common, with 55% reporting fatigue, 52% loss of smell, 
45% loss of taste, and 44% headache.69 In addition, olfactory 
and gustatory dysfunction are experienced by 5% to 88% of 
patients, depending on the study.28,47,51,70,81 Other peripheral 

nervous system manifestations include vision impairment, 
peripheral neuropathies, Guillain-Barré syndrome, and dysau-
tonomia.14,51,70 If SARS-CoV-2 infects the medulla oblongata, 
brainstem dysfunction may contribute to both respiratory and 
heart failure in patients.55 Overall, neurologic clinical signs 
may indicate SARS-CoV-2 neurotropism, and clinical signs 
can persist well beyond clearance of initial infection. A global 
meta-analysis and systematic review revealed that 34% of non-
hospitalized patients experience neurologic COVID symptoms 
beyond 3 mo after infection.11 Consequently, animal models 
are necessary to study and establish treatments for neurologic 
manifestations of COVID.

Pathogenic Effects and Potential Mechanisms 
of Neurologic COVID-19

Despite the prevalence of neurologic signs, a clear 
pathophysiologic mechanism has not yet been elucidated 
for the betacoronavirus SARS-CoV-2. The route of central 
nervous system (CNS) invasion and viral distribution are 
fundamental to the diagnosis, prognosis, and treatment of 
neurologic COVID-19. SARS-CoV-2 binds various recep-
tors including angiotensin-converting enzyme 2 (ACE2), 
neuropilin 1 (NRP1), toll-like receptor 2 (TLR2), CD147, and 
others (Figure 1).24,85,102 The viral surface spike glycoprotein 
binds to receptors to facilitate viral entry into host cells.24 
ACE2 receptor expression occurs in all endothelia, especially 
in the CNS vasculature and on the sustentacular cells of the 
olfactory system.3 Olfactory receptor neurons rarely express 
ACE2.7,8 Because ACE2 expression is low overall in the CNS 
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and olfactory neurons, neurologic symptoms are unlikely to 
be caused by viral ACE2-binding alone.85

Possible mechanisms contributing to COVID-19 neuropatho-
genesis include direct viral infection of brain tissue or indirect 
effects on the brain (Figure 1). Direct invasion could occur 
through olfactory nerves, a damaged blood-brain barrier (BBB), 
or infiltration of infected leukocytes.27 After oronasal exposure, 
the virus is hypothesized to invade the olfactory epithelium, 
which contains supporting sustentacular cells and olfactory 
sensory neurons.18 The virus may then travel retrogradely from 
olfactory sensory neurons to the olfactory bulb.18 Other possible 
routes include retrograde transport through the vagus nerve 
from the lungs or gastrointestinal tract.24 Indirect mechanisms 
of neuropathology include hypoxia, immune-mediated damage 
caused by cytokine storms, and coagulation dysfunction.27 Hu-
man studies have revealed a substantial role for inflammation in 
the pathogenesis of COVID-19 disease.1,6,24,27,32 Acute cerebral 
vascular disease reflects the hypercoagulable state recognized 
in severe COVID-19 cases.27 Potential mechanisms of stroke 
include a prothrombotic state, hyperinflammatory response, 
cardiomyopathy, vasculitis, and endothelial injury from direct 
viral invasion.27 A prothrombotic state may be related to an in-
crease in adhesion molecule levels with elevated cytokines and 
reduced fibrinolysis.27 In humans, a direct link between brain 
inflammation and the presence of SARS-CoV-2 RNA has not yet 
been established.29 Consequently, controlled infection studies in 
animals are critical. Multiple animal models have been used to 
study the mechanisms and routes of nervous system infection 
of COVID-19. We reviewed experimental animal models used 
to study nervous system involvement in COVID-19 in mice, 
hamsters, ferrets, and nonhuman primates (NHPs; Figure 2). The 
different animal models enable studies of the neuroinvasiveness, 
neurotropism, and neurovirulence of SARS-CoV-2 during the 

course of infection. Models allow evaluation of the effects of 
virus dose, signalment, and comorbidities on the pathogenesis 
in a controlled manner. Significant species differences in the 
course of neurologic disease require researchers to choose the 
model that is most suitable for specific research questions.

Neurologic COVID-19 in Humans
While the majority of patients with COVID-19 experience mild 

or moderate respiratory disease, extrapulmonary manifestations 
like neurologic symptoms are increasingly being recogniz
ed.14,27,36,47,51,70,75,81 The most common neurologic manifestations 
include alterations in taste and smell, headache, altered mental 
status, and neuropsychiatric disorders.27 Neurologic manifesta-
tions are more common in adults, yet are also seen in children, 
especially those with multisystem inflammatory syndrome.31 
Symptoms in children include headache, altered mental status, 
seizures, stroke, anosmia, and ageusia.31 Sex differences also 
exist: females report anosmia, dysgeusia, weakness, and my-
algia more frequently than males.61 The risk of ischemic stroke 
among COVID-19 patients is approximately 5%, which is higher 
than the risk for hemorrhagic stroke.64 In utero infection does 
not result in neurodevelopmental differences at 6 mo, but infants 
born during the pandemic scored lower on gross and fine mo-
tor assessments, possibly due to external maternal stressors.77 
Some infected humans display symptoms resembling those of 
neurodegenerative diseases such as Alzheimer’s disease and 
Parkinson’s disease.62,85 Brain fog and long COVID-19 syndrome 
are terms coined to describe long-term cognitive effects that 
humans may experience after SARS-CoV-2 infection.32 Long 
COVID-19 can affect 34% of nonhospitalized patients and 54% 
of hospitalized patients.12 Hypoxemia, systemic inflamma-
tion, coagulopathy, and neuroinvasion have been implicated 
in hospitalized patients who develop encephalopathy; in the 

Figure 1.  Overview of hypothesized COVID-19 mechanisms of neuropathogenesis and symptoms observed in humans. Abbreviations, ACE2: 
angiotensin-converting enzyme 2, NRP1: neuropilin 1, TLR2: toll-like receptor 2, OE: olfactory epithelium.
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postinfectious state, autoimmune mechanisms may also con-
tribute to long COVID.32 Along with studies in animals, human 
autopsy research enhances our understanding of COVID-19 
neuropathogenesis and its link to the onset of neurologic signs.

Like the variety of neurologic signs associated with COVID-19 
infection, autopsy findings in the nervous system also vary 
(Figures 1 and 2). In a review of 142 human autopsies in fatal 
COVID-19, 65% of the brain examinations had no significant 

Figure 2.  Chart comparing animal models of COVID to the human condition, and relevant neurologic findings. Abbreviations: NR, none 
reported.
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gross findings while 83% had microscopic changes.57 Most 
studies found no or mild neuropathologic lesions.52,57,79 When 
lesions were present, hemorrhage was a common gross finding, 
ranging in size from petechiae to large cerebral or cerebellar 
hemorrhages.57 In several studies, pathologists reported cerebral 
infarcts or acute hypoxic ischemic damage.20,57 Other brain 
findings included neuronal atrophy and necrosis, cerebral 
edema, and meningeal congestion.20,57,79 Brains of infected 
patients had higher numbers of empty basement membrane 
tubes.94 Scientists associated these so-called string vessels with 
endothelial cell death, BBB disruption, and brain ischemia.94 
In addition, inflammation was present in the brain to varying 
degrees.20,52,66,80,85,92 Autopsy studies revealed infiltration of 
macrophages, CD8+ T lymphocytes in perivascular regions, and 
widespread brain microglial activation.52,57,85 T cell lymphocytic 
infiltrates occurred in 57% of brains without concurrent vascu-
litis or meningoencephalitis.57 In another study, extensive brain 
inflammation primarily developed in the olfactory bulbs and 
medulla oblongata.75 Acute and chronic inflammation in the 
olfactory epithelium were present in 10% of cases.57

Along with macroscopic and microscopic examinations, the 
presence of SARS-CoV-2 RNA and protein in brain was evalu-
ated, with mixed results. The virus was present at low levels in 
6 brain sections from 5 patients79 and was absent in the brains of 
18 patients.48 Another study found SARS-CoV-2 RNA in 53% of 
40 autopsied brains, with 8 (20%) positive for both SARS-CoV-2 
RNA and protein.52 However, 8 patients that were untested or 
tested negative for brain viral RNA had viral proteins detected 
by immunohistochemistry (IHC) in the medulla oblongata.52 
Viral RNA was found in regions of microischemic infarcts, sug-
gesting the possibility of neuroinvasion-associated ischemia and 
blood vessel changes.79,80 In a review of COVID-19 autopsies, 
viral RNA was detected in 10% to 82% of brains, depending on 
the study.57 Viral RNA was present in cranial nerves, neurons, 
glia, ependyma, blood vessel endothelium, or isolated cells of 
the brainstem.52,57,79 Virus was also sporadically observed in 
olfactory epithelia and olfactory bulbs.18,55 Despite reports of 
viral RNA in the nervous system, IHC to detect viral proteins 
in the brain or olfactory epithelium was negative in many hu-
man cases.41,52,75,79 Viral spike protein was detected in cortical 
neurons and cerebrovascular endothelium of 3 ventilated ICU 
patients.80 Detection of SARS-CoV-2 RNA in cerebrospinal fluid 
(CSF) is uncommon but has been reported.25,38,50 Further stud-
ies in humans are essential to understanding the link between 
neurologic signs, pathology, and viral presence.

Fewer reports of COVID-19 neuropathology exist as com-
pared with general pathology reports because of the initial focus 
on the respiratory system, a longer formalin fixation time of 2 to 
3 wk for the brain, and concerns over aerosolization with brain 
removal.57 Autopsy results can be challenging to interpret due 
to comorbidities. Pathologists described neurodegeneration as 
possible evidence of prior brain disease, making a postmortem 
link between COVID-19 and neurodegenerative diseases chal-
lenging.57 However, a preliminary analysis of SARS-CoV-2 
patient brains revealed Lewy bodies, accumulations of phospho-
rylated α-synuclein, suggesting a possible link to Parkinson’s 
disease.85 Treatments for COVID-19 infection can also confound 
autopsy results. Ventilation can promote cerebral microbleeds, 
and steroids can modulate immune responses. Available data 
has an inherent bias because only the most severe, fatal cases 
are examined by autopsy. Studying neurologic disease in human 
COVID-19 patients provides several challenges: only a subset 
of the patient population has neuroinvasion and/or neuro-
logic signs, time-course studies of neuroinvasion are unethical, 

technology to directly sample CNS tissues is invasive, and direct 
neuroinvasion of the brain is hard to distinguish from systemic 
viremia. Therefore, along with the ongoing evaluation of human 
neurologic tissue, animal studies are necessary to control the 
various factors involved in viral pathogenesis and outcome.

Mouse Models of Neurologic COVID-19
Several previous review articles have discussed the use of 

mice to study the immunopathogenesis, viral transmission, 
diagnosis, and therapeutics of the betacoronavirus SARS-
CoV-2.9,44,90,104 Mice (Mus musculus) are naturally susceptible to 
another betacoronavirus called mouse hepatitis virus (MHV).16 
Many betacoronaviruses, including MHV, manifest neuroinva-
sive tendencies through different mechanisms.3 MHV binds to 
target cells through a murine carcinoembryonic antigen-related 
adhesion molecule.95 Mice can be infected by certain variants 
of SARS-CoV-2,60,82 but the ACE2 receptor, the cellular receptor 
for SARS-CoC-2, has some differences in mice and humans.93 
Several approaches have been used to increase mouse suscep-
tibility to SARS-CoV-2 infection. The study of Severe Acute 
Respiratory Syndrome coronavirus (SARS-CoV) and later Mid-
dle Eastern Respiratory Syndrome coronavirus (MERS-CoV) led 
to the generation of genetically engineered mice that express 
human ACE2 under different promoters, thus modeling human 
infection and disease in mice. One study of this type generated 
transgenic mice that express human ACE2 under the cytokeratin 
18 promoter (K18-hACE2); these mice develop a rapid lethal 
infection after intranasal inoculation of SARS-CoV.53 The 
virus initially attacks the upper airway epithelia and eventu-
ally spreads to the brain.53 The original study on hACE2 mice 
under regulation by the mouse Ace2 promoter confirmed the 
pathogen responsible for COVID-19.5 Another transgenic mouse 
model for SARS-CoV-2 was HFH4-hACE2 in C3B6 mice; in this 
model, hACE2 expression is driven by a lung ciliated epithelial 
cell-specific hepatocyte nuclear factor-3/forkhead homologue 
4 (HFH4) promoter.39 Due to concerns that SARS-CoV-2 could 
infect natural wildlife populations, scientists conducted studies 
in deer mice (Peromyscus maniculatus).22

Mice infected with COVID-19 exhibit a variety of neurologic 
clinical signs. Except for the Omicron variant, K18-hACE2 mice 
develop fatal disease associated with lethal neurodissemination 
after intranasal inoculation of SARS-CoV-2.10,29,39,45,59,65,80,96,108 
In contrast, several other mouse models of SARS-CoV-2 (adeno 
associated virus [AAV]–mediated expression of hACE2 and 
hACE2 knock-in mice) display low to no lethality.5,23,35,65,80 
The route of infection is important. Aerosol exposure of K18-
hACE2 mice did not lead to fatal viral neuroinvasion whereas 
intranasal exposure led to fatal encephalitis.26 Intragastric 
administration of SARS-CoV-2 caused lung injury without in-
vasion to the CNS.84 As in humans, mice can develop anosmia 
at 2 to 3 d after aerosol or intranasal inoculation.26,100,108 The 
social scent discrimination test assesses hyposmia/anosmia in 
mice.26 A larger proportion of of infected female mice developed 
anosmia occurred as compared with infected male mice, as is 
the case in women compared with men with COVID-19.61,108 
Pretreatment with convalescent plasma prevented lethal dis-
ease, but not profound anosmia.108 After intranasal inoculation, 
6-wk-old, K18-hACE2 mice displayed neurologic symptoms, 
such as tremors and ataxic gait, and all mice died by 6 days 
after inoculation.45 A recent study reported ataxia, tremors, de-
creased mobility/responsiveness, and decreased urine voiding 
in intranasally infected K18-hACE2 mice.10 Two distinct clinical 
phenotypes were reported in HFH4-hACE2 transgenic mice 
after intranasal inoculation, one characterized by neurologic 
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symptoms and death by 6 days postinoculation (dpi) and the 
other by no clinical signs and survival.39 In another study of 
intranasally-infected hACE2 mice, neurologic signs from 5 
to 7 dpi consisted of trembling and seizures.91 Intranasally 
inoculated deer mice (Peromyscus maniculatus) had viral menin-
goencephalitis without observed clinical signs.22

Viral expression was examined in the nervous system to 
study the aforementioned neurologic clinical signs. Brain 
infection after intranasal challenge depended on the type of 
promoter used to control expression of hACE2.4 Viral RNA 
was found in the brain of k18-hACE2 and HFH4-hACE2 mice 
at various acute time points after inoculation, based mostly on 
PCR.29,39,45,59,65,80,96,101,108 Conversely, mice expressing hACE2 
under the control of the endogenous or exogenous murine 
ACE2 promoter or the cytomegalovirus (CMV) promoter only 
occasionally had virus in the brain.5,35,65,80,100,109 Intranasal in-
oculation of SARS-CoV-2 in K18-hACE2 mice was associated 
with viral neurodissemination and lethality independent of 
inoculation dose.10 The virus was first detected at the olfactory 
bulb at 4 dpi without evidence of viremia, suggesting axonal 
retrograde migration via the olfactory neuroepithelium as the 
entry point.10 Other studies further supported viral expression 
in both the brain and olfactory bulb.45,100,108 Intranasal infection 
of SARS-CoV-2 in K18-hACE2 mice induced encephalitis, with 
viral particles found in the nasal turbinate, eye, and olfactory 
bulb.45 SARS-CoV-2 inoculation of HFH4-hACE2 mice led to 
virus detection primarily in the lung, but also in the brain, heart, 
and eyes by RT-PCR.39 Overall, the high level of viral presence 
in the K18-hACE2 mouse brain conflicts with the occasional 
focal detection of the virus in human olfactory bulbs and brains.

The exact mechanism regulating SARS-CoV-2 neuroinvasion 
remains unclear. Studies show that ACE2 is involved in SARS-
CoV-2 infection of neurons.80 However, in K18-hACE2 mice, 
ACE2 protein and mRNA levels are low in neurons despite 
viral presence.10 These findings suggest that ACE2 is likely 
not the sole host factor associated with neuroinvasion. SARS-
CoV-2 localizes in vascular endothelial cells and crosses the 
BBB through disruption of cerebral basement membranes.107 
Elevated inflammatory immune signatures also suggest that 
a proinflammatory immune response may contribute to neu-
ropathogenesis as well as COVID-19 morbidity and mortality.22 
The elevated inflammatory response could increase procoagu-
lant factors and endothelial dysfunction, ultimately resulting in 
systemic embolism and ischemic stroke.86 Some mouse studies 
support retrograde axonal transport through the olfactory nerve 
as a possible route of neuroinvasion.10,26,108 In inoculated deer 
mice, the virus appeared to invade the brain via retrograde 
axonal transmission through the gustatory-olfactory-trigeminal 
pathway, with eventual compromise of the BBB.22 However, 
a previous study argues against the retrograde route of brain 
infection due to the timeline of viral expression after inoculation, 
conflicting findings in various studies, and limited methods of 
viral detection and localization.8 In summary, murine studies 
suggest a variety of methods of neuroinvasion.

In terms of pathologic changes, findings have consisted of 
vasculitis, encephalitis, and necrosis of varying degrees after 
intranasal inoculation with SARS-CoV-2. One study found 
vasculitis and denatured and necrotic neurons in the brains of 
infected K18-hACE2 mice.107 Another study reported spongiosis 
with neuronal degeneration and necrosis.10 In mAce2 Promoter-
hACEs transgenic mice, vasculitis without encephalitis was 
observed in the brain.4 K18-hACE2 mice developed encephalitis, 
vasculitis, and meningitis by 5 dpi, with rare brain thrombo-
ses.29,45,65,96 Intranasal inoculation in K18-hACE2 mice led to 

accumulation of lymphocytes, monocytes, and eosinophils in 
the brain.26 Other pathologic changes reported in inoculated 
K18-hACE2 mice included lymphocytic perivascular cuffing, 
gliosis, edema, and rare cerebral microthrombi.101 The cerebral 
thrombi in mouse studies could model the ischemic strokes that 
occur in humans but a clear mechanism remains to be deter-
mined. AAV-hACE2 mice infected intranasally with a low dose 
developed a brain lesion with microglial reactivity selective to 
the white matter.23 Pathologic changes were also seen in the 
olfactory system. Suppurative rhinitis correlated with abundant 
intraepithelial SARS-CoV-2 protein and RNA.10 In deer mice, 
pathologic changes included fibrinosuppurative sinusitis with 
degeneration and inflammation of olfactory, ethmoidal, and 
maxillary nerves.22 Apart from intranasal inoculation, other 
routes of SARS-CoV-2 infection in mice have not been docu-
mented to cause neuropathology.

The use of genetically engineered mice to study the neu-
ropathogenesis of COVID-19 disease has some limitations. 
Because hACE2 is not naturally expressed in mice, transgenic 
mice may express hACE2 in a very different cellular pattern than 
do humans.8 hACE2 expression can vary under the regulation of 
different promoters. The viral ability to invade the CNS may be 
affected by these factors. Consequently, mice display dispropor-
tionately high CNS infection rates, leading to fatal encephalitis, 
which rarely occurs in infected humans. Therefore, clinical data 
from transgenic mice should be interpreted cautiously. None-
theless, mice have already been crucial in the understanding of 
COVID-19 neuropathogenesis and neuropathology.

Hamster Models of Neurologic COVID-19
Hamsters can be infected by various human respiratory virus-

es including human metapneumovirus, human parainfluenza 
virus 3, and influenza A virus, and they may support influenza 
transmission by contact or airborne routes.78 Clinical disease 
with SARS-CoV-2 depends on the hamster species and other 
experimental logistics. The golden Syrian hamster (Mesocricetus 
auratus) is a widely used experimental model, and supports 
replication of both the original SARS-CoV and SARS-CoV-2.78 
Sequence alignment of the ACE2 protein among different ani-
mal species suggests that the spike protein of SARS-CoV-2 may 
interact more efficiently with the hamster ACE2 receptor than 
with the mouse ACE2 receptor.78 In addition to systemic and 
respiratory signs of COVID-19, hamsters develop the neurologic 
symptoms of ageusia/hypogeusia and anosmia/hyposmia. In 
addition to the more commonly used golden Syrian hamster, 
dwarf hamster species such as Phodopus roborovskii, P. campbelli, 
and P. sungorus are also susceptible to SARS-CoV-2. Specifically, 
the Roborovski dwarf hamster develops a rapid onset of fulmi-
nant clinical disease.88,105 Compared with wild type hamsters 
that naturally suppress infection and primarily show transient 
pathologic disturbances in the respiratory tract and nasal 
cavity, transgenic hamsters with a humanized ACE2 receptor 
(K18-hACE2) develop extensive damage to the CNS.30 As with 
the original SARS-CoV, in which clinical virulence depended 
on viral strain,67 different strains of SARS-CoV-2 also differ in 
virulence in hamsters.33

Like humans, hamsters infected with COVID-19 develop 
ageusia/hypogeusia and anosmia/hyposmia. In a sucrose 
preference test after intranasal inoculation, infected golden 
Syrian hamsters had no preference between sucrose water and 
unaltered water, while noninfected hamsters displayed a clear 
preference for sucrose-supplemented water.18 Infected hamsters 
also took longer to find hidden and buried food, and had a 
greater rate of failure to find food as compared with noninfected 
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hamsters.18 However, motor function defects, as measured by 
the open field and painted footprint tests, were not detected.18 
Unlike transgenic mice, hamsters have not been reported to dis-
play other neurologic signs, such as ataxia. Apart from intranasal 
inoculation, other routes of SARS-CoV-2 infection in hamsters 
have not been documented to cause neurologic clinical signs.

Viral expression was examined in the olfactory system to 
study the observed neurologic clinical signs. In the nasal cav-
ity, the virus was detected in olfactory sensory neurons and 
sustentacular cells,18,106 as well as at the junction of the olfactory 
nerve and bulb.18 Viral RNA was detected in the vomeronasal 
organs and Steno’s gland ducts of K18-hACE2 hamsters.30 
Some studies detected virus in olfactory bulbs of golden Syr-
ian hamsters18 or K18-hACE2 hamsters,30 while others did not 
detect any virus.7,106 Similarly, some studies detected the virus 
in other parts of the brain of golden Syrian hamsters37,87 and 
K18-hACE2 hamsters,30 while others failed to detect virus.18 
Roborovski dwarf hamsters had only a small number of copies 
of viral RNA detected in the brain compared with other organs, 
suggesting a lack of productive infection in the brain.88 In an ex 
vivo organotypic culture of hamster brainstem and cerebellum, 
transmission electron microscopy analysis showed that the virus 
is selective for neuronal subtypes: SARS-CoV-2 peripherally tar-
geted granular neurons with a developed Golgi apparatus, but 
did not infect Purkinje cells.24 Viral genomic RNA was detected 
in K18-hACE2 hamster spinal cords from 3 to 5 dpi, but only 
in spinal cord neurons and not microglial cells.30 Conversely, 
viral antigen was detected in both neuronal and microglial cells 
in the brain.30

Pathologic changes have also been reported in hamsters. 
Intranasal and aerosol inoculation cause the highest degree of 
pathology, viral loads, and weight loss.63 In the nasal cavity of 
hamsters, SARS-CoV-2 causes loss of ciliation in the olfactory 
epithelium around 2 dpi, with regeneration at 14 dpi.7,18 Whether 
the loss of cilia is limited to just sustentacular cells7 or also occurs 
in olfactory sensory neurons18 is debatable. Other studies report 
a decrease in sustentacular cells and an increase in microglia and 
other immune cells,103 upregulation of select genes consistent with 
a proinflammatory environment,18 and downregulation of olfac-
tory receptor genes.103 In the olfactory bulb, microglial activation42 
and bulbar inflammation with upregulation of select genes18 were 
observed. Small cerebral vessels exhibited more empty basement 
membrane tubes, representing remnants of lost capillaries, which 
was consistent with findings in infected humans and mice.94 One 
study reported signature proteinopathies such as accumulation 
of hyperphosphorylated tau and α-synuclein in cortical neurons 
in the absence of overt inflammation and neurodegeneration, 
which contributed to progressive neuronal dusfunction.42 The 
Roborovski dwarf hamster had mild brain pathology with in-
filtration of lymphocytes and/or subarachnoid hemorrhage.105 
K18-hACE2 hamsters had multifocal gliosis throughout the gray 
matter, meningitis, perivascular inflammation, and neuronal ne-
crosis in the brainstem and spinal cord.30 Although hemorrhagic 
and ischemic infarcts have been reported in human COVID-19 
patients,42 to our knowledge this has not been documented in 
hamsters. However, risk factors, including systemic inflammation 
and a hypercoagulable state,99 would likely predispose hamsters 
infected with SARS-CoV-2 to stroke. This possibility should be 
explored in the future.

Hamsters have an established history as a model of human 
respiratory viruses, and, when infected with SARS-CoV-2, they 
develop respiratory and neurologic signs that are consistent with 
those of humans. Hamsters show important clinical hallmarks 
such as anosmia, neurotropism, and vascular inflammation. 

Hamsters are an animal model of COVID-19 infection that closely 
mimics moderate disease in humans. In addition, the hamster 
ACE2 receptor binds tightly to the SARS-CoV-2 spike protein, 
making the hamster a valuable model for mechanistic studies of 
SARS-CoV-2 without the need to modify either the animal or the 
virus.17 As compared with other animal models such as transgenic 
mice expressing the human ACE2 receptor or NHPs, hamster 
studies may be more accessible and cost-effective.

Ferret Models of Neurologic COVID-19
Domestic ferrets (Mustela putorius furo) are susceptible to 

several different coronavirus infections including ferret systemic 
coronavirus, ferret enteric coronavirus, severe acute respiratory 
syndrome coronavirus 1, and COVID-19.83 Ferrets have several 
advantages as compared with other species for the study of 
COVID-19. Ferrets are naturally susceptible to SARS-CoV-2 
without genetic modification, have lung physiology similar 
to that of humans, and are larger with a longer lifespan than 
rodents. Genetic variability in commercially available ferrets 
is higher than that of inbred mouse strains, which better re-
flects the human genetically diverse population. In contrast to 
hamsters, experimental infection of ferrets with SARS-CoV-2 
typically results in absent or mild respiratory signs with limited 
evidence for effects on the nervous system.15,21,56,74,76,89 Unlike 
hamsters, ferrets have a low ACE2 binding score but are still 
susceptible to infection; therefore, ferret infections may use 
another mechanism.17 Clinical signs include fever, lethargy, 
ruffled fur, coughing, stertor, and inappetence,43,56,72,76 with 
no specific neurologic signs.2 Hemorrhagic or ischemic strokes 
have not been reported in ferrets, but high CCL8 levels in fer-
rets with SARS-CoV-2 infection could be associated with the 
marked cytokine surge that increases the risk for thrombotic 
events.6 Despite a paucity of neurologic signs, ferrets with 
SARS-CoV-2 infection provide insight into the virus’s effects 
on the nervous system.

Documentation of viral presence in the ferret brain suggests 
the possibility of CNS injury. The detection of tissue viral RNA 
varied but typically indicated respiratory tract localization with 
some systemic involvement. The levels of viral RNA in the upper 
respiratory tract peaked at 4 to 7 dpi,21,72 and viral RNA was 
also found in the brain at acute time points.2,21,56,74,89 In general, 
higher RNA levels were detected at earlier time points with a 
decrease over time.2,56,74,89 Brain areas evaluated differed among 
studies, with examples including the cerebrum, cerebellum, 
medulla oblongata, and olfactory bulb. Intranasal and intratra-
cheal routes of inoculation both led to viral dissemination in the 
brain.89 However, ferrets with intranasal inoculation had higher 
brain viral RNA levels than did ferrets with intratracheal inocu-
lation.89 Regardless of infection route, ferrets had no clinical 
signs or pathologic changes. Significantly, the presence of viral 
RNA in the brain is consistent with reports that SARS-CoV-2 
can infect the CNS of humans.55,75,80 Moreover, the presence of 
viral RNA in ferret brains could reflect the symptoms described 
in humans. Localization in the olfactory bulb could explain the 
anosmia frequently experienced in human COVID-19 patients. 
Dissemination to the medulla oblongata could affect respiratory 
regulation.56 However, ferrets with viral RNA in the nervous 
system did not display observable COVID-19 neurologic signs 
or neuropathy.2 Therefore, the overall significance of viral RNA 
detection in ferret brains is unclear.

Despite the detection of viral RNA in the CNS in some fer-
ret studies, neuroinvasion is not always replicable or verified 
with other methods. An analysis of ferret brains for viral RNA 
and virus titration in Vero E6 cells did not detect viral RNA or 
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infectious virus.76 Low levels of viral RNA were found in the 
brain tissue of 2 ferrets21 and in another study of 12 ferrets,74 but 
virus isolation and detection of antigen by immunohistochem-
istry were not successful. Despite the presence of viral RNA in 
the nasal mucosa or medulla oblongata at 4 dpi, SARS-CoV-2 
nucleoprotein antigen was not detected.15 Other studies used 
the 50% Tissue Culture Infectious Dose (TCID50) to quantify 
and assess the infectivity of the virus in cells.2,89 Although brain 
samples were positive by RT-PCR or viral subgenomic mRNA 
analysis, TCID50 revealed no infectious virus at any of the 
timepoints evaluated.2,89 Therefore, infectious virus production 
in the brain was either completely absent or occurred in the first 
few days. Alternatively, if the virus was present only in blood 
vessels or migrating immune cells, viral RNA detection may not 
be related to neuronal infection.8 Overall, inconsistent results in 
the central nervous system could be related to different methods; 
more studies are needed to explain these discrepancies.

Infection of olfactory neurons is also under debate in ferrets. 
In the nasal cavity, viral antigen and pathologic lesions are 
reported as either restricted to the respiratory mucosa or also 
impacting cells in the olfactory epithelium.2,15,21,74Antibodies 
for ACE2 were detected in both the respiratory and olfactory 
epithelium, which could suggest a mechanism for viral entry.46 
Microscopy analysis of the nasal turbinates revealed viral pro-
tein and RNA in cells of the respiratory and olfactory mucosae, 
including olfactory neuronal cells.2,21 Antigen load was gener-
ally low in both the olfactory and respiratory epithelium.2 The 
presence of antigen-positive cells in the olfactory epithelium 
was not typically associated with a significant inflammatory 
response.2 In the olfactory bulb, some studies detected no viral 
RNA or antigen,21 whereas others did.2,56,89 Because infection 
of olfactory neurons and bulb may be related to anosmia expe-
rienced by some infected humans, future studies with ferrets 
should evaluate their sense of smell after SARS-CoV-2 infection.

The ferret is a suitable model for studying asymptomatic or 
mild human SARS-CoV-2 infection. Immunocompetent ferrets 
may not be suitable for studying severe COVID-19, but they 
can be used to model viral replication, immune responses, and 
asymptomatic infection after COVID-19 inoculation. Although 
ferrets do not develop stroke after SARS-CoV-2 inoculation, they 
have been used in models of late preterm hypoxic ischemic brain 
injuries.97 Many factors can influence the outcome of COVID-19 
infection in ferrets including individual susceptibility, virus 
strain, infectious route, and infection dose. Virus was detected 
in ferret brain primarily by quantitative PCR, rather than im-
munocytochemistry, thus limiting the ability to determine 
the cellular source of viruses. Neuropathology has not been 
reported. Therefore, future studies are necessary to elucidate 
SARS-CoV-2 neuroinvasiveness in ferrets.

Models of Nonhuman Primate Neurologic 
COVID-19

Numerous studies have shown that several NHP species are 
susceptible to SARS-CoV-2 infection. COVID-19 research in 
NHPs has primarily used rhesus and cynomolgus macaques, 
with some studies in African green monkeys (AGM). Benefits of 
working with NHP models include their large size, genetic vari-
ability, close phylogenetic relationship with humans, and many 
physiologic parallels to humans during viral infections. All Old 
World primates are likely susceptible to SARS-CoV-2 infection 
due to their high ACE2 homology to humans.17 In general, NHPs 
exhibit minimal-to-moderate self-limiting clinical signs after 
SARS-CoV-2 inoculation. As in ferrets, no overt neurologic signs 
have been reported. Rhesus macaques displayed mild clinical 

disease similar to humans, with signs including fever, weight 
loss, occasional cough, and reduced activity and appetite.58 
Disease is less pronounced in cynomolgus macaques.54 AGMs 
showed mild and varied clinical signs; decreased appetite was 
most common.98 In another study, infected rhesus macaques 
and AGMs demonstrated neuroinflammation, microhemor-
rhages with or without ischemic injury, brain hypoxia, and 
neuropathology that may contribute to long-term neurologic 
symptoms.71 Overall, studies show viral replication in the 
central nervous system with some reports of neuropathology.

NHP models provide a potential means to study neurotropism 
associated with SARS-CoV-2, but results vary between studies 
and between animals within individual studies. Studies on rhe-
sus macaques, cynomolgus macaques, and AGMs detected viral 
RNA in several brain regions after viral inoculation.19,34,40,62,98 
Inoculation route does not appear to be a major factor in viral 
presence in the brain; neuroinflammation was observed after 
conjunctival, intranasal, intracranial, aerosol, or multiple routes 
of inoculation.19,40,71 In one study, pathologic findings included 
neuronal death, glial hyperplasia, and edema in the olfactory 
bulb and cortex;40 microhemorrhages and abnormal neuronal 
morphology were found in another.71 Viral encephalitis seen 
in one subclinical macaque was confirmed with immunohisto-
chemistry.14 However, other studies did not detect SARS-CoV-2 
presence in the brain.14,19,49,58,68,71,73 SARS-CoV-2 viral antigen 
nucleoprotein was found in neurons, astrocytes, and microglia 
in a very small number of positive cells but electron microscopy 
failed to find viral particles in brain tissue sections.40 Subgenom-
ic viral RNA analysis failed to detect active virus replication in 
brains, and antigen was not detectable by immunohistochemis-
try.62 Consequently, viral replication may be limited in the CNS; 
pathologic findings could be due to indirect mechanisms such 
as inflammatory cytokine upregulation. Differences in viral 
detection could be related to individual susceptibility, dose of 
SARS-CoV-2, or infection route.

Although the mechanism of CNS invasion is unclear, NHPs 
remain a highly relevant model for investigating COVID-19 
neuropathogenesis. In rhesus macaques, SARS-CoV-2 invaded 
primarily via olfactory nerves to the olfactory bulb, followed 
by spread into the CNS and induction of neuroinflammation.40 
However, neuronal transfer along olfactory nerves may not be 
the only pathway for viral penetration of the brain.8,40 Viral 
RNA appeared rapidly in CSF after nasal inoculation, providing 
a faster mode of infection than neuronal retrograde alone.8 In 
another study, multiple brain microhemorrhages without virus 
in blood vessels or parenchyma were most consistent with acute 
hypoxic injury, indicating a significant role for brain hypoxia in 
COVID-19 neuropathogenesis.71 Hypoxia, exaggerated immune 
responses, and direct virus injury to endothelial cells likely 
contributed to the observed microhemorrhages and ischemia.71 
Furthermore, SARS-CoV-2 caused endothelial disruption and 
vascular thrombosis via upregulation of proinflammatory cy-
tokines.1 The progression to vascular disease over time involved 
complement, macrophage, cytokine, and thrombosis cascades.1 
Finally, a compromised BBB and immune cell infiltration may 
also be involved. One study supported a SARS-CoV-2-induced 
activated immune response in the brain at 2 to 5 wk after in-
oculation.62 Infiltrating T-cells in intraparenchymal brain tissues 
indicated BBB integrity may have been disrupted.62 One study 
reported histologic vascular changes in the brain, including 
endothelial cell hypertrophy, endotheliitis, and vascular inflam-
mation, supporting an altered BBB.14 These changes were more 
prominent in hamsters.14 Overall, SARS-CoV-2 likely uses a 
variety of methods to infect the nervous system.
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Along with neuropathogenesis, NHP models also help to 
explain human symptoms because viral presence in certain 
brain regions can be correlated with human symptoms. One 
study found viral protein in the medulla oblongata and hip-
pocampus.40 Infection of the cardiorespiratory center in the 
medulla oblongata could contribute to death in severe cases,71 
and another study reported irregular respiratory patterns in 
infected rhesus macaques under anesthesia.58 SARS-CoV-2 
detection and histopathology in the hippocampus suggests 
that memory should be evaluated in COVID-19 patients,40 but 
memory has not yet been evaluated in NHPs. Intracellular Lewy 
bodies have been found in the midbrain of NHPs; these could 
be related to the development of Parkinson’s or Alzheimer’s 
disease in humans.62 Additional studies are necessary to de-
termine if smell, taste, memory, and/or cognitive alternations 
occur in SARS-CoV-2-infected NHPs.

The susceptibility of NHPs to SARS-CoV-2 makes them useful 
preclinical models for studying SARS-CoV-2, and they are cur-
rently being used extensively for investigation of SARS-CoV-2 
pathogenesis and for the development of interventions. NHPs 
may be ideal for understanding neuropathogenesis and poten-
tial long-term consequences of infection, even in the absence 
of severe respiratory disease.71 NHP studies with an extensive 
evaluation of the nervous system and correlated clinical signs 
are necessary to better understand the virus and develop 
effective therapies. A better understanding of SARS-CoV-2 
neurotropism, the route of CNS invasion, and viral distribu-
tion are essential for the diagnosis, prognosis, and treatment 
of COVID-19.

Conclusion
As cases and deaths continue to rise in the COVID-19 

pandemic, research with animals will remain indispensable. 
The literature on neurologic COVID-19 is growing but the 
significance of brain infection with SARS-CoV-2 in humans 
and various animal models has not yet been delineated. Some 
researchers propose neuroinvasion may be acutely lethal as 
soon as the brainstem becomes infected and respiratory centers 
shut down.10,24,45,80 Others hypothesize that brain infection may 
have little consequence due to the lack of a correlation between 
disease severity and evidence of the virus in brains.52,79 Golden 
hamsters, ferrets, and nonhuman primates typically exhibit mild 
disease despite having virus in brains, whereas Roborovski 
dwarf hamsters and hACE2 mice consistently develop severe 
disease with brain infections. Alternatively, brain infection may 
increase the long-term risk for neurodegenerative diseases due 
to chronic inflammation, as supported by human, hamster, and 
NHP studies.42,62,85 Along with neurodegenerative COVID-19 
models, models must be developed for long COVID-19 syn-
drome in order to learn more about pathophysiology and 
treatments. One study proposed nonhuman primates may be 
ideal for studying long COVID-19,71 but chronic studies are 
needed. Unfortunately, the vague neurologic symptoms associ-
ated with this syndrome, such as brain fog and lightheadedness, 
may be hard to duplicate and study in animals. In general, stud-
ies should evaluate inoculated animals for anosmia/ageusia, 
neuropsychiatric disorders, and mobility changes. Animal 
models for COVID-19 peripheral nervous system involvement 
should also be developed and evaluated. Unlike hACE2 mice, 
hamsters, and nonhuman primates, the neuropathology of fer-
rets appears dissimilar to histopathology findings in humans 
(Figure 2). Consequently, ferrets may not be an appropriate 
model for mechanistic studies of neuroinvasive COVID-19. Ap-
propriate animal models of SARS-CoV-2 infection are needed to 

better understand the mechanisms of neuropathogenesis and 
develop treatments.
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