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Trends and Treatment Approaches for 
Complications in Neuroscience Experiments with 

Monkey Species
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Our goal in this manuscript is to advance the assessment and treatment of monkey species in neuroscience research. We 
hope to begin a discussion and establish baseline data on how complications are identified and treated. We surveyed the neu-
roscience research community working with monkeys and compiled responses to questions about investigator demographics, 
assessment of animal wellbeing, treatment choices, and approaches to mitigate risks associated with CNS procedures and 
promote monkey health and wellbeing. The majority of the respondents had worked with nonhuman primates (NHP) for over 
15 y. Identification of procedure-related complications and efficacy of treatment generally rely on common behavioral indices. 
Treatments for localized inflammatory responses are generally successful, whereas the treatment success for meningitis or 
meningoencephalitis, abscesses, and hemorrhagic stroke are less successful. Behavioral signs of pain are treated successfully 
with NSAIDs and opioids. Our future plans are to collate treatment protocols and develop best practices that can be shared 
across the neuroscience community to improve treatment success rates and animal welfare and therefore science. Human 
protocols can be used to develop best practices, assess outcomes, and promote further refinements in treatment practices for 
monkeys to enhance research outcomes.

Abbreviation: LIR, localized inflammatory response 
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Introduction
Advances in neuroscience depend on computer, human, and 

animal models to understand, explain, and predict biologic and 
behavioral processes. The use of animals allows neuroscientists 
to test hypotheses and conduct research that has applications 
in clinical human and veterinary medicine. Monkey genera 
and species comprise a critical minority of all the biomedical 
research performed with animals. While nonhuman primates 
(NHP) represent only 0.09% of the animals used in research in 
the United States and 0.08% of those used in the European Union, 
the resulting work constitutes approximately 19% of published 
neuroscience studies.6,12,58 NHP are critical to biomedical and 
behavioral research, given that they are close relatives to humans 
with regard to biology, visuomotor, social and cognitive capabili-
ties, and brain organization.4,17,31

The aging human population and the position of age as the 
highest risk factor for many neurodegenerative diseases30,47,52 
mandate the continued need for neuroscience research with 
NHP. Many neuroscience experiments involve surgery, such as 
installation of cranial hardware and recording electrodes allow-
ing access to and monitoring of brain activity. These invasive 
procedures are similar to those performed in humans and are 
performed under general anesthesia, using aseptic technique 
with appropriate perioperative medication, including analge-
sia and antibiotics as required by IACUC in the United States 
or equivalent national or local authorities elsewhere. Trained 
neuroscientists and veterinarians execute these procedures, and 
skilled researchers, veterinarians, and technicians provide pre-, 
peri-, and postoperative care. Nevertheless, neurosurgical proce-
dures with all animals including humans, carry risks, including 
infection, seizures, or stroke. NHP used in such studies must 
be monitored carefully for adverse effects, with interventions 
implemented rapidly to ensure their wellbeing and the success 
of these vital experiments.

Developing a set of best practices will enhance the ability of  
the neuroscience community to care for NHP involved in research. 
By analyzing standard procedures, we aim to identify effective 
diagnostic guidelines and treatment strategies and to highlight 
areas that need additional research. However, several barriers 
impede accurate neurologic and pain assessment in research 
settings and the prevention of pain, including 1) a lack of knowl-
edge regarding pain management techniques for NHP compared 
with other animals, such as dogs, cats, and rodents;10,27,53  
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2) the belief that prey animals mask pain, despite sparse 
evidence for this belief;5 and 3) the subjective nature of pain 
identification, given that different species have different re-
sponses to pain and personnel require training to recognize 
symptoms that indicate pain in animal.5, Our goal here is to 
summarize current protocols used for the identification, treat-
ment, and management of NHP in neuroscience research and 
to stimulate further research on pain mitigation strategies.

We surveyed researchers and veterinarians who evaluate and 
maintain NHP welfare. Surveys are imperfect but useful tools 
for identifying trends in practices. Previous surveys on animal 
welfare assess pain documentation methods in the United King-
dom and gauge the availability of NHP for research in North 
America.21,28 Our survey builds on these efforts by examining 
pain management and welfare of NHP used in research. We 
hope to generate a discussion of effective treatments for neu-
rologic illness to improve care for these NHP. This survey is 
focused on current practices. We hope that our data will help 
investigators and veterinarians work toward standardizing 
the most effective treatments and developing evidence-based 
practices for the assessment and optimal care of NHP in neu-
roscience research.

Materials and Methods
We assembled responses detailing how neuroscientists and 

veterinarians around the world evaluate and treat clinical 
cases of neurologic illnesses and identify pain in NHP. The 
demographic survey provided an overview of the staff work-
ing with NHP, the NHP themselves, and how NHP are used in 
research. The data regarding the prevalence of neurologic clini-
cal cases included overviews of the protocols used to identify 
and treat clinical cases. The pain assessment survey addressed 
the methods used to identify pain and determine efficacy of 
pain management approaches. Because our study is the first to 
consider the demographics of neuroscience research specifically 
with NHP, we do not have any comparative data to determine 
whether we have obtained a representative sample.

Our 3 surveys were developed by using Google Forms and 
were analyzed by using Google Sheets via Google Apps. All 
surveys were anonymous, and email addresses or other personal 
or institutionally identifying information were not collected 
from respondents. All surveys included a mixture of yes–no, 
multiple-choice single-answer, multiple-choice multiple-answer, 
and open-ended questions. Respondents were not required to fill 
out the surveys in order. Answers were not required for any of 
the questions. After development, survey questions were refined 
by all coauthors, and then distributed to potential respondents.

In the first survey, Nonhuman Primates (NHP) Question-
naire Part I (Supplemental Figure 1), we asked about careers 
in research and work with NHP, the number of NHP used 
in a single study, brain regions studied, the ratio of males to 
females, and the types of housing. The demographic survey 
contained 22 questions: 2 yes–no questions, 8 multiple-choice 
single-answer questions, 6 multiple-choice multiple-answer 
questions, and 6 open-ended questions. Two of the multiple 
choice single-answer questions and 4 of the multiple-choice 
multiple-answer questions allowed respondents to write in 
their answers.

The second survey, Nonhuman Primates (NHP) Question-
naire Part II (Supplemental Figure 2), assessed neurologic 
clinical cases, including identification, treatment, and outcomes. 
This survey had 22 questions in total: 2 yes–no questions, 8 
multiple-choice single-answer questions, 6 multiple-choice 
multiple-answer questions, and 6 open-ended questions. 

Six of the multiple-choice multiple-answer questions allowed 
respondents to write in their answer.

The third survey, Nonhuman Primates (NHP) Questionnaire 
Part III (Supplemental Figure 3), assessed clinical signs of pain, 
medications used for treatment, and assessment of treatment 
efficacy. This survey also included questions on anesthesia 
induction protocols for juvenile and geriatric NHP. Survey 
III had 24 questions: 3 yes–no questions, 5 multiple-choice 
multiple-answer questions, and 16 open-ended questions. 
One of the multiple-choice multiple-answer questions allowed 
respondents to write in their answers.

A link to the surveys was distributed anonymously to 550 
people in at least 17 countries in North America, Europe, and 
Asia who were known to participate in neuroscience research 
with NHP. Recipients of the survey were asked to forward the 
survey to anyone they thought might be interested, such that 
the overall return rate may underestimate the actual return rate. 
The response rates for the 3 separate surveys were calculated by 
using the initial distribution list of 550 people. The study was 
reviewed by the University of California–Los Angeles Chancel-
lor’s Animal Research Committee (IACUC) and the Institutional 
Review Board for human subjects; these committees determined 
that because neither personal information nor animal use was 
involved, formal review was unnecessary. The first survey was 
sent 2 wk before the second and third surveys, which were sent 
together. Follow-up reminders were sent 2 wk after the second 
two surveys were sent out. All surveys were sent in August 2021, 
and data collection was closed on October 3, 2021.

Results
Demographic survey. The purpose of this survey was to gain 

a baseline understanding of the demographics of those working 
with NHP in neuroscience research and how NHP are used. In 
total, 155 respondents replied to the demographic survey (28%). 
The data appear in Figure 1, which indicates the length of time 
that researchers have been involved with NHP, the number of 
studies in which NHP are involved, and the average length of 
time that individual NHPs are assigned to studies .

Eighty-one percent (81%) of the respondents had been work-
ing in research for over 15 y, 11% for 10 to 14 y, and 7% for less 
than 10 y (Figure 1A). Sixty-nine percent of respondents had 
worked with NHP for over 15 y (69%), 12% for 10 to 14 y, and 
19% for less than 10 y (Figure 1 B).

During the past 5 y, 25% of respondents worked with over 
30 NHP, 29% with 6 to 10 NHP and 5% with 21 to 30 NHP. 78% 
of respondents used NHP in multiple studies. For NHP that 
were used in multiple studies, 45% in 2 studies, and 11% in 
over 5 studies we used. In addition, 66% of respondents indi-
cated that NHP spent approximately 2 to 5 y participating in 
any one study, whereas only 5% indicated that NHP spent more 
than 11 y participating in any one study (Figure 1 C through F).

Figure 2 shows the species, age range, placement, and 
type of housing of NHP. Fifty-eight percent of respondents 
worked with rhesus macaques (Macaca mulatta), and 18% with 
cynomolgus macaques (Macaca fascicularis). Other species in-
cluded common marmosets (Callithrix jacchus, 11%), pigtailed 
macaques (Macaca nemestrina, 4%), common squirrel monkeys 
(Saimiri sciureus, 3%); primates of the Chlorocebus species 
(e.g., African green monkeys, 3%), baboons (Papio spp., 2%), 
capuchins (Cebus spp., 1%), bonnet macaques (Macaca radiata, 
1%); and white-eared titis (Plecturocebus donacophilus, <1%). 
Animal ages ranged from younger than 5 y to older than 20 y, 
with the greatest number (36%) between the ages of 6 and 10 y 
(Figure 2 A and B).
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Three major types of housing configurations were used: 
fully indoors, indoors with outdoor access, and fully out-
doors. Of these types, 84% of respondents indicated that the 
NHP were housed fully indoors, whereas 11% and 6% of 

respondents indicated that NHP were housed indoors with 
outdoor access and outdoors, respectively. Regardless of hous-
ing, 46% of responses indicated that NHP were pair housed, 
28% were singly housed units, 18% were group-housed, and 

Figure 1. Average use of non-human primates (NHP) in neuroscientific research. (a) Length of time (in years) that the survey respondents 
have been involved in research. (b) Frequency histogram indicating the length of time respondents have been conducting research on or working 
with NHP. (c) Frequency histogram showing the number of NHPsNHP that respondents have worked with in the last five years. (d) Percentage of 
respondents that use NHP in multiple studies. (e) Average number (x-axis) of studies for each NHP. (f) Frequency histogram showing the length 
of time (in years) that NHP remain in study.

Figure 2. Demographics of non-human primates (NHP) used in neuroscientific research. (a) Frequency of monkey species. (b) Frequency 
of age in years (yrs). (c) Frequency of housing type (indoor, outdoor, or both). (d) Frequency of pair and social housing for all housing types. 
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8% were housed in family units (relevant for marmosets; 
Figure 2 C and D).

We next addressed the methods used during neuroscience 
experiments of respondents. Surface cerebral cortical regions 
were most studied (38%), with deep cerebral cortical regions 
next (33%), followed by subcortical regions (e.g., amygdala, ba-
sal ganglia, thalamus; 26%). The most studied brain region was 
the frontal lobe (24%), and the least studied was the cerebellum 
(6%). Four percent of respondents answered ‘not applicable,’ 
indicating that they did not study cerebral cortical regions or 
brain regions specified in our survey (Figure 3 A and B). Most 
of the respondents (73%) used both stereotaxic-guided and 
MRI-guided techniques for neurosurgical procedures. Twelve 
percent of respondents used only stereotaxic-guided techniques 
whereas 6% only used MRI-guided techniques. The 10% of 
respondents who used neither technique conducted primarily 
behavioral or cognitive research (Figure 3 C).

One of the fundamental goals of neuroscience is to understand 
and map neural connections and brain activity that allow for 
cognition and action.38 To do this requires the use of various 
recording and mapping instruments. The most used methods 
reported include single electrodes (29%), electrode bundles 
and arrays (24%), multicontact recording probes – V,S probes 
(20%), injectrodes (10%), optrodes (8%), and neuropixels (6%).
Responses indicated that cannulas for injection, Hamilton 
syringes, functional fMRI and MRI, EEG electrodes, ultrasonog-
raphy, designer receptors exclusively activated by designer 
drugs (DREADDs), and 2-photon calcium imaging were used 
less frequently (Figure 3 D).

Neurologic clinical cases survey. Our second survey assessed 
neurologic clinical cases. This survey had a return rate of 6%, 
calculated from the total number of surveys sent and thus had 
a lower number of responses that did the first survey (28%). 

Assuming that the responses came only from those individuals 
who had responded to the first survey, then the response rate 
was 17%. Our goal was to determine not only which areas of the 
brain are studied but also what common conditions arise in par-
ticular models so that we can then develop an evidenced-based 
set of best practices based on the identification of complications 
and assessment of the most effective treatments. For our pur-
poses, treatment success was defined as the NHP being healthy 
enough (as determined by a veterinarian) to return to study.

First, we surveyed the number of respondents who reported 
the identification of neurologic illnesses or traumas within the 
last 10 y. Bacterial colonization around or within an implant (i.e., 
local inflammatory response, LIR) occurred most frequently 
(reported by 33% of respondents). Other reported illnesses 
included cerebral edema (16%), stroke (13%), parenchymal 
infection (12%), meningitis or meningoencephalitis (4%), and 
seizure (4%); 7% of respondents indicated a zero incidence of 
neurologic health conditions during the last 10 y. The number 
of clinical cases in the cerebral cortical regions (2.2 ± 3.2) did 
not differ significantly from that reported in deep, subcortical 
regions (1.3 ± 1.6; mean difference = 0.09, P > 0.05; Figure 4).

Consistent with a commitment to 3Rs ethical principles—to 
replace animal models whenever possible, to reduce num-
bers whenever possible, and to refine procedures—the use of 
custom-designed cranial implants is increasing in frequency in 
the neuroscience community.44 Supporting this trend, 69% of 
respondents used custom-designed cranial implants, 28% did 
not, and 3% responded ‘not applicable,’ implying no use of 
implants. In addition, 39% of respondents had the impression 
that custom implants reduced the incidence of LIR compared 
with implants that were not customized (Figure 5).

The 3 most used methods to assess LIR were the appearance 
of purulent exudate (31%), identification of an odor (28%), and 

Figure 3. Brain regions studied in non-human primates (NHP) and prominent use of guidance techniques for targeting and recording  
(a) Proportion of experiments performed in cortical and subcortical brain areas. N/A = did not answer or specify brain area. (b) Frontal cortex 
is a target of a majority of respondents’ NHP neuroscientific experiments. (c) Most experiments rely on MRI and stereotaxic guidance. (d) The 
majority of experiments use single and array electrodes. The frequency histogram of responses for each method is shown. V, S Probes refers to 
electrodes with recording ability. DREADDs stands for Designer Receptors Exclusively Activated by Designer Drugs.
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culture results (26%). Other methods of identification reported 
include changes in behavior (for example, decreased appetite, 
3%), routine assessments (1%), and redness of tissue (1%);            

7% replied ‘not applicable,’ suggesting that either respondents 
saw no clinical cases of LIR or that they did not report methods 
of identification.

Figure 4. Neurological trauma and illness is rare in neuroscientific experiments. (a) The 10 year average frequency of occurrence of each event 
identified on the x axis is plotted on the y axis. (b) The frequency of neurological traumas or illness for cerebral cortical experiments. (c) Same as 
in (b) for subcortical and deep cortical experiments. The difference in average number of clinical cases of cerebral cortical and deep, subcortical 
regions was not significant (mean difference = 0.9, p > 0.05).
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The most common treatments of LIR reported include an 
increase of routine cleaning frequency (28%), use of a topical 
antibiotic (27%), and use of a systemic antibiotic (24%), the 
latter depending on culture results. Another treatment was re-
moval of the implant (21%). Over 75% of respondents reported 
a treatment success rate of over 75%. However, 33% and 3% of 
respondents respectively reported having to remove 1 to 5 or 6 
to 10 subjects from studies (Figure 6).

Respondents used at least 1 of 8 methods to identify men-
ingitis, brain abscesses, and hemorrhagic stroke (Figure 7 A). 
These methods reported include MRI (39%), blood analysis 
(16%), clinical signs (6%), and CSF analysis (4%). T1, T2, and 
diffusion MRI were used to determine both presence and type 
of parenchymal lesion.1,29 Clinical signs ranged from changes in 
the normal appearance of the dura, suggesting a localized issue, 
to lateralizing signs, suggesting a larger, perhaps more serious 
issue. Other identification methods reported include X-rays, 
behavioral indicators, opisthotonos, experimental history, and 
necropsy findings. Thirty percent of respondents indicated no 
known incidents or did not report their methods of identifica-
tion (Figure 7 A).

Treatment methods for infection of CSF space or meninges 
included medical (50%) and surgical (43%) options and eutha-
nasia when animal welfare could no longer be guaranteed (7%). 
86% of respondents reported success rates of less than 75% for 
medical and surgical interventions, whereas 14% of respond-
ents reported success rates exceeding 75%. 40% of respondents 
indicated that 1 to 5 subjects had to be removed from study, 
whereas 60% indicated that no subjects were removed from 
study (Figure 7 B through D). Therefore, medical and surgical 
interventions used for infection of CSF space or meningitis 
appear to have limited success. Developing evidence-based 
best practices that can be shared across the neuroscience com-
munity could improve success rates and animal welfare and is 
an important area for further effort.

Figure 5. The majority of scientists use custom implants. (a) Per-
centage of respondents using custom-designed cranial implants. 
(b) Impression that custom implants are beneficial over ready-made 
implants.

Figure 6. Localized Inflammatory Responses (LIR) are common and successfully treatable. (a) Frequency histogram of different methods of 
identification of implant issues (CR = culture result; RA = routine assessment). N/A = did not answer or specify method of identification. 
(b) Frequency histogram of treatment type used for LIRs. Antibiotic treatments are all based on culture results. (c) Success rate of LIR treatment. 
(d) Implant issues infrequently require removal from study.
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Thirty-eight percent of respondents indicated that they 
treated cerebral cortical or deep brain abscesses medically 
and surgically, whereas 12.5% used only surgical intervention. 
Medical interventions included antibiotic therapy and steroid 
treatment. Surgical interventions reported include subdural 
aspiration and increased frequency of cleaning the area. In ad-
dition, 38% of respondents indicated that brain abscesses were 
typically fatal or that the animals were euthanized; 13% of 
respondents did not report their treatment, if any. Regarding 
localized brain abscess, 36% of respondents reported a success 
rate greater than 75%, 18% had a success rate of 21% to 50%, 
9% had a success rate of 11% to 20%, and 36% had a success 
rate of less than 10%. Only 29% of respondents indicated that 
subjects had to be removed from study (Figure 8). Thus, treat-
ment of deep brain abscess appears to have a higher success 
rate than treatment of infection of the CSF space or meninges. 
A next step would be to collate the specific treatment proto-
cols and develop best practices that can be shared across the 
neuroscience community to improve treatment success and 
animal welfare. Human treatment practices can be used to 
develop and assess best practices for monkeys.

Similar to reports for humans,61,63 40% of respondents 
observed and monitored resolution of hemorrhagic strokes 
without intervention, and 20% intervened surgically after 
presentation of injury. Fifty-seven percent of respondents had 
a success rate that exceeded 75%, whereas 43% had a suc-
cess rate of less than 10%. The majority (83%) did not have to 
remove subjects from study (Figure 9). Although the success 
rate for treatment of hemorrhagic stroke is already relatively 
high, developing best practices that can be shared across the 
neuroscience community would nonetheless benefit both the 
NHP and neuroscience research.

Pain and welfare assessment survey. Because the third survey 
had a return rate of 5% and with the assumption that responses 
came only from people who responded to the first survey, 

responses to the third survey could range between 5% (out of 
the number of individuals that received the first survey) and 
16% (out of the total number of respondents to the first survey). 
Pain indicators could be classified into three major categories: 
behavioral observations (70%), clinical assessments (20%), and 
stereotypies (10% Table 1, Figure 10 A). Behavioral observations, 
such as personality changes and vocalizations, and stereotypies 
are sometimes difficult to measure and require understanding 
of the animal’s normal behavior because changes can be subtle. 
Clinical assessments such as blood chemistry are measurable but 
may not be sufficiently sensitive.51 Standardization of assessments 
and treatment options would help to improve animal welfare.

Lethargy and vomiting were the 2 clinical signs of CNS-related 
illness with the most responses (16% for both). Head holding 
(15%), changes in appetite (9%), and signs of discomfort (e.g., 
wincing, squinting, grimacing; 6%) were the next most common. 
The results of the pain survey appear in Figure 10 B.

The majority of respondents reported using NSAIDs and 
opioids to treat generalized or localized pain (77%) and 
CNS-related pain (62%). Twelve percent of respondents speci-
fied that NSAIDs were the first line of management for pain, and 
opioids were used if there was no response to NSAID treatment. 
Combining NSAIDs and opioids can effectively achieve anal-
gesic effects with minimal unwanted effects.10,42 Respondents 
indicated that NSAIDs were the most prescribed analgesia for 
generalized or localized pain (42%) and CNS-related pain (33%). 
Meloxicam was the most commonly used NSAID analgesic, with 
dosages ranging from 0.1 to 0.2 mg/kg PO. Two other commonly 
used NSAIDs were carprofen and ketoprofen. Opioids were the 
second most prescribed analgesic for generalized or localized 
pain (35%) and CNS-related pain (28%). The most prescribed 
opioid was buprenorphine, with dosages ranging from 0.005 to 
0.1 mg/kg IM. Buprenorphine is used for analgesia after crani-
otomies, intracerebral injections, and placement of electrodes.10

Figure 7. Identifying and treating infections of the cerebrospinal fluid (CSF) space or meninges and parenchymal lesions. (a) Methods used 
to identify clinical cases of infections of the CSF space or meninges and type of parenchymal lesion, such as abscess, cyst, ischemic or hemorrhagic 
stroke. N/A = did not answer or specify method of identification. N/A = did not answer or specify method of identification. (b) Frequency of 
treatments used for clinical cases of infections of CSF space or meninges. (c) Success rate of respondents who treated infections of the CSF space 
or meninges, wherein, the animal continued in experimental study. (d) Frequency of the number of NHP removed from a study due to infection 
of the CSF space or meninges. 
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Because buprenorphine has a longer duration of effect than 
other opioids and less potential for unwanted effects, it is 
used more frequently in research animal medicine than are 
other similar opioids.10,39 After neurosurgery in humans, the 
use of opioids is limited due to side effects, such as nausea, 

vomiting, and increased intracranial pressure.57 Antidiarrheal 
and antiemetic medications are also used to manage similar side 
effects in NHP (Figure 10 C and D), including gastrointestinal 
complications due to the use of NSAID. Twenty-three percent 

Figure 8. Treatment of cerebral cortical or deep brain abscesses for 
those that indicated encounters of such clinical cases. (a) Frequency 
histogram of treatments used for clinical cases of cerebral cortical or 
deep brain abscesses. (b) Success rate of respondents who treated cer-
ebral cortical or deep brain abscesses, as in the animal continued in 
experimental study. (c) Frequency histogram of the number of NHP 
removed from a study due to cerebral cortical or deep brain abscesses.

Figure 9. Treatment of hemorrhagic stroke for those that indicated 
encounters of such clinical cases. (a) Frequency histogram of treat-
ments used for clinical cases of hemorrhagic stroke. (b) Success rate 
of respondents who treated hemorrhagic stroke, as in the animal con-
tinued in experimental study. (c) Frequency of the number of NHP 
removed from a study due to hemorrhagic stroke.

Table 1. The specific indicators or signs that fall under the 3 major classifications—behavioral observation, clinical assessment, and 
stereotypy—used to identify generalized or localized pain

Classification Specific indicators or signs
Behavioral observation Personality changes, aggression, changes to interest in enrichment, changes in lab responses or task 

completion, interactions with handler, vocalization, facial expression, appetite, grooming behavior, 
favoring limb, head holding, posture, huddling, sitting, changes in alertness or activity

Clinical assessment Wound sites, quality of coat or skin, weight changes, changes to urine or stool, physiologic changes, 
vomiting or diarrhea, seizures, eyes, nose

Stereotypy Stereotyped behavior, locomotor behavior, repetitive behaviors
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of respondents stated that veterinarians determined appropriate 
treatments and dosages (Table 2).

Many respondents reported that any shift back to the animal’s 
typical behavioral state was considered to indicate pain reduc-
tion. Improved behavior and mood and recovery of appetite 
were considered to be the best predictors that the treatment was 
efficacious and the animal’s pain had been mitigated (Figure 10 E).

Discussion
Research using NHP allows scientists to study brain function 

and develop clinical therapies for brain disorders, and these 
animals are an essential resource in neuroscience research.35 
To improve their welfare and quality of life, current treatments 
for their neurologic illnesses and pain must be evaluated for ef-
fectiveness. By surveying the neuroscience research community, 
we received an aggregate of responses regarding assessment of 
and treatment protocols for NHP. Many researchers working 
with NHP have lengthy experience with these animals. This 
experience must at least in part underlie high success rates for 
treatment of neurologic illnesses and substantial retention of 
animals on study protocols. Evaluations of pain include objec-
tive and subjective measures that make accurate diagnosis and 
quick intervention possible. Although response rates were low, 
the surveys captured assessments of current treatment methods 
for pain and neurologic illnesses used by the research com-
munity. Overall, this report provides a baseline understanding 

of assessment and treatment of NPH used for neuroscience 
research with NHP. These observations and interventions can 
later be evaluated for effectiveness toward the long-term goal 
of improving animal wellbeing.

The demographic data showed that a large proportion of 
researchers had been working with NHP for more than 15 y. A 
small percentage of researchers had been working with NHP 
for less than 4 y—a possible signal of fewer researchers starting 
work with NHP or a reluctance to share data. Although we can-
not confirm that our sample is representative of neuroscientists 
working with NHP, we can at least assess what many established 
researchers are doing.

NHP are among the most expensive and complex of research 
animals.31 Rhesus and cynomolgus macaques and common 
marmosets are most cost-effective with regard to breeding and 
housing.28 The type of research study and expected lifespan 
influence the repeated use of NHP in multiple studies.31 Ma-
caques can be used for brain aging studies, and advancements 
in transgenic techniques in common marmosets are providing 
new models for the study of neurodegenerative diseases.25 
The median lifespan of rhesus macaques is approximately 29 y, 
whereas common marmosets are elderly at 8 y. If their health is 
maintained, and with appropriate regulatory approval, these 
species can be used in multiple experiments over time.31,33 
The current shortage of rhesus macaques makes the develop-
ment of alternative NHP models imperative.28 The issue of reuse 

Figure 10. Identification and treatment of pain and assessment of efficacy. (a) Indicators or signs used to infer general issues of well-being, 
e.g. pain, illness, discomfort, etc. (b) Indicators or signs used to infer central nervous system (CNS)-related pain (BP = blood pressure; Oph. = 
ophthalmic). N/A = did not specify clinical signs for CNS-related pain. (c) Frequency histogram of medications used to treat generalized or 
localized pain. (d) Frequency histogram of medications used to treat CNS-related pain. N/A = did not specify clinical signs for CNS-related 
pain. (e) Indicators or signs used to assess efficacy of CNS-related pain medication. N/A = did not specify clinical signs for CNS-related pain.
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is an important topic due to the ethical principle of reduction 
in the 3Rs.43

Prioritizing the social needs of NHP is essential to support 
and maintain their health and wellbeing. Accommodation of 
the social needs of NHP through their housing environments 
can also have a positive impact on the quality of research 
data.49 Pair-housing NHP requires training and expertise, with 
knowledge of the species’ social environment in their native 
habitats and in captivity, nuances of their behavior toward 
animals of the same and opposite sex, and consideration of the 
particular requirements of the experimental research design. 
Marmosets, for example, require a social environment and 
typically live in pairs or small family groups.31 Macaques also 
need a social environment. Creating a macaque pair requires 
familiarization of the 2 animals and evaluation of compatibil-
ity.49 For male cynomolgus and rhesus macaques with cranial 
implants, pair housing provides social enrichment but does 
not result in more injuries.46 Larger group housing of mature 
cynomolgus males together can lead to increased inter-animal 
aggression.20 Ultimately, NHP researchers must prioritize the 
social nature of their animals when determining the optimal 
housing configurations.56

A range of guiding and recording techniques is necessary to 
conduct research in different brain regions. Use of both stere-
otaxic and MRI guiding has many positive benefits for accurate 
3D targeting of brain regions. Recording instruments, such as 
single electrodes and electrode bundles and arrays, must be 
high quality and have low potential for tissue damage after 
insertion.36,55 With optrodes and designer receptors that are 
activated only by designer drugs, researchers can record activity 
after direct manipulation. However, these methods are currently 
not widely used due to a lack of reliable instruments and chal-
lenges with implementation and specificity.9,45

Using any NHP species in neuroscience research, like per-
forming neurosurgical procedures on humans,18,63 creates a 
possibility for neurologic trauma and illness. We focused on 
incidents resulting from implants, surgeries, or experimental 
procedures performed for the purpose of neuroscience re-
search. We considered the identification and treatment of 4 
main types of neurologic damage: LIR, infection of the CSF 
space or meninges, deep brain abscess, and hemorrhagic stroke. 
Clinical cases are more frequent in surface or cerebral cortical 
areas, given that more research is conducted in these regions 
(Figure 4 B). Identifying patterns in the presentation and man-
agement of neurologic illnesses will improve diagnosis and 
treatment in NHP.

Individuals who are certified and permitted to perform 
surgical procedures, implantation procedures, or even routine 
veterinary procedures must know the basic principles of asepsis, 
which prevent or reduce the likelihood of infection. Current 
research shows that the microbial commensal life on and in our 
bodies is much more extensive than previously understood.2,22,54 
Although some organs, like the ocular surface, were previously 
thought to be sterile,2,22,50,54 we now know that these areas 
have normal microbial colonization. Balance of the normal 
microbiome with routine health care is critical for maintain-
ing the wellbeing of any research animal species. Therefore, 
the historical philosophy of keeping implants and chambers 
‘sterile’ is likely a misunderstanding of the homeostasis be-
tween normal microbiome and unwanted microbial invaders. 
Our approach to maintaining the health of implanted animals, 
using standardized, routine practices of cleaning, asepsis, and 
treatment, have thus far been successful. Moving forward, suc-
cessful approaches should be independently evaluated and the 
best practices reported to the community.

The natural responses of the body to implants and microbial 
colonization understandably lead to inflammation. Because 
infection is technically not diagnosed without a positive 
confirmation by culture or by microscopy, we broadened 
our terminology surrounding the clinical signs that present 
in an implanted animal. These signs—for example, exudate, 
granulation tissue development, fibrosis—are clear indica-
tors of inflammation and are highly localized to specific sites, 
such as inside chambers or along implant edges. LIR indicate 
the presence of an inflammatory response ranging from mild, 
localized inflammation to outright infection. Within that range, 
standardized approaches of care coupled with routine asepsis 
and specific treatments can maintain the health of an implanted 
NHP; evaluating and reporting best practices to the community 
are critical next steps.

Intracranial implants allow scientists to record brain activity 
from underlying regions while a subject is either conscious or 
anesthetized. Colonization around an implant refers to con-
tamination of the tissue around the implant with commensal 
or pathogenic bacteria and can lead to LIR.23 Prompt treatment 
can prevent spread to areas such as the meninges or brain 

Table 2. Medications used to treat pain and their associated  
dosages

Medication Dosage
NSAID
 Meloxicam 0.1–0.2 mg/kg (IM or PO)
 Carprofen 2–5 mg/kg (PO, BID)
 Ketoprofen 2–5 mg/kg [IM, SID or BID)
 Ibuprofen 7–10 mg/kg (PO, BID)
 Tolfenamic Acid 4 mg/kg
Steroids
 Dexamethasone 0.05–4 mg/kg (IM)
 Prednisone None specified
Opioids
 Buprenorphine 0.005–0.03 mg/kg (IM, BID)
 Buprenorphine, sustained release 0.12 mg/kg
 Tilidine (with naloxone) 0.8–0.13 mg/kg
 Hydromorphone None specified
 Butorphanol None specified
Analgesics
 Lidocaine 10–40 mg/kg
 Ketamine None specified
 Gabapentin None specified
 Cerenia None specified
 Amantadine None specified
  Selective serotonin reuptake 

inhibitors (SSRI)
None specified

  Serotonin and norepinephrine 
reuptake inhibitors (SNRI)

None specified

 Bupivacaine None specified
 Ropivacaine None specified
 Dexmedetomidine None specified

BID, twice daily
IM, intramuscular
PO, by mouth
SID, once daily
Respondents did not specify dosage for some medications
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parenchyma. Typically, more frequent cleaning and the use 
of antibiotics can eliminate LIR and preventing severe tissue 
damage. Implant removal may be necessary if LIR cannot be 
cleared or has detrimental effects. A step-wise approach can 
be effective in maintaining craniotomies without using antibiot-
ics for routine care. Although custom implants may improve  
fit and reduce infection, our data indicate that researchers be-
lieve they are no more effective than ready-made implants 
(Figure 5 B).8 These 2 options would benefit from rigorous 
assessment and comparison.1

In a study of polyetheretherketone cranial implants in hu-
mans, 8% of 66 cases were infected; the primary infectious 
agent was methicillin-resistant Staphylococcus aureus, MRSA.48 
All infected implants were removed due to the cranioplasty site 
and the infectious agent.48 In contrast, in NHP, custom poly-
etheretherketone hydroxyapatite-coated implants improved 
the health of the skin margin and quality of functional MRI 
images.40 Prophylactic measures lower rates of infection for 
surgical sites in human patients by reducing the bacterial count 
and propensity for infection, and can reasonably do the same for 
NHP.3,7 Data on the incidence of infection in implanted NHP are 
sparse, leaving us reliant upon human studies, and indicating 
that studies of NHP are warranted.

Brain abscesses and infections of the CSF space or meninges 
can occur if LIR progresses over time or presents immediately 
after neurosurgery.29 MRI can pinpoint infection-related tissue 
damage for accurate diagnosis, although treatment may precede 
the scan if MRI is not available.1,29 Typically, such infections 
are rare in both humans and NHP, likely because of the availability 
of vaccines and immune system resistance to adverse clinical 
outcomes.11,19,29,31 In humans, incidences of bacterial meningitis 
and brain abscesses after neurosurgery were 0.3% and 0.2%, 
respectively, among 2111 procedures.34 An infection incidence 
of 3.6% was reported in 528 human subjects within a year after 
deep brain stimulation surgery on human patients; all were 
treated successfully with antibiotic therapy.14 Further study 
in NHP may indicate whether rates in humans are similar to 
those seen in NHP. Medical management consists of antibiotic 
therapy,16 whereas surgical methods completely remove the 
infected area. Because many clinical signs of brain abscess in 
NHP are nonspecific and varied, in contrast to the situation in 
humans,29 diagnosing the infections is difficult and is sometimes 
not accomplished until necropsy.15,29,60 The varied success rates 
and numbers of NHP removed from study for both illnesses 
reflect that treatment does not guarantee success.

In humans, hemorrhagic strokes are fatal more often than 
ischemic strokes, but comparable data on spontaneous strokes 
in NHP is scarce.41 Observation of symptom progression is nec-
essary to assess severity. Administration of various treatments 
may be beneficial both and after recovery. Studies on human 
patients show that minimally invasive surgery is more beneficial 
than invasive surgery in reducing the hemorrhagic mass and 
overall mortality.13 Treatment success depends on the location 
and the amount of damage that may occur due to intervention 
or natural progression. Therefore, preventative measures and 
monitoring must be emphasized to decrease prevalence of these 
clinical cases.

Overall, the best treatments for LIR are more frequent clean-
ing and use of topical and systemic antibiotics, as indicated by 
our data on success rates and NHP removal numbers. However, 
treatments for meningitis and brain abscess are not as widely 
effective. Rapid progression and delayed detection due to 
nonspecific clinical signs may affect treatment success.29 Obser-
vation is used to monitor the course of a hemorrhagic stroke, 

and surgical intervention can be successful, as indicated in our 
data by the success rates and numbers of NHP removed from 
study. Meningitis, brain abscess, and hemorrhagic stroke are all 
relatively rare, so few NHP are negatively affected.19,29

Finally, assessment of pain is a widespread concern in vet-
erinary medicine, in part due to the lack of standardization. In 
human medicine, most patients are verbal and can respond to 
questions; verbal responses are not available to veterinarians. 
Medical specialties, such as neonatal medicine, have developed 
standardized assessments of their nonverbal or preverbal 
patients. Using this approach in NHP requires the input of 
researchers.

All individuals who assess general pain or distress must have 
a detailed knowledge of the animal’s normal behavior in order 
to accurately evaluate potential clinical signs.37,56 Behavioral 
changes and physiologic indicators (i.e., blood pressure, heart 
rate) are both common clinical signs. NSAID and opioids are 
the most prescribed treatments for pain; however, for humans, 
acetaminophen is used more commonly than opioids, partly due 
to the risk of addiction in humans.24 For NHP, combinations of 
different classes of analgesics are effective and are commonly 
prescribed after neurosurgery.10,42 Other medications, such as 
antibiotics and gastric protectants, are used during periopera-
tive care to prevent infection and protect against the unwanted 
adverse effects of analgesics, respectively.42 Rigorous assess-
ments of efficacy will provide important data toward ensuring 
mitigation of pain in NHP.

CNS-related pain is expressed both behaviorally and physi-
ologically. Knowing the cause of pain is vital to treating it in 
a timely manner. After neurosurgery in human patients, pain 
was greatest during the first 24 h and in posterior regions due 
to greater muscle reflection.57,59 Attention to the surgical site 
and routine administration of analgesics may improve pain 
management of NHP after surgery. In humans, opioids can 
cause multiple adverse effects and the trend is toward using 
nonopioid or multimodal analgesia in humans.26 Evaluation 
of such trends could help veterinarians to determine effective 
analgesic protocols after neurosurgery. Identifying clinical 
signs and anticipating potential for pain will improve welfare. 
However, treatments directed at reducing pain and minimiz-
ing distress are not always successful. Euthanasia is essential 
when the animal is not responding to the prescribed treatment 
strategy.62 In addition, institutional policy should require that 
any treatment protocol, whether for a neurologic illness or 
pain, must be directed by a veterinarian. For both generalized 
pain and CNS-related pain, recovery from the initial presenting 
clinical signs is a good indication of pain relief.

We obtained a 28% response rate for our demographic survey. 
For the other 2 surveys, the response rates were 6% and 5%, 
respectively, out of the intial distribution list to 550 individuals. 
However, the response rates for the second and third surveys, 
when calculated based on the 155 individuals who responded 
to the first survey, were 17% and 16%, respectively. Thus, our 
findings are constrained by this low response rate and conse-
quently probably do not fully represent the entire neuroscience 
research community working with NHP. Although this issue 
is common in survey studies, several factors may underlie our 
low return. Potential respondents may hesitate to answer ques-
tions about situations with negative outcomes or may lack of 
experience, given that many neurosurgical procedures must 
be performed by certified individuals. Another factor that may 
have contributed to the low return rate may have been the tim-
ing of the survey release, such that potential respondents may 
have missed the second 2 surveys that were released after the 
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first one. In addition, privacy and security concerns may have 
deterred people from responding.32 Lastly, response bias could 
be present in that respondents may not have been completely 
accurate due to concerns about the implications and the effect of 
the data on NHP research.28 Strategies to improve the response 
rate moving forward may be to release all surveys at the same 
time, minimizing the possibility of respondents missing the 
follow-up surveys. Moreover, respondents would be required 
to answer the surveys in sequential order to ensure that the 
responding populations are not distinct. In addition, more 
reminders may be helpful. Another way to increase response 
rates may be to send out a single survey including all 3 parts. 
Although this survey would be longer, it would not require 
respondents to reply to multiple surveys.

Although the response rates for the second 2 surveys were 
low, responses to the demographic survey confirm that a large 
community would benefit from continued research on NHP 
experimental and veterinary protocols. We want to begin the 
dialogue to ensure that all animals used in neuroscience research 
receive the best possible care. Our study has identified current 
practices used by researchers and veterinarians working with 
NHP. This information allows us to identify areas requiring 
further study and begin to evaluate animal care based on effec-
tiveness, with the long-term goal of enhancing animal welfare.
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