1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Pain. Author manuscript; available in PMC 2023 May 01.

-, HHS Public Access
«

Published in final edited form as:
Pain. 2022 May 01; 163(5): 809-819. doi:10.1097/j.pain.0000000000002467.

Behavioral outcomes of complete Freund’s adjuvant-induced
inflammatory pain in the rodent hind-paw: a systematic review
and meta-analysis

Dominika J. Burek!:2:3, Nicolas Massalyl:3, Hye Jean Yoon!:3, Michelle Doering?, Jose A.

Moront:2:3.5"
1Department of Anesthesiology, Washington University in St. Louis, St. Louis, MO, 63110, USA;

2Department of Neuroscience, Washington University in St. Louis, St. Louis, MO, 63110, USA,
SWashington University in St. Louis Pain Center, St. Louis, MO, 63110, USA;

4Bernard Becker Medical Library, Washington University School of Medicine, St. Louis, MO,
63110, USA;

SDepartment of Psychiatry, Washington University in St. Louis, St. Louis, MO, 63110, USA

Introduction:

Chronic pain confers higher risk of suicidal ideation and attempt. This public health
concern emphasizes the critical need to understand the comorbidity of pain with anxiety
and mood disorders [11,26,33]. The shared neural circuitry of nociception and emotional
regulation converges these processes for behavioral selection to avoid further injury and
promote chances of survival [3]. This integration can become maladaptive in chronic

and pathological pain, during which patients may experience heightened stress sensitivity,
decreased motivation for routine activity, and anxiety [44,52,55].

Compassionate healthcare aims to provide analgesic relief and to address this emotional
component of pain. But progress in drug discovery relies on a strong foundation of
preclinical evidence. Innovative therapeutic efforts are stymied by what is lost in translation
between human experience and rodent models of subjective states [13,53]. The landscape
of preclinical pain research is paved with conflicting evidence, particularly for modeling
inflammatory pain and its comorbid syndrome of negative affect [28].
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Injection of Complete Freund’s Adjuvant (CFA) into the rodent hind-paw induces
sustained inflammation characterized by persistent mechanical hypersensitivity and heat
hypersensitivity lasting up to 6 weeks, as our previous work has shown [6,27]. Behavioral
alterations in sleep, gait, and food intake have inconsistently been observed but still
extensively studied [7,29,50,54]. Other behavioral assessments such as the elevated plus
maze (EPM) and the forced swim test (FST), reliable primarily in their predictive validity
for antidepressant and anxiolytic drugs, have reasonably been repurposed to expand

the available phenotyping of affective changes in pain [6,42,43]. But these assays face
limitations in the translational quest to prevent and manage anxiety and mood disorders,
and thus have been redefined as modeling aspects of exploratory behavior in aversive
environments and coping strategy for inescapable stressors [8,38,60]. Understandably, then,
they have provided inconclusive evidence for the effect of neuropathic and persistent pain,
including CFA-induced inflammatory pain, on such measures [6,36,43,54,63].

Animal models of pain and their behavioral outcomes must be refined to reproducible
designs before further preclinical attempts to identify mechanisms and novel therapeutic
avenues. In a valuable reversal of translational direction, systematic reviews and meta-
analyses are being adapted from their traditional clinical utility to instead guide preclinical
research for this purpose [9]. By highlighting gaps in knowledge, preventing unnecessary
replication, and identifying influential variables, preclinical meta-analysis can provide
specific strategies for improving the validity and utility of animal models [49,51,56].

The observed heterogeneity in the effect of CFA on measures of exploratory behavior, stress
coping, and responses to natural reward may be dependent on heterogeneity of experimental
design. The interval between injection and behavioral assessment; the lighting, timing, and
duration of phenotyping; and the sex, species, and strain used; the source of experimental
animals; and lateralization of paw injection are just some of factors that may influence
outcomes [6,30,36,42,43,50,54].

To identify which of these variables influence CFA-induced behavioral alterations and which
effects are most often observed, we conducted a meta-analysis. The available relevant
literature on the effect of CFA-induced persistent inflammatory pain in rodents, compared to
saline exposure, was compiled and analyzed.

Protocol development and registration.

A full meta-analysis protocol was reviewed by and registered with the International
Prospective Register of Systematic Reviews (PROSPERO CRD42020185408). Methods
were informed by resources made available by the Collaborative Approach to Meta-Analysis
and Review of Animal Data from Experimental Studies (CAMARADES) consortium

and the Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE)
[4,49,51,56].
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Search strategies were designed and implemented by a medical librarian (MD) in Ovid
Medline 1946-, Embase 1947-, Scopus 1823-, and Web of Science 1900-, and were
established using a combination of standardized terms and key words including, but not
limited to: (Freunds adjuvant) AND (anxiety OR depression OR emotion OR negative affect
OR dark adaptation) AND (mice OR rats). A search in April 2020 found a total of 1,485
results. 903 duplicates were assumed to be accurately identified, bringing the total to 582
unique citations. The literature search was executed again in November 2020. 129 new
citations were found. 93 duplicates were removed for a total of 36 unique citations added
to the pool of citation results. After importing search results for screening in the systematic
review manager Covidence, an additional 6 duplicates were identified, resulting in 612
studies available for screening (Fig. 1A). Search terms are available in Table S1.

612 abstracts were imported to Covidence. Two independent reviewers (DJB and NM)
conducted abstract screening for studies involving CFA-induced inflammatory pain and
behavioral measures in rats and mice. Agreement between reviewers was over 90% and
disagreements resolved by consulting a third (JAM).

Inclusion criteria.

Controlled studies with separate treatment (CFA) and control (saline-injected) groups,

mice and rats, males and females, adults, all strains, Complete Freund’s Adjuvant (AKA
Freund’s Complete Adjuvant) injection into paws, tests of affective behavior such as

the elevated zero or plus maze, open field test (for exploration, not locomotion), forced
swim test, tail suspension test, marble-burying, hole-board, social interaction, sucrose
preference (AKA sucrose two-bottle choice); tests of aversive behavior such as conditioned
place aversion, place escape/avoidance paradigm, mechanical conflict-avoidance assay;
operant conditioning such as sucrose progressive ratio or intracranial self-stimulation; wheel
running, burrowing assay.

Exclusion criteria.

Studies without a saline-injected control group, randomized clinical trials, within-group
controls aka baseline vs. post-CFA injection studies, case studies, in vitro studies, cross-over
studies, other animals, neonates, juveniles, models of neuropathic pain such as chronic
constriction injury and sciatic nerve injury, models of spinal pain such as spinal nerve
ligation, models of acute pain such as formalin or carrageenan injection, CFA injections

into body locations other than hind-paw such as knee, tail base, or head, CFA induction

of experimental autoimmune encephalomyelitis, studies only evaluating gait or locomotion,
naturalistic, home-cage behavior, cognitive & memory assays such as Morris water maze,
Barnes maze, novel object recognition.

Full-text review.

113 studies remained after 499 deemed irrelevant. Using Covidence, two independent
reviewers (DJB and NM) conducted full-text review with inclusion and exclusion criteria
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specified above. Agreement between reviewers was over 90% and disagreements resolved
by consulting a third (JAM). 70 studies were excluded: 13 injected CFA into the

tail, body, or tibio-tarsal joint, 13 were conference abstracts, 10 studies did not assess
affective behavior after an injection of CFA, 8 studies evaluated learning, cognition, or
conditioned behavior, 1 evaluated outcomes less than 24 hours after the induction of
hindpaw inflammation, and 1 article was not available in English. 4 studies had data in
box-and-whisker plots or discrepancies between figures and results, and the authors could
not be reached. 4 studies used sham/naive controls instead of saline injection. 43 studies
were ultimately included for systematic review and meta-analysis, plus one additional study
published while the analysis was ongoing bringing the total to 44 included studies (Fig. 1A).

Quality assessments of risks of bias.

The SYRCLE risks-of-bias tool was adapted and customized with criteria available in Table
S2. If a criterion was not mentioned or reported, or was unclear, it was coded as unknown
rather than assumed missing for high risk of bias. Using Covidence, two independent
researchers (DB and NM) evaluated each study. Agreement between reviewers was over
90% and disagreements resolved by consulting a third (JAM).

Data extraction and abstraction.

Two reviewers (DB and HJY) worked independently and in parallel. The following study
and experimental details were extracted to a Microsoft Excel spreadsheet: bibliographical:
first author, last author, year published, journal; animal variables: species, source, light
cycle, age or weight, strain, sex, housing; CFA methodology: humber of injections/
exposures, hind-paw side injected, volume, concentration, manufacturer, validation method
for heat hypersensitivity or mechanical allodynia, interval between injection and behavioral
assessment; behavioral test-specific methodology: lighting, duration, whether animal was
naive to other behavioral testing, whether baselines were conducted. Time spent in the open
arms for EPM/EZM, time spent in the center for OFT, time spent in the light compartment
for LDB, time spent in the dark/stimulation compartment for PEAP, time spent immobile
for FST and TST, percent preference for SPT, weight of substrate burrowed, and distance
or revolutions for wheel running were extracted. Study authors were reached through email
for unreported variables. Variables that were not explicitly reported but instead cited another
paper from the same authors (for example, “EPM was conducted as previously described”
and lighting or duration were omitted in the study in question) were tracked to the original
cited paper. Some information was still unavailable; experiments with unknown variables
were excluded from relevant but not all subgroup analyses. No study reported means

and standard error of the mean in the results; outcome data represented graphically were
abstracted using the digital ruler WebPlot Digitizer.

Data analysis.

Individual, whole, published articles are referred to as “studies;” discrete cohorts within
articles that differ by variables such as sex are referred to as “experiments;” and experiments
with repeated measures data are referred to as such (Fig. 1B). Discrete meta-analyses were
conducted for 9 behavioral tests separately: elevated plus or zero maze (EPM/EZM), open
field test (OFT), light-dark box (LDB), forced swim test (FST), tail suspension test (TST),
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place escape/avoidance paradigm (PEAP), sucrose preference test (SPT), wheel running
(WHEEL), and burrowing (BURR) (Fig. 1C). Data analysis was conducted using the meta,
metafor, and dmetarR packages [19,57]. Standardized mean difference effect sizes were
calculated to Hedge’s g with 95% confidence intervals. Experiments were summarized

in a random-effects meta-analysis, using the restricted maximum-likelihood estimation of
heterogeneity with the Hartung and Knapp correction, and the inverse variance method of
weighing [4,56]. Summary effects statistics include 95% confidence intervals (range where
summary effect mean lies within 95% certainty) and 95% prediction intervals (predicted
range for 95% of future effects based on heterogeneity). These analyses were followed by
sub-group AKA stratified meta-analysis for categorical variables and meta-regression for
continuous variables [4,56]. Sub-group identities overlapped with each other. Heterogeneity
was estimated using tau (t) and Higgin’s and Thompson’s 12 in global and sub-group/
stratified meta-analysis; Q tests for residual heterogeneity and moderators and R? for meta-
regression [4,19,20,56,57]. A Bonferroni correction for multiple comparisons adjusted the
threshold for significance to p<0.007 for 7 total sub-group analyses meta-regressions. For
publication bias, separate analyses were also conducted by nesting experiments from the
same study into a fixed-effects model summary, as individual experiments are not published
but rather grouped into studies and published as a whole. Whole studies were then analyzed
in a random-effects model of a global summary. These analyses were followed by funnel
plots, Egger’s regression, and trim-and-fill analysis. Figures were created using the ggplot2
R package [61].

Open-source data.

Data, results, and code are provided on the Open Science Framework https://osf.io/tzbje/?
view_only=55051ed2845d4f28a9602122889defe4. Individual spreadsheets for all 9 of the
behavioral tests listed above provide bibliographical, methodological, and quantitative data
for each experiment; meta-analysis results by experiment and by study; and sub-group
analysis and meta-regression results. Individual effect sizes and confidence intervals for
studies which used sham instead of saline-injected controls are provided in an “Exclusions”
spreadsheet, in addition to a random-effects summary estimate if they had been included in
the relevant meta-analysis. Individual effect sizes and confidence intervals for behavioral
paradigms appearing in only one study (thermal operant, intra-cranial self-stimulation,
nesting, hole-board, marble-burying, splash test, progressive ratio, and social interaction) are
provided in a “Miscellaneous” spreadsheet. R script including code for conducting analyses,
exporting results, and generating plots is also provided.

Data presentation: forest plots.

Effect sizes are plotted as circles with 95% confidence intervals marked by the underlying
line. Size of circle represents its weight in the random-effects summary. Color of circle
matches a symmetrical scale extending from the lowest effect size in darkest purple to the
highest effect size in green, with zero as white. Color scale legend is overlayed on the x-axis
and is tailored to the range of Hedge’s g for each individual meta-analysis per behavioral
test. Dotted line provides a marker for x=0. Bottom diamond represents the random-effects
summary effect size and 95% confidence intervals. The underlying cropped color scale
represents the prediction interval. Dashed line represents the marker for the summary effect.
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Data presentation: bubble plots.

Effect size is on the y-axis and levels of the continuous variable moderator are on the x-axis.
Color and size scales are the same as the experiment forest plot.

Data presentation: funnel plots.

Effect size is on the x-axis and 1/VN is on the y-axis. Color scale is the same as the
experiment forest plot. Gray circles are theoretical studies added by trim-and-fill analysis.

Results:

Assessment of study quality and risks of bias.

100% of studies reported compliance with standards of animal welfare or approval of
animal care and use by institutional committee (Fig. 2). 88.6% of studies did not report any
method of determining experimental sample sizes. 2 studies reported conducting a power
analysis, and 3 studies reported taking into consideration the minimal number needed based
on previous data. 90.9% of studies did not report randomized order of testing. 4 studies
reported random selection or counterbalancing but did not specify exact method. 81.8%

of studies reported no private funding or affiliation. 2 studies did not include a funding
disclosure, 5 studies reported corporate funding, and 1 study reported no private funding for
the study in question, but authors were affiliated with and compensated by private entities.
Similarly, 79.6% of studies reported no conflicts of or competing interests; however, 6
studies did not include a statement whatsoever and 3 studies reported authors with patents
or corporate affiliation. 63.6% of studies did not report randomizing allocation of saline

vs. CFA injection. 16 studies reported randomly choosing animals for injections but did

not specify exact method. Since the hind-paw inflammation induced by CFA is visually
obvious, it precludes conducting experiments blind; however, of studies with variables
other than saline vs. CFA, 48.7% reported blinding experimenters and 3 studies explicitly
stated no blinding. All studies reported similar baseline population characteristics such

as age and weight-matching experimental groups, but most relevant for studies featuring

a model of inflammatory pain was the confirmation of the mechanical allodynia and/or
heat hypersensitivity induced by CFA injection. 54.6% of studies conducted von Frey or
Hargreaves assays on the same animals evaluated in affective behavioral measures. 11
studies did not conduct any assessment. 63.6% of studies did not report exclusions or
absence thereof. 5 studies confirmed no exclusions and 11 studies cited exclusion criteria
based on baseline performance. 47.7% of studies selectively reported outcomes by omitting
locomotor activity measures or secondary measures such as entries into the open arms of
the elevated maze, or light compartment of the light-dark box. 65.9% of studies reported
fully automated and/or blinded manual behavioral scoring and analysis. 3 studies reported
unblinded manual scoring (Fig. 2).

Summary effect sizes for 9 behavioral tests.

Forest plots by experiment, by study, using the first of repeated measures, and using the
greatest effect in repeated measures are available for all 9 of these behavioral tests in the
supplemental figures cited throughout the following results.
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CFA significantly reduced time spent in the open arms of elevated plus and zero

mazes (g=-0.5881 [Confidence Interval (CI) —0.8738 to —0.3024; Prediction Interval (PI)
-1.8413 to 0.6651], p=0.0002, 12=54.6%, t=0.6010, k=37, N=580) (Fig. 3, S1). 70.3% of
experiments included had individually non-significant effects. Heterogeneity was moderate.
The prediction interval suggests most future studies will not indicate a robust and significant
effect of CFA on exploratory behavior in an EPM/EZM.

CFA significantly reduced time spent in the center of an open field arena (g=—0.2910

[CI -0.5682 to —0.0138; PI —1.4851 to 0.9031], p=0.0401, 12=56.2%, t=0.5742, k=41,
N=679; Fig. 3, S2). 80.5% of experiments included had individually non-significant effects.
Heterogeneity was moderate. The prediction interval suggests most future studies will not
indicate a robust and significant effect of CFA on exploratory behavior in an OFT.

CFA significantly reduced time spent in the light compartment of a light-dark box
(9=—0.6369 [CI —1.1137 to —0.1602; Pl —1.8608 to 0.5870], p=0.0118, 12=47.6%, ©=0.5313,
k=18, N=210; Fig. 3, S3). 83.3% of experiments included had individually non-significant
effects. Heterogeneity was moderate. The prediction interval suggests most future studies
will not indicate a robust and significant effect of CFA on exploratory behavior in an LDB.

CFA significantly reduced time spent in a dark compartment with noxious hind-paw
stimulation in the place escape/avoidance paradigm (g=-2.2156 [CI —3.4905 to —0.9408;

Pl —5.9046 to 1.4733], p=0.0039, 12=82.0%, t=1.4588, k=9, N=198; Fig. 3, S4). Only

1 experiment included had a non-significant effect. Heterogeneity was very high. The
prediction interval suggests most future studies could indicate CFA decreases the time spent
in the aversive environment in the PEAP.

CFA did not significantly increase immobility in the forced swim test (9=0.1527 [CI
-0.2749 to 0.5802; PI —1.0140 to 1.3193], p=0.4601, 12=50.8%, t=0.5088, k=17, N=280;
Fig. 3, S5). 82.4% of experiments included had individually non-significant effects.
Heterogeneity was moderate. The prediction interval suggests most future studies will also
not indicate a robust and significant effect of CFA on immobility in the FST.

CFA did significantly increase immobility in the tail suspension test (g=2.7387 [CI 1.6723
to 3.8050; Pl —0.4949 to 5.9722], p=0.0001, 12=71.4%, t=1.3680, k=12, N=152; Fig. 3,
S6). Only 16.7% of experiments included had individually non-significant effects; however,
83.3% of experiments included came from a single study. Heterogeneity was very high.
The prediction interval suggests most future studies could still indicate CFA increases
immobility in the TST.

CFA significantly reduced sucrose preference in the first trial at which animals were

naive to repeated measures (g=—0.4489 [Cl -0.8936 to —0.0041; P1 —0.9292 to 0.0315],
p=0.0486, 12=0.0%, ©=0.0008, k=6, N=140;. Fig 3, S7-8). 66.7% of experiments included
had individually non-significant effects. Heterogeneity was extremely low. The prediction
interval suggests most future studies may not indicate a robust and significant effect of CFA
on sucrose preference.
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CFA significantly reduced revolutions or distance traveled while wheel running during a first
trial at which animals were naive to repeated measures (g=—2.2074 [CI —2.6016 to —1.8132;
Pl -2.6044 to —1.8103], p<0.0001, 12=0.0%, t=0.0000, k=15, N=213; Fig. 3, S9-10). Only
13.3% of experiments included had individually non-significant effects. Heterogeneity was
very low. The prediction interval suggests most future studies could further indicate CFA
decreases wheel running within a narrow range of possible effect in this paradigm.

CFA significantly reduced mass of substrate burrowed during a first trial at which

animals were naive to repeated measures (g=—2.2323 [CI —2.9460 to —1.5186; Pl —4.6967
to 0.232], p<0.0001, 12=73.9%, ©=1.0992, k=16, N=299; Fig. 3, S11-12). 18.8% of
experiments included had individually non-significant effects. Heterogeneity was very high.
The prediction interval suggests most future studies will also indicate a significant decrease
in burrowing by CFA.

Sub-group analysis and meta-regression.

Sub-group analysis and meta-regression were conducted to identify possible sources of
heterogeneity. The burrowing assay, elevated plus/zero maze, and forced swim test were
primary paradigms of interest given the large effect of CFA on burrowing, and the
particularly common use of the EPM/EZM and FST in behavioral phenotyping. Animal
source, strain, sex, and paw injected were primary categorical variables of interest given
their particular variation in experimental methods. Sub-group forest plots for additional
categorical variables such as C57 sub-strain and lighting conditions for all 9 of these
behavioral tests are provided in the supplemental figures cited throughout the following
results.

Sub-group analysis of burrowing experiments revealed animal sourcing to account for a
significant proportion of heterogeneity (Q,=55.81, p<0.0001) such that animals purchased
from Charles River exhibited the greatest burrowing deficit, although only one and

two experiments sourced animals from an institutional colony or Jackson Laboratories,
respectively (Fig. 4A, S13-14). Strain also accounted for a significant proportion of
heterogeneity in burrowing (Q2=55.81, p<0.0001) although this was primarily due to group
membership overlap in which all Wistar-Han rats were purchased from Charles River. Only
one experiment used female rodents, which experienced no significant effect of CFA on
their burrowing behavior, leading to sex being a significant contributor to heterogeneity
(Q1=11.36, p=0.0008). Injection laterality accounted for a significant proportion of
heterogeneity, with bilaterally injected animals exhibiting the greatest burrowing deficits
(Q2=67.55, p<0.0001) (Fig. 4A, S13-14). Extended subgroup analysis is included in Fig.
S13A, 14A.

Sub-group analysis of EPM and EZM experiments also indicated significant influence of
animal sourcing on CFA-reduced exploratory behavior, such that CFA-injected animals
raised in institutional colonies rather than purchased from a vendor explored elevated
mazes the least (Q3=15.61, p=0.0014) (4B, S15). Strain did not significantly contribute
to heterogeneity in reduction in exploratory behavior by CFA (Q3=11.80, p=0.0081
(Bonferroni correction). Although almost all the animals used were of the C57BL/6
background, the effect of CFA was greater on Sprague-Dawley rats and negligible on
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FVB/NJNju and Balb/c mice. Neither sex nor paw laterality significantly accounted
for heterogeneity (Q;=0.42, p=0.5194; Q;=1.4656, p=0.2261) (Fig. 4B, S15). Extended
subgroup analysis is included in Fig. S15A.

Immobility in the FST was not significantly affected by animal sourcing, although the
greatest increase in immobility was observed in the one experiment using rodents sourced
from Taconic, with no significant effect of CFA in experiments using Charles River
(Q3=9.17, p=0.0272 (Bonferroni correction)) (Fig. 4C, S16). Strain did not account for a
significant proportion of heterogeneity in CFA-induced forced swim immobility, although
the majority of experiments used C57BL/6 mice which overall had the lowest magnitude

of effect (Q4=12.14, p=0.0164 (Bonferroni correction)). Neither sex nor paw laterality
significantly accounted for heterogeneity (Q1=0.07, p=0.7972; Q1=0.03, p=0.8751) (Fig. 4C,
S16). Extended subgroup analysis is included in Fig. S16A.

Sample size in the control group, time point tested post-CFA injection, and micrograms of
CFA injected were primary continuous variables of interest given their particular variation
in experimental methods. Bubble plots for additional continuous variable such as age and
duration of assessment for all 9 of these behavioral tests are provided in the supplemental
figures cited throughout the following results.

Sample size in the control, saline-injected group was not significantly associated with
effect size and accounted for only 5.4% of observed heterogeneity in burrowing deficits
(F1,14=1.14, p=0.3029) (Fig. 4D, 13-14). Because the initial trial of any repeated measures
was chosen to conduct this meta-analysis, no significant differences were observed between
animals tested on day 1 or 2 post-CFA injection, but the data are provided for comparison
regardless (F1 14=0.20, p=0.6581). The amount of CFA, in micrograms, injected into the paw
to induce inflammation was not a moderator of effect, accounting for 39.72% of observed
heterogeneity albeit with a significant amount of heterogeneity left over (F1 14=6.06,
p=0.0274 (Bonferroni correction)) (Fig. 4D). Additional meta-regressions, including for
analyses conducted on data point with greatest effect from repeated measures, are provided
in Fig. S13B, 14B.

Control-group sample size accounted for 0.0% of the observed heterogeneity in CFA-
induced exploratory behavior deficits in an EPM or EZM (F4 35=0.01, p=0.9231) (Fig. 4E).
Although animals included in this meta-analysis were tested anywhere from one to 42 days
post-CFA-injection, interval to assessment accounted for 0.0% of observed heterogeneity
(F1,35=0.17, p=0.6831). Amount of CFA injected was not a significant moderator of effect,
accounting for only 1.8% of observed heterogeneity (F1 35=1.26, p=0.2694) (Fig. 4E).
Additional meta-regressions are included in Fig. S13B, 14B.

Amount of CFA injected accounted for 18.9% of heterogeneity in FST experiments but
was not a significant predictor of treatment effect (F1 15=2.16, p=0.1620) (Fig. 4F). Sample
size in the control group accounted for 19.1% of heterogeneity, but was not significant
(F1,15=1.74, p=0.2067) (Fig. 4F). Interval to assessment, in days, accounted for 9.2% of
heterogeneity but was not a significant moderator of effect either (F1 15=1.52, p=0.2365).
Additional meta-regressions are included in Fig. S16B.
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All sub-group analyses and meta-regressions for OFT, LDB, PEAP, TST, SPT, and wheel
running are included in Fig. S17-S24. Summary tables for significance are available in
Tables S4 and Sb.

Publication bias.

To determine publication bias, experiments from the same study were nested to analyze
whole studies, which are evaluated as a unit for publication unlike individual experiments.
Experiments within studies were nested with a fixed-effects model to account for being
conducted in the same environment, with the same resources, by the same people. Whole
studies were then analyzed in a random-effects model, then represented in funnel plots,
tested for asymmetry with Egger’s regression, and analyzed with trim-and-fill. Publication
bias analyses are most reliable with greater than 10 studies, which were only available

for the EPM/EZM and OFT. Analyses are provided for the other 7 behavioral paradigms
regardless for comparison.

There was still a significant effect of CFA on exploratory behavior in the EPM/EZM

(by study —0.8982 [CI -1.2740 TO —0.5223, Pl -2.2755 to 0.4792], p<0.0001, ==0.6171,
12=72.3%, k=17, N=580) and Egger’s regression indicated the presence of funnel plot
asymmetry (intercept —3.135, p=0.0002) (Fig. 5A). Trim-and-fill analysis added 8 studies
with either an increase or no change in open arm time (g=-0.3918 [CI —-0.7871 TO 0.0034],
p=0.0520) (Fig. 5A).

There was still a significant effect of CFA on exploratory behavior in the OFT (by study
-0.5237 [CI -0.8837 to —0.1636, Pl —1.8623 to 0.8150], p=0.0044, t=0.6042, 12=73.8%,
k=18, N=679) and Egger’s regression indicated the presence of funnel plot asymmetry
(intercept —2.129, p=0.0145) (Fig. 5B). Trim-and-fill analysis added 5 studies with either an
increase or no change in center time (g=-0.1463 [CI —0.5398 to 0.2473], p=0.4663) (Fig.
5B).

Trim-and-fill analysis and Egger’s regression lack the statistical power to reliably and
accurately detect bias with fewer than 10 studies. Funnel plots of “by experiment” effect
sizes vs. 1VN, without trim-and-filled studies, for LDB, PEAP, FST, TST, SPT, wheel
running, and burrowing are available in Fig. S25.

Discussion:

This systematic review and meta-analysis identified significant effects of CFA, and by
extension, its induced persistent inflammatory pain, on several classical tests of exploratory
behavior, stress coping, and naturalistic behavior. With data from dozens of experiments

and hundreds of mice and rats, we show that CFA significantly decreases exploratory
behavior by reducing open arm time in the EPM/EZM, center time in the OFT, and light
compartment time in the LDB. CFA also significantly increases immobility in the TST but
not the FST. The magnitude of effect was often extremely modest, and prediction intervals
inconclusively wide, compared to those identified in other preclinical meta-analyses [9]. The
greatest negative effects can be observed in naturalistic behaviors such as burrowing and
wheel running. Subgroup analyses most often revealed animal sourcing from an institutional
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colony as associated with a greater magnitude of CFA effect. Significant differences were
also frequently found between species and strains.

The conclusions of these subgroup analyses and meta-regressions were constrained by
subgroup membership sample size. The validity of these statistical methods relies on

greater than 10 comparisons; otherwise, significance appears spurious. In this meta-analysis,
although 40 experiments were conducted using the OFT, only one evaluated Balb/c mice and
two assessed rats. The significance of species and strain differences is thus more of a clue
towards a prediction interval for Balb/c mice and rats, rather than a confirmation of what
drives true and observed CFA effects.

Regardless, animal sourcing was identified as accounting for a significant proportion of
heterogeneity in EPM, OFT, LDB, FST, wheel running, and burrowing experiments. The
differences between research animal vendors and institutional colonies are still subject

to speculation, although factors such as genetic drift and shipping conditions may be
confounding the effects of CFA on these behavioral outcomes. Moreover, we expected that
lateralization of CFA injection would be a significant contributor to heterogeneity. Most
studies included here injected CFA unilaterally, with a roughly equal split between right vs.
left paws. “Paws” were a significant contributor to heterogeneity in burrowing experiments,
such that bilaterally injected animals exhibited the greatest CFA-induced deficits, and to a
modest degree in sucrose preference as well. The same was not observed in wheel running
or other paradigms, despite previous studies describing differences in exercise, activity,
locomotion, and gait between unilaterally- and bilaterally-injected animals [7,50].

Another limitation of this work, and of many preclinical meta-analyses by nature, is the
reliance on accurate and detailed methods reporting. Group vs. single-housing conditions,
environmental enrichment if any, handling and habituation protocols, and bedding presence
or absence in the testing apparatus are an incomplete list of factors that may influence
animal behavior but are rarely reported [5,14,17,46,59]. Not only is reproducibility impeded
by methodological opacity, but also the strategy for novel experiments which this meta-
analysis aims to provide.

To some degree, this may be explained by evolving journal and field standards; for example,
the Animal Research: Reporting in Vivo Experiments (ARRIVE) guidelines were not
published until 2010 [26]. This checklist for standardized reporting of methods, however,

is far from standardized methods themselves. Researchers frequently customize and modify
protocols. Affective phenotyping already suffers from very limited and hotly debated face
and construct validity [18,38]. Tenuous to begin with, these are further eroded when
lighting, duration of assessment, and height of maze or depth of water are independent
variables themselves [2,17,35,58]. Moreover, the environment and paradigm detect the same
symptoms they evoke [13]. The experience is itself anxiogenic and energy-depleting.

The predictive validity of the EPM (and the OFT, LDB, and “tests of unconditioned
anxiety” overall) and of the FST as it applies to persistent or chronic pain is also doubtful,
while also being the primary appeal in leveraging these models [8,12,13,43]. Behavioral
deficits in exploratory behavior are typically corrected by the anxiolytic benzodiazepine
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drugs, which augment the baseline of wild-type and naive animals regardless [17,35].
Benzodiazepines are all but irrelevant to the CFA model of inflammatory pain, as current
clinical guidelines advise against their prescription to patients with inflammatory conditions
[39,62]. Similarly, immobility in the FST and TST is sensitive to antidepressants, primarily
selective serotonin reuptake inhibitors, even in wild-type and naive mice [25]. The analgesia
conferred by SSRIs is inconsistent in humans and recommended primarily for acute or
mixed-chronic pain, but again not for inflammatory conditions such as fibromyalgia [24].
SSRiIs are ineffective on neuropathic pain too, eclipsed only marginally by tricyclics [47].
(Pharmacological interventions and other manipulations from the studies included in this
meta-analysis are summarized in Table S6.)

Of course, it is imperative to equally question the validity of CFA itself, and to what degree
that is a model of long-term inflammatory pain. Our lab has previously demonstrated that
CFA-induced heat hypersensitivity, mechanical allodynia, and paw swelling can last for six
weeks in male C57BL/6J mice, so it is certainly a persistent condition with enough time

to develop other symptoms, compared to other behavior-altering courses such as chronic
unpredictable/mild stress [6,32].

Furthermore, inflammation and mood have a well-established, if poorly understood,
reciprocal relationship: for example, cancer patients given recombinant cytokines suffer
from reduced appetite, sleeplessness, social withdrawal, and lethargy [11,45]. In one theory
of chronic pain, behavior is modified to avoid further injury and ensure convalescence, but
in the absence of physical healing and sustained inflammation, this maladaptive process
turns pathological [3]. In rodents, this may appear more as motivational deficits for natural
rewards such as sucrose pellets, burrowing opportunities, nestlet building, social interaction,
wheel running, and pain relief [7,16,21,33,37,41,42,48]. Motivational deficits may also be
accompanied by alterations in hedonic state and processing, such as reduced sucrose intake
without a decrease in preference, as our own recent and emerging data suggest [21,33].
Reduced participation in or motivation for such activities by rodents could be viewed as
comparable to human patients avoiding physical therapy, neglecting their hobbies or home,
experiencing anhedonia, and socially withdrawing.

These paradigms are also closer to the Research Domain Criteria’s priorities on individual
behaviors and individual symptoms on a continuum of typical to pathological [1,10,23].
Stratifying and classifying clusters of symptoms was always intended for diagnostic
purposes, not because evidence has always endorsed common pathogenesis [1]. In all
these attempts at modeling the physical, cognitive, emotional, and sensory components in
a syndrome of chronic pain, the common pathogenesis is still undefined, and thus fails to
justify continued use of the battery of tests this meta-analysis evaluates. Faced with such
unconvincing data that precludes answering mechanistic questions, preclinical and basic
pain researchers could turn to evaluating naturalistic behavior.

In rodents, decreased motivation for sucrose pellets in a progressive ratio task, disturbances
in slow-wave sleep, reduced social interaction, and decreased wheel running and burrowing,
have already identified some neural correlates and some mechanisms of inflammatory
pain’s effect on the brain [7,16,29,33,41,42,48]. Although the number of experiments and
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studies conducted so far is small and methodologically heterogeneous, they have been
successfully replicated. These paradigms do have their own limitations, including possible
locomotor confounds, requirements of food or water deprivation, and testing outside the
home-cage. They are also, however, compatible with repeated measures, automation, and
deep phenotyping with sophisticated and agnostic tools. Open-source programs such as
Deep Lab Cut, Simple Behavioral Analysis, and Bonsai are accessible and customizable,
allowing for unbiased approaches to evaluating nuanced and subtle behaviors both healthy
and pathological [31,34,40].

This is a hopeful and promising alternative path forward. Many of the classical phenotyping
assays featured in this work indicated significant effects of CFA in a random-effects
summary estimate, but the magnitude of effect was modest compared to those identified

in other preclinical meta-analyses. The body of literature analyzed here intends to be a
strong foundation of basic research that builds to human clinical trials, but the heterogeneity
in both methods and outcomes is the rate-limiting step for progress in chronic pain therapies.

While previous efforts have provided thorough and informative narrative reviews, this study
quantified the effects of CFA on nine commonly used measures of pain-reduced behaviors
and stratified these effects by variables of interest such as age, sex, species, animal source,
and many others [15,28]. Future research can be refined and optimized when so informed on
the choice of behavioral paradigm, population, and even sample size. These considerations
while leveraging motivated and naturalistic behavior, next-generation animal-tracking, and
the creative development of novel behavioral paradigms, will bring us closer and closer to
helping the millions of people living with chronic pain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Search strategy, analysis strategy, and results. A. Preferred Reporting Items for Systematic
Reviews and Meta-Analyses flow diagram of search results, screening process, exclusion
criteria, and final count of included studies. See methods for further information on *sham-
not-saline” studies. B. Defined terminology and analysis strategy. C. Diagrams and metadata
for the 9 behavioral tests included in this systematic review and meta-analysis: elevated plus/
zero maze, open field test, light/dark box, place escape/avoidance paradigm, forced swim
test, tail suspension test, sucrose preference test, wheel running, and burrowing. Main results
include global summary effect estimates for all 9 tests and a subset of sub-group analysis
and meta-regressions for the EPM/EZM, burrowing, and FST. Forest plots with individual
experiments and studies, all sub-group analyses, and all meta-regressions per behavioral test
are available in the supplemental file.
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Figure 2.
Stacked bar chart of quality assessments on risks of bias. Darkest blue indicates high risk

of bias, medium blue indicates some concerns, light blue indicates low risk of bias, and
gray bars indicate percentage of studies for which no determination could be made. Rubric,
adapted from the Systematic Review Centre for Laboratory Animal Experimentation’s Risk
of Bias tool, is detailed in the supplemental file.
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Figure 3.
Forest plot of global summary effect estimates as Hedge’s g with 95% confidence intervals

for each behavioral test. For the SPT, wheel running, and burrowing tests, the first data
point of repeated measures, AKA when animals were naive to repeated measures, is used.
Behavioral test is abbreviated on the left with asterisks indicating significant effect. Size of
circle indicates number of included experiments. Gray bars extending on either side of each
circle delineate 95% confidence intervals. Dotted line marks the null effect. The color scale
symmetrically extends from deep purple at g=—3.0 to bright green at g = 3.0, with white
at g= 0. Difference between “by experiment” and “by study” global summary estimates

is indicated on the right for reference. Individual forest plots by experiment and by study
for all tests, and using naive or data point with greatest effect for SPT, wheel running, and
burrowing, are available in the supplemental file.

Pain. Author manuscript; available in PMC 2023 May 01.

By Study
-0.31
-0.23
+0.01
+0.72
+0.33
+0.10
0
0
+0.77



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Burek et al.

Page 21

A Burrowing | B EPM | [C FST
&l Charles River - q O O
o
‘g‘ Institutional Colony —o— O -
?ﬂ Jackson —O= i o i —O0—
£ 3
-E Multiple —O0—
= Taconic = —_—
r Balb/c 8 —0— —0—
C57BL/6 —o- O O
.% FVB/NJNju —0—
s *
&| Sprague-Dawley —o— i
Swiss
- Wistar
% Male
3l
0 Female
. Right
3 Left
o
- Bilateral
Saline N
Time Point (Days)
[ 7 14 21 28 35 42 7 14 21 28 35 42
07 , °
15 ° -
1.0
CFA (ug) 051 8
°
0.0
05{0 OO
- .
. LJ
25 50 75 100 125 150 0 50 100 150 200 25 50 75 100
Figure 4.

Sub-group forest plots and meta-regression plots to explore potential sources of
heterogeneity for burrowing, elevated plus/zero maze, and forced swim test. A—C. Effect
sizes per subgroup plotted as circles with 95% confidence intervals marked by the
underlying line. Size of circle represents the number of experiments belonging to that
subgroup. Color of circle matches a symmetrical scale extending from the lowest effect size
in darkest purple to the highest effect size in green, with zero as white. Color scale legend
is overlayed on each x-axis and is consistent across the three panels. Dotted line provides a
marker for x=0 across the y-axis. Empty spaces per panel indicate no experiments belonging
to that sub-group. Sub-group membership overlaps. D—F. Effect size is on the y-axis and
levels of each continuous variable moderator are on the x-axis. Circles represent effect size
of individual experiments. Color and size scales are specific to the range of effect sizes for
each behavioral test.
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OFT

Funnel plots for determining the extent of publication bias per behavioral test with trim-
and-fill analysis. Circles indicate effect size for individual experiments. Color scales of
circles are specific to each behavioral test. Gray circles indicate imputed experiments from
trim-and-fill analysis. Dashed line indicates global summary effect estimate before trim-and-
fill. Dashed-and-dotted line indicates the global summary effect estimate after trim-and-fill.
Arrow and “tf” between the two lines near x-axis indicates direction of change.
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