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Abstract

In animal-based research, welfare assessments are essential for ethical and legal reasons.

However, accurate assessment of suffering in laboratory animals is often complicated by

the multidimensional character of distress and pain and the associated affective states. The

present study aimed to design and validate multidimensional composite measure schemes

comprising behavioral and biochemical parameters based on a bioinformatics approach.

Published data sets from induced and genetic mouse models of neurological and psychiatric

disorders were subjected to a bioinformatics workflow for cross-model analyses. ROC anal-

yses pointed to a model-specific discriminatory power of selected behavioral parameters.

Principal component analyses confirmed that the composite measure schemes developed

for adult or young mice provided relevant information with the level of group separation

reflecting the expected severity levels. Finally, the validity of the composite measure

schemes developed for adult and young mice was further confirmed by k-means-based

clustering as a basis for severity classification. The classification systems allowed the allo-

cation of individual animals to different severity levels and a direct comparison of animal

groups and other models. In conclusion, the bioinformatics approach confirmed the suitabil-

ity of the composite measure schemes for evidence-based comparative severity assess-

ment in adult and young mice. In particular, we demonstrated that the composite measure

schemes provide a basis for an individualized severity classification in control and experi-

mental groups allowing direct comparison of severity levels across different induced or

genetic models. An online tool (R package) is provided, allowing the application of the bioin-

formatics approach to severity assessment data sets regardless of the parameters or mod-

els used. This tool can also be used to validate refinement measures.

Introduction

Animal welfare assessments are an ethical imperative in laboratory animal science. Besides,

assessing the extent of prospective, actual, and retrospective severity of animal experiment
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procedures is a legal requirement in all European Union member states, as stipulated in Direc-

tive 2010/63/EU. As stated by Russel and Burch (1959) [1], alleviating animal suffering by

eliminating distress- and harm-provoking factors in conjunction with proper pain manage-

ment can improve the robustness and validity of preclinical data. Thus, animal experiments

should be designed to avoid or largely mitigate pain, suffering, distress, and lasting harm expe-

rienced by laboratory animals [2]. In implementing the 3R principles, as defined by Russel and

Burch (1959) [1], efforts have been made to measure, grade, and reduce the extent of suffering

in laboratory animals [3, 4].

Given the multiple facets of emotional consequences associated with impaired well-being,

suffering, pain, and distress in laboratory animals, previous findings pointed to the need for

multidimensional composite schemes for evidence-based severity assessment [3, 5–9]. Respec-

tive schemes are of particular informative value regarding the severity classification of new

models, the comparison of different animal models, and the validation of refinement measures

[3]. Recently, we have successfully applied a bioinformatics approach to develop composite

measure schemes for adult rats [5]. In that study, we could confirm that bioinformatic analyses

of comprehensive data sets containing behavioral and biochemical data from various chronic

models can guide the design and validation of multidimensional composite schemes allowing

sensitive and comparative severity classification and assessment [5, 10–12]. In this context, it

should be considered that viable routine scoring systems require a reduction in the number of

parameters. Therefore, the suitability of selected behavioral and biochemical parameters has

been assessed in different studies focusing on severity assessment in laboratory rodents [10–

18]. In this context, it is particularly relevant to determine the losses in informative value by

direct comparison with multidimensional composite measurement systems.

This study aimed to further develop and validate composite measure schemes based on

comprehensive data sets from different mouse models of neurologic and neuropsychiatric

relevance. The first part of our bioinformatics approach focused on models in adult mice

comprising the intrahippocampal kainate model [15], the amygdala-kindling model [14],

and the hippocampal-kindling model [14]. With the second part of our bioinformatics

approach, we focused on severity assessment in young mice from genetic models. The assess-

ment of severity in genetic mouse models presents particular challenges associated with the

analysis of cumulative severity and dynamic changes in severity that may occur during early

development in young mice. Special care is necessary to avoid overlooking potential severity

peaks in susceptible developmental stages of young mice that may, for example, characterize

models of neurodevelopmental disorders [19, 20]. To develop composite measure schemes

for evidence-based severity assessment in young mice, we have previously assessed various

behavioral and biochemical parameters in young C57BL/6J wild-type mice [16], designed a

draft composite measure scheme and applied this scheme in two genetic loss-of-function

mouse models [17, 18]. These models comprised Scn1a+/- mice recapitulating features of a

developmental and epileptic encephalopathy, termed Dravet syndrome, and young Gria1-/-
mice recapitulating features of neuropsychiatric disorders. The models have been selected to

validate the draft composite measure scheme based on the fact that different levels of distress

are expected in these models.

The present study aimed to design and validate multidimensional measure schemes based

on a bioinformatics approach applied to a combination of data sets from various studies. In

particular, we tested whether the data sets from adult and young mice provide a basis for cate-

gorizing severity levels in individual animals and comparative severity assessment of induced

and genetic models. Moreover, we examined whether it is possible to reduce the number of

combined parameters to develop simplified schemes without relevant loss of informative

value.
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Results

Combined data sets were subjected to a statistical validation procedure to identify parameters of

high informative value for distress-related severity. An overview of the statistical workflow is

provided in Fig 1. First, data from three adult induced epilepsy models were combined, compris-

ing project-specific data from the intrahippocampal kainate model (n = 28), the hippocampal-

kindling model (n = 41), and the amygdala-kindling model (n = 44). Second, data from C57BL/

6 wild-type mice of different ages (n = 200), which can provide information about the variance

of baseline behavioral patterns during development, were combined. Third, a combined data set

from young mice with genetic deficiencies (i.e., the Scn1amodel (n = 40) and the Gria1model

(n = 38)) was divided into two age-specific subsets representing the two time slots of data collec-

tion during the development of the mice. One data set consisted of data collected during early

adolescence of the mice (postnatal day (P) 23 to P34), while the other one contained data from

sexually mature mice aged 48 to 58 days, corresponding to a late adolescent age.

Adult mice

Preselection of parameters. A preselection of parameters was implemented to ensure

standardized analyses across all models. First, the data set was tested for data integrity: all

parameters with data showing > 20% missing values were removed from the combined data

set. The mouse grimace scale (MGS) was removed from the combined data set due to> 20%

missing values. Second, absolute body weight in g and % change in body weight were excluded

since some of the models used are associated with weight gain, which is likely related to

changes in neurotransmission that affect appetite regulation and, therefore, unlikely to be

related to an influence of distress [7]. After preselection, the combined data set of adult epi-

lepsy models contained a total number of 22 parameters. A detailed overview of the project-

specific parameters in- and excluded for further analyses is provided in Table 1. In implemen-

tation of Directive 2010/63/EU, all animals used for the projects were additionally subjected to

daily evaluations of the clinical phenotype.

Analyses of correlation. Spearman correlation was calculated for each of the combined

data sets. A significant correlation was defined as follows: the Spearman correlation coefficient

was set at< -0.5 or > 0.5 in combination with a p-value < 0.05. This procedure aimed to sort

out highly correlated, redundant parameters.

The results of the correlation analysis demonstrated a significant positive correlation

between open field distance moved and open field velocity (r = 0,79, p<0.0001), which is due

to the calculation of the velocity (average distance per total test duration). On the other hand, a

significant negative correlation was detected for several parameters, since the variables repre-

sent (partly) mutually exclusive events: center duration with wall duration and distance with

immobility, assessed in the open field test, as well as the duration mice spent in the open arm

with the duration mice spent in the closed arm, and the duration mice spent in the closed arm

with the head dips of the elevated plus maze (range: r = -0.74 to -0.8, p (all measurements) <

0.0001). Based on the correlation analysis, the following highly correlated parameters (cut-off:

r> 0.7 or r< -0.7 in combination with a p-value < 0.05) were excluded: duration mice spent

in the wall zone of the open field, immobility and velocity displayed in the open field test, and

the duration mice spent in the closed arms of the elevated plus maze. In addition, overnight

burrowing performance (r = 0.68, p< 0.0001) was excluded since burrowing during the

2-hours light phase is considered a parameter of higher sensitivity. Seventeen parameters were

considered for further analysis of combined data sets (Table 1).

Considering the correlation of daily clinical scoring that was applied following Directive

2010/63/EU, significant positive correlations of clinical sum scores with Irwin scores (r = 0.55,
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Fig 1. Overview of the bioinformatics workflow. Combined data sets are subjected to a bioinformatics workflow comprising a preselection of

parameters, correlation, and principal component analyses. The basic principles of the step-by-step bioinformatics workflow are illustrated on the left

side. The right side of the graph describes their practical application to data sets considered in this publication. The approach allowed a reduction of

parameters, which contributed to condensation of information on a distress-related model- and laboratory-specific severity. Further analyses, as

displayed in the blue boxes, were computed using a newly designed R package: composite-measure-scheme-(CMS)-package, available at: https://

github.com/mytalbot/cms. CMS-package-based analyses allow the ranking and selection of parameters, definition of clusters, and the assignment of

individual animal data to model-specific severity clusters. The approach can be applied for a comparison of different models and the assessment of the

impact of potential refinement measures. In this context, it should always be noted that laboratory-specific factors can influence severity clustering for

a given model. In addition, model-specific receiver operating curve (ROC) analyses allow testing for adequate discriminatory power. This study

applied ROC analyses to data sets with three selected behavioral paradigms (Irwin test, open field test, sweetness preference).

https://doi.org/10.1371/journal.pone.0285429.g001
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Table 1. Overview of the parameters analyzed in the three adult induced epilepsy models, the C57BL/6J wild-type mice, and the two genetic models.

Model Intrahippo-campal
kainate model

Kindling models2

(Hip/ AM)
Scn1a model Gria1 model C57BL/6J wild-type mice

Subproject No. 1 2, 3 4 5 6

Publication Buchecker et al., [15] Boldt et al., [14] Reiber et al.,

[17]

Reiber et al.,

[18]

Reiber et al., [16]

Age at observation Adult:

P80-P140

Adult:

P80-P140

Adolescent:

P27-P34

P48-P58

Adolescent:

P23-P34

P48-P58

Adolescent: P25-P31, P36-P41,

P50-P56

Adult: P65-P71, P120-P126

Groups Naïve: n = 8

Sham: n = 8

Treated: n = 12

Naïve 1: n = 15

Sham2: n = 15/15

Treated2: n = 11/14

Scn1a +/+
n = 20

Scn1a +/-
n = 20

Gria1 +/+
n = 20

Gria1 -/-
n = 18

Wild-type mice of different age groups

(n = 40 per group)

Parameter
Weight gain E E E E E

Nest building X X X X X

Level of soiling E n.a. n.a. n.a. n.a.

Burrowing 2h Day X X E⌀ E X1
4, X2

4

Night E E X⌀
3 X⌀

3 X1
4, X2

4

Irwin Score X X X X X

Temperature n.a. n.a. X X X

MGS E E n.a. n.a. n.a.

Open field Distance

moved

X X X X X

Rearing X X X X X

Immobile E E R R X

Center time X X R R X

Wall time E E X X X

Jumps n.a. n.a. X X X

Velocity E E n.a. n.a. n.a.

Social interaction Active X X n.a. n.a. n.a.

Passive X X n.a. n.a. n.a.

Saccharin preference X X X X X

Black-white box Time in WB X X n.a. n.a. n.a.

Stretching X X n.a. n.a. n.a.

Latency X X n.a. n.a. n.a.

Elevated-plus maze Closed arms E E n.a. n.a. n.a.

Open arms X X n.a. n.a. n.a.

Open 1.3 X X n.a. n.a. n.a.

Stretching X X n.a. n.a. n.a.

Head dip X X n.a. n.a. n.a.

Voluntary wheel running n.a. n.a. n.a. E X

Corticosteronemetabolites Samples:

Feces

X X X X X

Samples:

Serum

n.a E n.a. n.a. n.a.

Telemetric recording E n.a. n.a. n.a. n.a.

Spontaneous seizures (n) E n.a. n.a. n.a. n.a.

Induced seizures n.a E n.a. n.a. n.a.

(Continued)
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p< 0.0001) and passive social interaction time (r = 0.51, p < 0.0001) were detected. A signifi-

cant negative correlation was detected for clinical sum scores with open-field velocity (r =

-0.54, p< 0.0001).

Results from correlation analyses are presented as a heatmap illustrations in S1 Fig. Corre-

sponding abbreviations, p- and r-values are provided in S1, S2a and S2b Tables.

Receiver operating curve (ROC) analyses. ROC analyses computing the area under the

curve (AUC) represent a conventional statistical method to test for the discriminatory power,

based on the specificity and sensitivity of selected tests [8]. Here, we have analyzed a selection

of three different parameters for the different models, as follows: first, the saccharin preference

test representing a home-cage based observation; second, the Irwin test as a classical neurobe-

havioral assay applied here as a comprehensive clinical scoring system; third, the open field

test, in particular, the total distance moved, as a behavioral test on locomotion and exploratory

behavior conducted in an unfamiliar experimental setting.

For the binary classifier, implanted and epileptic mice were defined as ‘with burden’ (given

a corresponding value of 1). In contrast, the sham animals (implanted, non-epileptic) were

defined as the control group ‘without burden’ (given a corresponding value of 0).

ROC analyses identified the Irwin test as the most relevant parameter among the three

parameters shown, with an AUC of 97.4% for the intrahippocampal kainate model. In con-

trast, the readouts from the saccharin preference test and the open field test showed no clear

separation between experimental and sham groups (Fig 2a). Concerning respective analyses in

the two kindling models, the Irwin and open field tests reached the highest test-specific selec-

tivity. In the amygdala-kindling model, the AUC for the Irwin and open field tests amounted

to 78.6% and 83.3%, respectively (Fig 2b). In the hippocampal-kindling model, the AUC of the

Irwin test and the open field test amounted to 81.8% and 73.3%, respectively (Fig 2c). While

the Irwin test and the open field test reached enough discriminatory power (at least 70%) in

both kindling models, the results from the saccharin preference test indicated a relatively poor

selectivity (Fig 2b and 2c).

Table 1. (Continued)

Model Intrahippo-campal
kainate model

Kindling models2

(Hip/ AM)
Scn1a model Gria1 model C57BL/6J wild-type mice

PhenoTyper cage Distance n.a. n.a. E E n.a.

Velocity n.a. n.a. E E n.a.

Feeding n.a. n.a. X X n.a.

Drinking n.a. n.a. X X n.a.

Center n.a. n.a. E E n.a.

Total amount after selection 17 11/12 16

Analyses in the three induced epilepsy models (subprojects 1, 2, 3) were conducted in adult mice. Analyses in the two genetic models (subprojects 4, 5) were conducted

during early and late adolescence. Analyses in C57BL/6J wild-type mice (subproject 6) were conducted in mice of three adolescent cohorts (prepubescent cohort:

P25-P31, pubescent cohort: P36-P41, sexually mature cohort: P50-P56) and two adult cohorts (young adult cohort: P65-P71, mature adult cohort: P120-P126).

Parameters assessed in the animals’ home cages are printed in italic. All animals were additionally subjected to daily evaluations of the clinical phenotype to implement

Directive 2010/63/EU.

X: Parameter selected for further analyses; E: Parameter was assessed but excluded for further analyses; n.a.: Parameter was not assessed.
1 Naïve animals from subprojects 2 and 3 are identical;
2 Two subprojects: hippocampal-kindling (Hip) model and amygdala-kindling model (AM);
3 Burrowing was only assessed in late adolescence and the mean of the two measurements was calculated;
4 In C57BL/6J wild-type mice, the two burrowing measurements from two consecutive test days were analyzed separately.

https://doi.org/10.1371/journal.pone.0285429.t001
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Principal component analyses. Data from adult epilepsy models were subjected to princi-

pal component analyses. Individual data for PC1 and PC2 are illustrated in Fig 3a with PC1

and PC2 accounting for 19.5% (standard deviation (SD): 1.82) and 12.8% (SD: 1.48) of the

total variance, respectively. Illustrations of PC1 and PC2 failed to clearly separate subgroups

(experimental vs. sham; experimental vs. naïve; sham vs. naïve) (Fig 3a). For the intrahippo-

campal kainate model, data from animals exhibiting one or more spontaneous, generalized sei-

zure(s) during the monitoring phase are highlighted in S2 Fig: in total, 7 out of 12 animals in

the treatment group of the intrahippocampal kainate model were identified to show one or

more spontaneous, generalized seizure(s). Interestingly, data from individual animals clearly

separated along PC1 originate from animals with one or multiple spontaneous, generalized sei-

zure(s) during the monitoring phase (S2 Fig). However, for the complete subset of data from

individual animals with detected seizure(s), a clear separation along one of the two main prin-

cipal components could not be confirmed (S2 Fig).

Identification of top-ranking parameters. The selection of principal components was

based on the principal components PC1 to PC5, each showing an SD > 1. The modified PCA

procedure, comprising the 100-fold resampling of a subset of 80% of the data (‘training data

set’) along PC1 to PC5, was conducted to identify top-ranking parameters based on their

Eigenvalues. These analyses identified the following parameters as top-ranking parameters,

accounting for most of the total variance across the data from adult epilepsy models: the num-

ber of stretching postures displayed by the animal in the black-white box test and the time the

animals spent in the white compartment, the amount of pellets burrowed by the animals in the

burrowing test during the light phase session, the time mice spent in social interaction during

Fig 2. Receiver operating curve (ROC) analyses. The area under the curve (AUC) was computed for each parameter. The following parameters—

illustrated by different colors as indicated below—were subjected to ROC analyses across all projects: Distance moved in the open field test (blue), Irwin

sum score (green), and saccharin preference (red). (a) intrahippocampal kainate model, (b) amygdala-kindling model, (c) hippocampal-kindling model,

(d) Gria1model: early adolescence, (e) Scn1amodel: early adolescence; (f) Gria1model: late adolescence, (g) Scn1amodel: late adolescence. The raw

data underlying this figure are available in the Figshare repository https://doi.org/10.6084/m9.figshare.22759148.v1.

https://doi.org/10.1371/journal.pone.0285429.g002
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the social interaction test and nest-building activity. However, individual parameters

accounted for a small proportion of the total variance. This finding argues against reducing

the number of parameters considered for a composite assessment scheme, as this would mean

losing too much informative value. This conclusion is consistent with the general view that the

assessment of animal well-being requires multidimensional approaches. Detailed information

on ranks of top parameters for the first 30 positions is provided in S3 Table.

k-means-based cluster analyses. The number of clusters was determined based on a

scree plot illustrating the dimensions of explained variances within the combined data set of

the adult epilepsy models (S3 Fig). Six clusters were identified as relevant for further analy-

ses. While cluster 6 was defined as the dimension representing the highest severity group,

clusters 5, 4, 3, 2, and 1 defined dimensions of a descending, lower severity grade. After that,

the k-means-based algorithm determined cluster thresholds by 100-fold resampling of the

‘training data’.

Fig 3. Principal component analyses (PCA). One PCA run is illustrated for all subgroups of the three adult epilepsy models (intrahippocampal kainate

model, amygdala-kindling model, and hippocampal-kindling model) (a), the C57BL/6J wild-type mice (b), the Scn1a and Gria1models assessed during

early adolescence (c) and late adolescence (d). The raw data underlying this figure are available in the Figshare repository https://doi.org/10.6084/m9.

figshare.22759148.v1.

https://doi.org/10.1371/journal.pone.0285429.g003
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In the intrahippocampal kainate model, 37.5% of the mice from the treatment group were

assigned to cluster 6. In comparison, only 3.1% and 3.9% of the mice from the sham and naïve

groups were assigned to cluster 6, respectively (Fig 4a). In the two kindling models, the sums

from clusters 6 and 5 obtained from experimental mice exceeded the corresponding sums

obtained from sham animals as well as naïve animals: in the amygdala-kindling model, 23.5%

of the experimental animals were allocated to clusters 6 and 5, whereas only 5.5% and 10.8% of

the sham and naïve animals were allocated to clusters 6 and 5, respectively (Fig 4a). In the hip-

pocampal-kindling model, 48.8% of the experimental animals could be assigned to clusters 6

and 5, and only 7.3% and 10.8% of the sham and naïve animals were allocated to clusters 6 and

5, respectively (Fig 4a). Detailed results on cluster allocations are provided in S4 Table.

The determination of severity clusters was computed over the entire array of parameters,

since cluster determination reduced to the set of top-ranking parameters did not result in

robust clusters. Please note that the decision to include all parameters was also based on the

findings from the PCA and general considerations concerning the multidimensional nature of

animal well-being.

Young mice

Preselection of parameters. Considering the integrity of data sets from early adolescent

and late adolescent mice, data on voluntary wheel running activity (VWR) were removed due

to a lack of> 20% of the data. VWR was not assessed in the Scn1amodel due to the risk of

injury, related to spontaneous seizures while running in the wheel. In addition, the following

parameters were excluded, since the respective data sets were not considered robust and reli-

able for animal welfare assessment: home-cage activity, in particular, 1) distance moved, 2)

velocity, and 3) the time mice spent in the center of the PhenoTyper cages. This decision was

related to the fact that data on home-cage activity had been acquired as pilot data in the Pheno-

Typer cages, measured only during a time slot of 60 minutes, and therefore do not allow for

conclusions about general circadian activity patterns. Moreover, PhenoTyper cages were

closed with a top unit rather than a conventional grid on the upper side and therefore did not

provide an ‘unprotected’ center. Moreover, the following parameters were excluded due to

Fig 4. k-means-based cluster analyses. The assignment of individual animals to predefined clusters is illustrated for the data from adult epilepsy

models (a) and respective data from the Scn1a and Gria1models in early adolescence (b) and late adolescence (c). Cluster 4 corresponds to the highest

severity level, while clusters 3, 2, and 1 each correspond to a lower severity level in gradually descending order (a). Cluster 6 corresponds to the highest

severity level, while clusters 5, 4, 3, 2, and 1 each correspond to a lower severity level in gradually descending order (b and c). The raw data underlying

this figure are available in the Figshare repository https://doi.org/10.6084/m9.figshare.22759148.v1.

https://doi.org/10.1371/journal.pone.0285429.g004
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relevant background strain differences of the genetic models: body weight in g and change of

body weight in %.

None of the behavioral parameters were excluded in the data set of the C57BL/6J wild-type

mice.

After preselection, the data sets of the genetic models contained 13 parameters for the anal-

ysis in early adolescent mice and 14 parameters for the respective analysis in late adolescent

mice. The different number of parameters for the two time slots is due to the in-vivo design of

the behavioral test battery, which included the burrowing paradigm only for the investigations

in late adolescent mice, considering that a relevant burrowing activity is only shown later dur-

ing development [16]. A detailed overview of the project-specific parameters in- and excluded

for further analyses is provided in Table 1.

In implementation of Directive 2010/63/EU, all animals used for the projects were addi-

tionally subjected to daily evaluations of the clinical phenotype.

Analyses of correlation. Correlation analysis from C57BL/6J wild-type mice was per-

formed across all adolescent age groups, followed by a correlation analysis of data from mature

adult mice at an age of approximately 120 days. Correlation analyses across adolescent and

mature adult mice showed a significant positive correlation between the two consecutively

applied overnight burrowing tests (r = 0.81 and r = 0.78, respectively, p (all measurements) <

0.0001). Therefore, the mean from both measurements was calculated to obtain one informa-

tive parameter on burrowing for further analyses. In mature adult mice, a significant negative

correlation was identified between saccharin preference and voluntary wheel running perfor-

mance (r = -0.8, p< 0.0001). Detailed results from Spearman correlation analyses are pre-

sented as heatmaps (S4 and S5 Figs) with the corresponding r- and p-values (S5a, S5b, S6a and

S6b Tables).

Spearman correlation was calculated for the data set from the two genetic mouse models in

early and late adolescence. Analyses of data from early- and late-adolescent mice revealed a sig-

nificant negative correlation between the duration mice spent in the wall zone and the center

zone of the open field arena (r = -0.77 and r = -0.89, respectively, p (all measurements) <

0.0001). Analyses from both time points of data collection also demonstrated a significant neg-

ative correlation between the distance moved and the time of immobility in the open field test

(r = -0.91 and r = -0.93, respectively, p (all measurements) < 0.0001). Further results from the

correlation analyses are presented as heatmap illustrations in S6 and S7 Figs. Corresponding

p- and r-values are provided in the S7a, S7b, S8a, and S8b Tables. Based on a strong correlation

during early and late adolescence (cut-off: r> 0.7 or r< -0.7 in combination with a p

value < 0.05 in both analyses), the following parameters were excluded from principal compo-

nent and cluster analyses to avoid a predominance of highly correlated parameters: first, the

duration mice spent in the center zone of the open field arena, and second, the duration mice

displayed immobility during the open field test. The duration mice spent in the wall zone was

included for further analyses instead of the duration in the center zone, since data analysis in

the original publications showed transient thigmotaxis of young mice. In contrast, center dura-

tions did not differ in a significant manner [17, 18].

Considering the correlation of daily clinical scoring that was applied following Directive

2010/63/EU, no significant correlation with other variables was detected (S6 and S7 Figs).

ROC analyses. ROC analyses calculating the AUC were computed to assess the model-

and age-specific discriminatory power of the three preselected parameters saccharin prefer-

ence, Irwin score, and distance moved in the open field test. Therefore, individual data from

mice carrying the genetic deficiency (Scn1a+/- or Gria1-/-) were defined as ‘with burden’

(given the corresponding value 1), while data from Scn1a and Gria1 wild-type mice were

defined as control groups ‘without burden’ (given the corresponding value 0).
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Model-specific ROC analyses (Fig 2) demonstrated that the open field parameter ‘distance’

could distinguish best between the groups across both models and time points (AUC range

94.8%–> 99%). With respect to the Irwin score as a standard neurobehavioral assay, we could

show a relatively low test-specific discriminatory power for each model and every developmen-

tal stage (AUC range 64.0–75.3%). Notably, the saccharin preference test could differentiate

well between Scn1a deficient mice and Scn1a wild-type mice for the measurements in the late-

adolescent age phase (AUC 94.0%). Respective analyses in the Scn1amodel at an early-adoles-

cent age and analyses in the Gria1model at both age stages indicated a relatively poor sensitiv-

ity of the saccharin preference test (AUC range 54.4–60%).

Principal component analyses. Principal component analyses of the data from wild-type

mice at different age phases can provide insight into age-specific variations in behavioral pat-

terns unaffected by a surgically or genetically induced burden. Principal component analyses

from the C57BL/6J wild-type mice indicated a clear separation along PC1 only for the group of

prepubescent mice (Fig 3b). Interestingly, individual data from mice were more evenly distrib-

uted when they had reached sexual maturity (Fig 3b). While the illustration may suggest a

slight separation of the pubescent group from the late adolescent group and the two mature

adult groups, statistical analysis did not confirm an inter-group difference.

Data from the two genetic models collected during two different time slots in adolescence

were subjected to a PCA with individual data plotted for PC1 and PC2, as illustrated in Fig 3c

and 3d. Individual data from early adolescent mice, as illustrated in Fig 3c, showed that PC1

and PC2 accounted for 23.5% (SD: 1.61) and 18.1% (SD: 1.41) of the total variance, respec-

tively. Individual data from late adolescent mice, as illustrated in Fig 3d, indicated that PC1

and PC2 accounted for 31.7% (SD: 1.95) and 18.9% (SD: 1.50) of the total variance, respec-

tively. The two-dimensional plot illustrating principal component one and two showed a clear

separation of all subgroups for both time points of data collection (Fig 3c and 3d). In the Scn1a
model, a relevant separation of the genetically modified and wild-type groups became visible,

especially for the measurements in late adolescent mice. Interestingly, the two wild-type back-

ground strains from the Scn1a and Gria1model were also segregated in a relevant manner at

both time points (Fig 3c and 3d).

Identification of top-ranking parameters. One hundred re-samplings of the test data

comprising 80% of the total data collected in the genetic mouse models during early adoles-

cence identified the following four parameters accounting for most of the variance along the

principal components PC1 to PC4: fecal corticosterone metabolites, the duration mice spent

in the feeding and drinking zone of the home cage, and rectal body temperature. Respective

analysis of the data acquired from sexually mature mice during late adolescence identified the

following four top-ranking parameters: fecal corticosterone metabolites, Irwin score, the dura-

tion mice spent in the drinking zone of the home cage, and burrowing performance overnight.

However, in the data analyses for both time points, individual parameters did not account for

large proportions of the total variance. This finding argues against reducing the number of

parameters considered for a composite assessment scheme, as this would mean losing too

much informative value. An overview of the ranking of parameters is provided in S9 Table.

k-means-based cluster analyses. The number of clusters was determined by scree plots

illustrating the dimensions of explained variances within the combined data set of the genetic

models in early and late adolescence (S8 and S9 Figs). Four dimensions had been selected,

accounting for relevant proportions of the variances in the PCA. Cluster 4 was defined as the

dimension representing the highest severity group, whereas clusters 3, 2, and 1 defined clusters

of lower severity grades.

With respect to cluster analyses of early adolescent mice, 35.7% of the Scn1a+/- group were

allocated to cluster 4 (cluster of ‘highest severity’), while only 7.5% of the Scn1a wild-type
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group were assigned to this cluster (Fig 4b). Respective analyses of data from early adolescent

Gria1-/-mice indicated a trend with Gria1-/-mice being allocated to clusters of higher severity

more frequently (Fig 4b).

Cluster analyses of late adolescent mice revealed relevant differences in cluster distribution

for the data from the Scn1amodel: while cluster 4 comprised 41.7% of the individual data

from Scn1a+/-mice, only 1.6% of the Scn1a wild-type group were allocated to this cluster (Fig

4c). Conversely, cluster 1 comprised 51.5% of the individual data from Scn1a wild-type mice

and only 1.6% of the individual data from the Scn1a+/- group (Fig 4c). Cluster analysis of indi-

vidual data from the Gria1mouse model collected during late adolescence failed to confirm

relevant differences in cluster distribution between Gria1-/-mice and Gria1 wild-type mice

(Fig 4c). A detailed overview of the cluster distributions is provided in S10 Table.

Discussion

In this study, we have designed and validated multidimensional composite measure schemes

for severity assessment in young and adult mice. The study focused on the question whether

the application of the bioinformatics workflow for the design of composite measure schemes

to data sets from different mouse models provides a basis for severity classification and com-

parative severity assessment. We also assessed whether a reduction in the number of parame-

ters is possible without relevant loss of informative value.

Previous studies have applied ROC analysis to determine the sensitivity and specificity of

potential severity assessment parameters. High AUC values indicating a solid discriminatory

power have, for instance, been reported for burrowing, fecal corticosterone metabolites, and

voluntary wheel running in a mouse model of pancreatic cancer, as well as for a combination

of burrowing and a clinical distress score in mouse models of liver damage [8, 21, 22]. Our

study has exemplarily completed a ROC analysis for selected parameters. This analysis pointed

to the fact that the discriminatory power of severity assessment parameters largely depends on

the animal model. For example, in the intrahippocampal kainate model, the highest AUC was

determined for the Irwin score.

In contrast, in the genetic models, AUCs for the distance moved in the open field reached

the highest levels. Saccharin preference only stood out with high discriminatory power in

Gria1-/-mice during late adolescence. These findings support the use of multidimensional

composite measure schemes in particular if the severity of new animal models is explored for

the first time or if the aim is to compare the severity of different interventions and models.

Applying ROC analysis to assess the discriminative ability of severity assessment requires con-

sidering that compromised well-being, suffering, and distress in laboratory animals are not all-

or-none phenomena. Thus, a binary classification system does not reflect that severity levels

occur on a continuous scale. In addition, we must remember that we do not yet have, and

probably never will have, a gold standard combination of severity assessment parameters that

reflects the actual truth about severity. Finally, the binary classification in ‘control

groups = without burden’ and ‘experimental groups = with burden’ that serves as the basis for

ROC analysis is an oversimplification neglecting inter-individual differences in both groups.

Pronounced inter-individual differences have been evident in previous studies focused on evi-

dence-based severity assessment in laboratory rodents (e. g., [5, 8, 23, 24]). Considering these

limitations, data from ROC analysis should be interpreted with caution in the context of sever-

ity assessment. Moreover, ROC analysis can only complement other bioinformatics

approaches for validating severity assessment parameters and their combinations.

Cross-correlation analyses across comprehensive data sets from various models can guide

the selection of parameters, particularly by identifying parameters that consistently show a
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high correlation level and might not provide added value. Based on a strong correlation, one

can sort out those parameters requiring more elaborate approaches. Previously, we reported

that cross-correlation analysis indicated that telemetric parameters requiring invasive proce-

dures to chronically implant transmitters did not appear to have added value over behavioral

paradigms (e.g., saccharin preference, nest building, and burrowing activity) in rat epilepsy

models [10–12]. Interestingly, high correlation levels in the present study’s mouse data sets

were somewhat limited to parameters analyzed in the same behavioral paradigm. Thus, we

could only exclude respective parameters for the subsequent PCA and cluster analysis. The

finding further supports the need for multidimensional composite measure schemes for sever-

ity assessment in mice. In the context of multidimensionality, it should be emphasized that

body weight reduction has proven as a valid but not fully comprehensive criterion to define

the humane endpoint in animal experimentation [3, 7]. In this study, potential effects of body

weight on several behavioral readouts (e. g., burrowing, Irwin test, open-field activity) should

be considered. In rodent epilepsy models, excessive weight gain may be observed due to neuro-

transmitter imbalances [25]. In general, the bidirectionality of body weight and its model-spe-

cific relevance to severity assessment should be considered.

In a recent study, we applied PCA as guidance for parameter selection to design a compos-

ite measure scheme for rats [5, 10–12]. Identification of top parameters best distinguishing

between the groups revealed those parameters which predominantly contributed to the varia-

tion in the data sets and differences between groups. Based on these findings, we could develop

and validate a composite measure scheme comprising burrowed weight in the burrowing test,

distance moved in the open field, time spent in social interaction, and saccharin preference

[5]. Furthermore, the combination of these parameters received further confirmation by sub-

sequent identification of severity clusters and a meaningful severity categorization based on

them in naïve, sham implanted, and experimental groups from three studies with different rat

epilepsy models.

In apparent contrast, the PCA of our comprehensive mouse data sets from both adult and

young mice did not identify top parameters that predominantly contributed to the variation in

the data sets. These findings suggest an added value of all parameters combined in the compre-

hensive analysis. The comparison with the composite measure scheme that we have recently

developed for rats indicates that there may be pronounced species differences in robust and

sensitive evidence-based severity assessment with mice requiring a more comprehensive set of

behavioral and biochemical parameters than respective approaches in rats. However, in this

context, the influence of the models included in each analysis must be considered.

As previously discussed [3, 26, 27], the application of comprehensive composite schemes is,

of course, feasible and worthwhile when it comes to evidence-based 1. assessment and classifi-

cation of new models, 2. comparative analysis of different models as a basis for animal-welfare

based recommendations for selection of an animal model, and 3. evidence-based validation of

refinement measures by comparison between groups with and without the potential refine-

ment measure.

On the other hand, the elaborate and time-consuming nature of such schemes would pose a

major challenge regarding routine daily monitoring of individual severity levels in ongoing

studies [3, 23, 28]. In this context, it is of interest that our data sets point to individual parame-

ters, which may be of particular model-specific value. Thereby, our data from young mice con-

firmed that it is of utmost relevance to consider the developmental stage of the animals for

selecting such parameters. Selected individual parameters might then be added to traditional

clinical scores to increase sensitivity concerning more nuanced and reasonable alterations in

the animals’ affective state. In this context, parameters that can be assessed in the home cage,

e.g., saccharin preference, are particularly interesting. This fact is also reflected by intense
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efforts to develop approaches for continuous home-cage based monitoring of activity and rest-

ing patterns, food and water intake, and physiological parameters (e.g., respiratory rate, heart

rate), generating data that will complement information from daily clinical scoring and can

also help to implement early humane endpoints (e.g., [29–33]).

To our knowledge, unsupervised k-means algorithm-based cluster analysis has first been

applied by Häger and colleagues (2018) [23] to define individual severity levels based on body

weight and voluntary wheel running data from a mouse model of chemically induced colitis, a

mouse model of pancreatic cancer, and mice with serial blood sampling [21, 34, 35]. Subse-

quently, this approach has been successfully applied to other rodent models, including various

neuroscientific rat models [24], a mouse model of pancreatic cancer subjected to chemothera-

pies [22], and a mouse model of chemically induced colitis [28].

Moreover, we have already successfully integrated k-means clustering in a bioinformatics

workflow for designing, validating, and assessing a composite measure scheme for severity

assessment, previously applied to data sets from rat epilepsy models [5]. Subjecting the com-

prehensive data sets from adult and young mice to k-means clustering resulted in identifying

six clusters for adult mice and four clusters for young mice. Along the line of previous findings

in rats [5], individual categorization of severity levels confirmed relevant inter-individual dif-

ferences in all groups of naïve, sham-implanted, and experimental mice regardless of the dis-

ease model used. Moreover, the categorization provided a meaningful basis for comparative

severity assessment across models.

When comparing the three epilepsy models in adult mice, the largest proportion of animals

allocated to the highest severity levels is evident for experimental animals from the kainate

model. A direct comparison of experimental animals from both kindling paradigms suggests

that hippocampal kindling is associated with a higher burden and distress level for the animals

than amygdala-kindling. Therefore, an animal welfare-based preference for amygdala-kindling

over hippocampal-kindling and for kindling over the intrahippocampal kainate model is rec-

ommended if the working hypothesis can be addressed in the same way with each of these

models. Interestingly, a trend for a higher proportion of animals allocated to higher severity

levels was evident when comparing naïve animals versus sham-implanted animals. A compa-

rable phenomenon was previously observed in rats [5]. Again, this observation is likely related

to the fact that naïve animals were not subjected to a habituation phase with handling and

were only subjected to transport to a laboratory or a stay in a laboratory environment during

the behavioral paradigms. This bias must be considered along with batch-specific intra-labora-

tory influencing factors such as experimenter and time of the year.

As already emphasized in the introduction, dynamic changes in distress occurring during

the developmental trajectory need to be carefully considered when classifying severity in new

genetic mouse models. In this context, a major limitation is related to the fact that efforts to

identify and select parameters for evidence-based severity assessment in mice have so far

focused on young adult and adult mice [4, 8, 9, 14, 15, 22, 35, 36–39]. Thus, it is of utmost rele-

vance to determine the cross-age generalizability of severity assessment parameters that have

already been successfully applied in adult mice. To develop a composite measure scheme that

can be used during highly sensitive phases of early mouse developmental stages between wean-

ing and an adult stage, we have preselected candidate parameters based on consortium data

obtained from models in adult mice [7, 8, 14, 15, 23, 34, 40]. While the analysis in various age

ranges in young C57BL/6J mice revealed several relevant age- and sex-related differences, it

confirmed the suitability of all parameters except for burrowing behavior, which could only be

applied during a later developmental stage corresponding to late adolescence in humans [16].

Based on these findings, we have designed a composite measure scheme, which was further

validated by application in two genetic mouse models, for which we expected a moderate
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severity in one model with Scn1a deficiency [17, 41–43] and a lack of severity or mild severity

in the other model expressing Gria1 deficiency [18, 44–47]. PCA of data sets from young

C57BL/6J mice demonstrated age-dependent changes in the intra-group variance observed in

the different age groups, with the lowest variance evident in prepubescent mice and increase

once the animals reach sexual maturity. These findings confirm an increase in inter-individual

differences and variance along the developmental trajectory in young mice and highlight the

relevance of individualized behavioral patterns developing in laboratory mice over time

despite the highly standardized environment in an animal facility. The data support previous

studies describing peaks of distress that can occur over the sensitive developmental phase of

mice [19, 20, 48–50]. As expected, PCA of the data sets from the genetic models confirmed

that the separation from the corresponding wild-type group was more pronounced in Scn1a
+/-mice than in Gria1-/-mice. It is of additional interest that the separation from wild-type

mice became more extreme during late adolescence, thereby recapitulating the ‘so-called’

worsening phase observed in pediatric patients [51–54]. This finding provides first evidence

that the composite measure scheme applied in both models allows distinguishing between

models with different severity grades. The data sets also demonstrated that the age-dependent

development of the intragroup variance could be significantly affected in a disease model,

implying that this fact needs to be carefully considered for sample size calculations during

study planning.

The validity of the composite scheme developed for young mice was further confirmed by

k-means-based clustering and allocation of individual animals with or without genetic variants

to the different severity levels. More animals from the Scn1a+/-model were allocated to the

highest severity level compared to the Gria1-/-model. In contrast, only minor differences in

the distribution to severity levels were evident when comparing Gria1-/- and the correspond-

ing wild-type mice. In line with our previous conclusions [18], these data suggest a very low

severity level for this genetic model.

Regarding the severity levels applied to comparative severity assessment in this study, it is

essential to note that these cannot be directly translated to severity levels defined by the ‘EU

Directive 2010/63 on the protection of animals used for scientific purposes’. Of course, the

highest severity level defined by k-means clustering in our study is limited to the severity in the

model with the highest level of distress and suffering used for the analysis. Therefore, it must

be considered that there is no direct transferability of the bioinformatics readouts to the sever-

ity levels as defined by the EU Directive 2010/63, which should be regarded as a fundamental

limitation of the study. Following Directive 2010/63/EU, the actual severity of pain, suffering,

distress or lasting harm need to be considered for severity classification. Further data from ani-

mal models of different pathophysiologic background and disease phenotype are required to

increase diversity and enable transferability to the regulatory level. Thus, it will be of utmost

relevance to apply the bioinformatics approach to a range of models or interventions spanning

the entire range of expected severity grades, including a high severity according to the EU

Directive. In this context, it is emphasized that we provide, along with this publication, a user-

friendly online tool that allows an analysis of all kinds of respective data sets regardless of the

parameters analyzed and irrespective of the animal models or intervention used (https://

github.com/mytalbot/cms). Please note that this tool has been significantly optimized com-

pared to the first version provided in 2020.

In conclusion, the bioinformatics approach confirmed the suitability of the composite mea-

sure schemes for evidence-based comparative severity assessment in adult and young mice. In

particular, we demonstrated that the composite measure schemes provide a basis for an indi-

vidualized severity classification in control and experimental groups as a basis for the direct

comparison of severity levels across different induced or genetic models. In addition, an online
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tool is provided, allowing application of the bioinformatics approach to severity assessment

data sets regardless of the parameters or models used. This tool can also help to validate refine-

ment measures by comparing groups with or without applying a potential refinement

measure.

Material and methods

Animal models

The published data sets used and re-analyzed in this study originated from three different

mouse models of epilepsy investigated at an adult age [14, 15] and two genetically modified

mouse models of neuropsychiatric relevance investigated at an age that corresponds to an

infant and adolescent age in humans [17, 18]. Analysis was complemented by data from an

additional study in young and adult wild-type mice focusing on developing home-cage based

behavioral patterns [16]. This manuscript will refer to the developmental age brackets of pre-

pubescence (P23-P34) and sexual maturity (P48-P60) as ‘early adolescence’ and ‘late adoles-

cence’, respectively, as described previously by Brust and colleagues (2015) [19].

Adult mice: Kainate model and kindling models. The data used for this bioinformatics

analysis was initially published in two individual studies, using three different mouse epilepsy

models (intrahippocampal kainate model, hippocampal-kindling model, and amygdala-kin-

dling model) [14, 15]. Severity was assessed using a comprehensive set of behavioral and bio-

chemical parameters in all three epilepsy models. For the intrahippocampal kainate model,

severity was additionally assessed using telemetric recording. Telemetric electrocardiogram

(ECG) parameters and activity data were assessed as potential measures of distress and a possi-

ble refinement measure compared to the method of continuous monitoring using a tethered

connection. The impact of two different localizations of electrode implementation was tested

in the kindling models. The aim was to identify and validate the chosen parameters for severity

assessment and compare the two models’ burden. An overview of the two different originally

published studies and their specific aims and methods is provided in Table 1. Data from 98

female mice (HsdWin:NMRI, Envigo, Horst, Netherlands) were included in a combined data

set. All studies were carried out after an acclimatization period of at least ten days with daily

handling by experimenters. The body weight of the animals was recorded weekly and a day-to-

day control of the mice was performed according to severity assessment schemes, including

the Mouse Grimace Scale [55] and a modified Irwin Score [56]. Further information about

husbandry conditions is provided in the S1 Appendix.

Surgery. The respective original publications (Table 1) contain a detailed description of

all procedures performed. In short:

Implantation of a bipolar, Teflon-isolated stainless-steel electrode was performed under

general anesthesia (chloral hydrate 440–500 mg/kg, i.p., solved in saline, Merck KGaA, Darm-

stadt, Germany) in all animals. Meloxicam (Metacam1 5 mg/ml, Boehringer Ingelheim, Ger-

many; 1–5 mg/kg, s.c. 30 min prior and 24 h following surgery) was administered for

perioperative analgesia. Local anesthesia was performed by subcutaneous infiltration of the

incision area and by direct administration on the skull’s periost (Bupivacaine 0.25% with epi-

nephrine 0.0005% Jenapharm1; Mibe GmbH, Brehna, Germany). Depth electrodes were

implanted in the right hippocampus (intrahippocampal kainate model & hippocampal-kin-

dling model; coordinates relative to bregma: AP-1.8 mm, L+1.6 mm, DV+1.7 mm) or the right

basolateral amygdala (amygdala-kindling model; coordinates relative to bregma: AP-1.0 mm,

L+3.2 mm, DV+5.3 mm).

In the intrahippocampal kainate model, a telemetric transmitter was implanted subcutane-

ously in the dorsocaudal part of the scapula region. Animals received a subcutaneous
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infiltration of bupivacaine (0.25%, s.c.; Jenapharm1, Mibe GmbH, Brehna, Germany) in the

incision area in addition to the drugs used for general anesthesia and analgesia. The ECG leads

were intramuscularly fixed (negative lead at the right pectoral muscle, positive lead next to the

xiphoid).

Electrical kindling model [14]. Electrical kindling was performed as described previously

[57, 58]. Following a postsurgical recovery period of two weeks, kindling stimulations were ini-

tiated in amygdala-implanted (amygdala-kindling model) and hippocampus-implanted (hip-

pocampus-kindling model) mice. On the first day of stimulation, the initial afterdischarge

duration (ADT) was determined for each animal. Following initial ADT determination, ani-

mals received daily suprathreshold stimulations (five days a week, between 1 and 3 p.m.) with

700 μA (1 ms, monophasic square-wave pulses, 50 Hz for 1 s) for five weeks.

Chemical post-status epilepticus model [15]. Kainate injections were performed accord-

ing to Groticke, Hoffmann [59]. Kainate (50 nl of a 20 mM solution, i.e., 0.21 μg in 50 nl saline,

i.e., 1 nmol, Sigma-Aldrich, Steinheim, Germany) was injected into the right CA1 area of the

dorsal hippocampus (coordinates relative to bregma; AP- 1.8 mm, L+ 1.6 mm, DV+ 1.7 mm)

using a 0.5 μl microsyringe.

Young mice: C57BL/6J wild-type mice and genetic models. In the present study, data

from three original, separately published in-vivo studies were used (Table 1): the design of the

test battery was based on the readouts obtained from behavioral investigations in C57BL/6J

wild-type mice [16]. In that study, the general suitability of the different paradigms for imple-

mentation in young mice had been assessed [16]. Subsequently, mice of the Scn1amodel [17]

and the Gria1model [18], which both represent genetic loss-of-functionmodels of neurologic

and neuropsychiatric relevance, respectively, were subjected to a modified version of the

behavioral test battery. Due to ethical and legal reasons, mice were not housed individually but

were kept in cages per experimental unit (n = 2) [16–18].

C57BL/6J wild-type mice [16]. As described previously [16], experimental animals

(n = 200, ratio female:male 1:1) were obtained from time-mated, pregnant C57BL/6JRj mice

(n = 51), generated by Janvier Labs (Le Genest-Saint-Isle, France). Experimental animals

(n = 200) were born and raised at the Institute of Pharmacology, Toxicology, and Pharmacy,

LMU Munich. Details on husbandry conditions of pregnant mice and experimental offspring

mice are provided in the S1 Appendix. Following weaning at P21, offspring mice were housed

per experimental unit (n = 2). One experimental unit consisted of same-sex siblings. In cases

with more than two same-sex siblings per litter available, group allocation was determined ran-

domly (www.randomizer.org). Group allocation represented three different age brackets in

murine adolescence [19]: 1) prepubescent mice (n = 40), experiments starting at P25; 2) pubes-

cent mice (n = 40), experiments starting at P36; and 3) sexually mature mice (n = 40), experi-

ments starting at P50. Data from adolescent mouse cohorts were compared with those

obtained from young adult mice (n = 40), experiments starting at P65, and mature adult mice

(n = 40), experiments starting at P120. The five different cohorts of mice were housed in our

Institute and, having reached the respective age, were subjected to the test battery. An overview

of the test battery is provided in S10 Fig.

Scn1a model [17]. Mice harboring a heterozygous loss-of-functionmutation in the Scn1a
gene encoding the alpha 1 subunit of the sodium channel Nav1.1 model behavioral and patho-

physiologic features of Dravet syndrome, a severe epileptic encephalopathy with a typical

onset in infancy. In 70–80% of patients with Dravet syndrome, a heterozygous loss-of-function
mutation in the SCN1A gene is identified [51, 60]. The occurrence of comorbidities follows sei-

zure onset in infants during the progression of the disease, among others, psychomotor regres-

sion, ataxia, autistic-like behavior, cognitive and attention deficits, and circadian rhythm

defects [51, 61, 62]. In addition, Dravet syndrome is characterized by a high rate of drug
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resistance [62, 63]. As described previously [17], experimental animals (n = 40) were bred and

raised at the Institute of Pharmacology, Toxicology, and Pharmacy, LMU Munich. The in-

house breeding colony comprised the parental lines B6(Cg)-Scn1atm1.1Dsf /J [64, 65] (JAX stock

#026133) and 129S1/Sv-Hprttm1(CAG-cre)Mnn /J [66] (JAX stock #004302). Further details on

breeding, husbandry, dietary nutrition, and additional intense care measures are provided in

the S1 Appendix. Group allocation was determined according to the Scn1a genotype with an

experimental group (n female = 10, n male = 10) expressing the heterozygous A1783V-Scn1a
mutation and a control group (n female = 10, n male = 10) carrying the A1783V-Scn1a wild-

type variant. The genotype of the mice for Cre recombinase was not considered to have a rele-

vant impact on the behavioral phenotype [43]. The onset of seizures was detected in offspring

mice aged 16 days as described previously [17, 43].

Gria1 model [18]. Mice harboring a homozygous loss-of-functionmutation in the Gria1
gene model features of neuropsychiatric diseases related to glutamatergic dysfunction [45, 47,

67–70]. Evidence exists that GluA1 depletion can induce behavioral impairments in adult

mice, among others, spatial working memory deficits with an intact reference memory [44,

71–73], novelty-induced hyperexcitability [68], hyperlocomotion [68, 72, 74], and depres-

sion-associated phenotypical traits [75, 76]. As described previously [18], experimental ani-

mals (n = 38) were bred at the Institute of Pharmacology, Toxicology, and Pharmacy, LMU

Munich. Breeding animals were obtained from the animal facility of Heidelberg University

(IBF, Heidelberg). Gria1 knockout (Gria1-/-)mice (line B6N.129-Gria1tm1Rsp/J, available at

The Jackson Laboratory: Strain #019011), Mouse Genome Informatics ID: MGI:2178057) had

been generated as described previously [44]. Further details on breeding and husbandry con-

ditions are provided in the S1 Appendix. Group allocation was determined according to the

Gria1 genotype, with the experimental group expressing the Gria1-/- variant (n female = 10,

n male = 8) and the control group harboring the Gria1 wild-type variant (n female = 10,

n male = 10).

Analysis of behavioral and biochemical parameters

In the original studies, mice were subjected to a behavioral test battery, complemented with

the non-invasive determination of fecal corticosterone metabolites (FCM). The test assembly

was based on an extensive set of formerly validated parameters in adult rodent epilepsy models

[5, 10–12]. For the projects in the adult epilepsy models (intrahippocampal kainate model, hip-

pocampal-kindling model, and amygdala-kindling model), we used data from behavioral and

biochemical assessments in the chronic phase (intrahippocampal kainate model) and phase of

generalized seizures (amygdala-kindling and hippocampal-kindling model). A respective time-

line for the investigations in the three models during the late phase is provided in Fig 5a. For

the projects conducted in the genetic models, behavioral tests and FCM analyses were applied

twice during two developmental stages in adolescence: first, during early adolescence in prepu-

bescent mice, and second, during late adolescence, when mice had reached sexual maturity.

An overview of the study design is illustrated in Fig 5b. For the project conducted in C57BL/6J

wild-type mice, five different cohorts of mice (P25, P36, P50, P65, P120) were subjected to the

test battery only once at a given developmental stage (S10 Fig). The test battery comprised a

selection of home-cage based assessments, among others: nesting behavior, burrowing behav-

ior, and the preference for a sweet saccharin solution. Moreover, voluntary wheel running per-

formance and home-cage activity were assessed in C57BL/6J wild-type mice and the Gria1
mouse model. An overview of the validated composite measure scheme for young mice [16–

18] is provided in Fig 6. In addition to the set of parameters collected with the composite mea-

sure scheme, animals were subjected to daily clinical evaluations as requested by Directive
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Fig 5. Overview of the experimental timelines. a adult epilepsy models, b young genetic models.

https://doi.org/10.1371/journal.pone.0285429.g005

Fig 6. Overview of the test battery for young mice. The assembly of the test battery and the selected age brackets of observation need to be adjusted

according to model-specific impairments. Please note that for the purpose of severity assessment, wheel running performance should not be assessed in

epilepsy models and models with impairment of sense perception and/or disturbance of locomotor muscle coordination due to the risk of injury.

https://doi.org/10.1371/journal.pone.0285429.g006
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2010/63/EU. Clinical sum scores were calculated for the three adult epilepsy models and the

genetic models (early adolescence and late adolescence, respectively). A detailed description of

the clinical evaluation protocol is provided in the S1 Appendix.

Nesting behavior was assessed via nest pictures taken on a daily basis following a protocol

by Jirkof and colleagues (2013) [77]. In addition, the mice’ ability and motivation to burrow

food pellets were assessed at distinct time points following a slightly modified protocol by Dea-

con and colleagues (2006) [78]. The assessment of burrowing behavior included measurements

during a two-hour time window in the light phase, followed by an analysis of overnight perfor-

mance. The preference for a sweet solution can provide information on anhedonia-associated

behavior [79], and we have previously validated the saccharin preference test as a behavioral

assay for animal welfare assessments in three rat models of epilepsy [10–12]. In C57BL/6J

wild-type mice and the genetic Gria1model, home-cage activity was assessed using freely

accessible running wheels. Moreover, activity of the mice and the time mice spent in different

zones of the cage (feeding zone, drinking zone, center zone) were analyzed for a preselected

time window of 90 minutes, shortly after the beginning of the dark phase, when mice normally

show highest levels of activity.

Locomotor and exploratory behaviors were investigated using the open field test. In addi-

tion, the elevated plus maze test and the black-white box test were applied to analyze anxiety-

associated behavior in the adult models. In the adult epilepsy models, social interaction of the

mice was tested in accordance with a protocol stated by File and Hyde (1978) [80]. Investiga-

tions in the adult models also included the mouse grimace scale, a well-validated assay for pain

assessment in laboratory rodents [55]. As a classical neurobehavioral assay [56], Irwin scoring

was applied in all models. The Irwin test can provide information on the general condition of

the mice as well as on changes related to the vegetative, peripheral, and central nervous system

[56]. The test represents a standard procedure in preclinical drug development phases and

rodent safety pharmacology studies [81]. In C57BL/6J wild-type mice and in the genetic mod-

els, Irwin scoring was split into three consecutive parts with additional measurement of body

temperature. Details on the Irwin scoring schemes are provided in the S1 Appendix. Concen-

trations of corticosterone metabolites measured in fecal samples of the mice can provide infor-

mation on levels of distress [82] and metabolic needs [83]. Detailed information on the

experimental procedures and settings as well as on the applied standardized protocols for data

analyses, are provided in the S1 Appendix.

Statistics

Statistical analyses and graphical illustrations were conducted using R version 4.1.2 [84]. To

avoid their predominance, highly correlated parameters were excluded. In addition, parame-

ters with more than 20% missing data were excluded. Spearman correlation was calculated,

and the correlation matrix was visualized with the R package ‘corrplot’ [85]. All other graphical

illustrations, including plots for principal component analyses (PCA), were created with

ggplot2 [86]. To analyze the data from adult mouse models, data sets from the intrahippocam-

pal kainate model, hippocampal-kindling model, and amygdala-kindling model were com-

bined. Similarly, for the analysis of data from young mice, data sets from the Scn1a and the

Gria1mouse models were combined. Data from young C57BL/6 wild-type mice were analyzed

separately. Receiver operating characteristic (ROC) analyses were performed using the pROC

package [87], testing for discriminatory power and predictive validity of selected behavioral

tests. As described previously [5], data sets were subjected to a modified PCA procedure to

identify top-ranking parameters and to cluster analyses based on a k-means algorithm. To

identify top-ranking parameters, combined data sets from adult mice and combined data sets
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from young mice underwent a modified PCA procedure using the R package available at

https://github.com/mytalbot/cms. First, data were subdivided into a ‘training set‘, comprising

a random 80% of the data, and a ‘test set‘, comprising a random 20% of the data. In the follow-

ing step, each parameter in the 80% ‘training set’ was centered and scaled by subtracting by its

mean and dividing by its standard deviations, resulting in a mean of zero and a standard devia-

tion of one, followed by a Box-Cox transformation. Finally, these data were used to perform

the PCA. A composite score was calculated based on the ranked sums of preselected principal

components, conducted by 100 runs of the ‘training data’. The number of principal compo-

nents used for the composite score was based on the standard deviation in the PCA. Thereby,

components with an SD> 1 were selected. Information on the ranked Eigenvalues calculated

in each of the 100 iterations was used to identify top ranking parameters for preselected princi-

pal components. This modified PCA procedure allows the assessment of highly preserved fea-

tures from any data set, and we have validated this technique previously [5].

For the calculation of robust clusters in the combined data sets from adult and young mice,

a k-means based algorithm with cluster thresholds was determined by 100-fold resampling of

the ‘training data’. Besides robust mean cluster thresholds, 95% confidence borders were calcu-

lated to detect potential variance instability due to random sampling.
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81. Lynch JJ, 3rd, Castagné V, Moser PC, Mittelstadt SW. Comparison of methods for the assessment of

locomotor activity in rodent safety pharmacology studies. J Pharmacol Toxicol Methods. 2011; 64

(1):74–80. https://doi.org/10.1016/j.vascn.2011.03.003 PMID: 21406241

82. Touma C, Palme R, Sachser N. Analyzing corticosterone metabolites in fecal samples of mice: a nonin-

vasive technique to monitor stress hormones. Horm Behav. 2004; 45(1):10–22. https://doi.org/10.1016/

j.yhbeh.2003.07.002 PMID: 14733887

83. Koolhaas JM, Bartolomucci A, Buwalda B, de Boer SF, Flügge G, Korte SM, et al. Stress revisited: a
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