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Supplementary Methods

Multigenerational morphine exposure model

Adult male Sprague Dawley rats were anesthetized using an i.p. injection of a ketamine/xylazine
cocktail (80 and 12 mg kg !, respectively). An indwelling silastic catheter (Instech Laboratories,
Inc. Plymouth Meeting, PA) was fed into the right jugular vein, sutured in place, and mounted on
the shoulder blade using a back-mount platform. Catheters were flushed daily with timentin
(0.93 mg ml™"), dissolved in heparinized saline and sealed using metal caps, when not in use.
Following catheterization surgery, rats were allowed to recover for 1 week then were placed in
operant chambers to lever press for 3h daily access of infusions of morphine (0.75
mg/kg/infusion over 5 s) for sixty continuous days; control animals underwent the same
catheterization surgeries and self-administration protocol but only had access to saline and were
never exposed to morphine. Following chronic morphine self-administration, naive female rats
were placed in a cage with each male rat. Paternal stress has been shown to have long lasting
consequences for offspring; therefore, sires continued to self-administer during the 5-day mating
period to avoid withdrawal-related stress as a confounding factor (Morgan and Bale 2011, 2013,
2015). Sires were then removed and dams reared first-generation F1 progeny independently until
post-natal day (PND) 21, at which point pups were weaned and group housed with littermates.
Male and female offspring were pair-housed with same sex littermates upon weaning and
remained pair-housed throughout behavioral testing. F1 behavioral testing was conducted when
offspring were 2—6 months old. One to two animals from each litter were randomly selected for
behavioral test, such that no litter was over-represented in any particular experiment.

Drugs



Morphine sulfate was a gift from the NIDA drug supply or obtained from Spectrum Chemical
(Gardena, CA) and dissolved in sterile 0.9% saline.

Mechanically evoked hind paw somatosensory paradigm and high speed videography

Rats behavior was recorded at 2000 frames per seconds. The camera was placed at a ~45° angle
at ~1-2 feet away from the Plexiglas holding chambers on a tripod with geared head for Photron
AX 50. CMVision IP65 infrared lights that rats cannot detect were used to adequately illuminate
the paw for subsequent scoring. Data collected on a Dell laptop computer with Photron
FastCAM Analysis software.

Rats were acclimated to a rectangular plexiglas chamber where they could move freely but could
not stand straight up. We delivered selected mechanical stimuli to the hind paw when rats were
calm, still, and all four paws were in contact with the raised mesh platform. Rats habituated to
the testing chambers before preforming behavioral tests. For the baseline experiments (CS, DB,
LP, and HP) we tested the same number (10) of male and female Sprague Dawley and Long
Evans rats, for a total of 40. We applied stimuli to the hind paw of each rat through the mesh
floor. Cotton swab tests consisted of gentle contact between the cotton Q-tip and the hind paw of
the mouse. Dynamic brush tests were performed by wiping a concealer makeup brush (e.l.f.™,
purchased at the CVS) across the hind paw from back to front. We preformed light pinprick tests
by gently touching a pin (Austerlitz Insect Pins®) to the hind paw of the mouse. We withdrew
pins after achieving contact. We preformed heavy pinprick tests by sharply pressing this pin into
the paw, pushing upward with force. The pin was withdrawn as soon as approximately 1/3 of the
pins length had passed through the mesh. For application of von Frey hairs (VFHs, Stoelting
Company, 58011), we used four different forces: 0.08 g, 10 g, 100 g, and 300 g. These data

related to establishing the novel pain scale are shown in Figure 2. As previously described, we



directed each VFH towards the center of the plantar paw and pressed upward until the filament
bent [50]. For the four natural stimuli and VFHs, a non-responsive animal did not respond within
2 s of stimulus delivery. For traditional measures using VFH (Figure 3), animals were placed in
the same plexiglass enclosure and paw responses were scored as either withdrawn or not (binary
outcome). Animals were stimulated 5 times with each of the following VFH: 1g, 2g, 4g, 6g, 8g,
10g, 15g, 26g, 60g, 100g, 180g, 300g. When animals withdrew their paw 2 or more times (40%)
at a given force, the experiment stopped and the threshold was reported at that VFH force. If the
threshold was below 10g, one more round of stimulation at 10g was performed to establish the
percentage of responses at 10g. The purpose of that experiment was to collect data to assess
another commonly reported measurement of pain in the scientific literature: proportion of
responses at 10g of force. For experiments testing the antinociceptive properties of morphine
using VFH stimulations and the novel pain scale, we used 10g, 100g and 300g of force. Each
stimulus was measured on a different day and the order in which stimuli were presented was
counterbalanced across animals. All experiments were carried out by an experimenter blind to
experimental group.

Scoring hind paw withdrawal movement features

We extracted paw height and paw speed from the high-speed videos and processed with Photron
FastCAM software. We scored paw height in centimeters as the distance from the mesh floor to
the highest point following paw stimulation. We calculated paw speed as the distance, in
centimeters, from initial paw lift to the highest point, divided by the time in seconds between the
two points. The composite nocifensive score is a composite of four individual behavior features:
orbital tightening, paw shake, paw guard, and jumping. For example, if a given animal displayed

1/4 of those features it would receive a composite nocifensive score of 1. We scored orbital



tightening when the eyes went from fully open to partially or fully closed following stimulus
application. We defined paw shaking as high frequency paw flinching. We defined jumping as
three or more paws off the mesh floor at the same time following a stimulus application. Lastly,
we defined paw guard as any abnormal orientation, or placement, of the paw back during the
descent of the withdrawal following stimulus application. We were not blind to the strain when
scoring behaviors of wild-type rats, as Long Evans have white coats with a black hood color,
while Sprague Dawleys are white-coated. However, we are blind to the stimulus type and VFH
forces.
Timeseries experimental paradigm
Following 2-minutes of habituation inside of the testing chamber, naive adult male rats received
mechanical stimulation to their hindpaw for approximately 1-2 seconds or until an apparent
behavioral response was elicited with 1 of 3 stimuli: cotton swab, light pinprick or heavy
pinprick. A different stimulus was used for different groups of rats during the 3-day experiment,
with the initial stimulation serving as a baseline measure of pain sensitivity. Rats were then
immediately injected with morphine (either 1mg/kg or 3mg/kg subcutaneously) and returned to
their home cage. At 15-min and 60 min after the morphine injection, rats were returned to the
testing chamber to receive hindpaw stimulation from the same stimulus. Behavioral responses
were recorded using high-speed videography at baseline, 15min, and 60min post-injection.
RNA sequencing:

To have an overview of samples and RNA-seq reads, the quality control (QC) step was
done using Fastqc software (version 0.11.8) [51]. Based on the Fastqc software report, the
Trimmomatic (version 0.39) software [52] was applied to remove non-paired reads and identified

adaptors. For RNA-seq analysis, the suggested pipeline by Sahraeian et al. was used [49] as



previously reported [48]. Briefly speaking, the reads were mapped on rn6 genome assembly
using the Hisat2 [53] as the alignment step, the assembled by StringTie [54]. The differentially
expressed genes (DEGs) were selected by applying Deseq?2 library [55] in R (version 4.0.1) [56].
The conditions to define DEGs were a 50% change in the expression (|log 2 Fold change| > 0.58)
of genes and an adjusted p-value < 0.1. R statistical software (version 4.0.3) was also used for
downstream analysis and visualization of the RNA-seq analysis output, including, but not limited
to drawing heatmaps and Venn diagrams.

To find the DEGs' transcription factors, HOMER [57] was used to identify potential
transcription factors responsible for DEGs. The applied criteria were — 2000 to + 1000 bp of the
transcriptional start site and a length of 8-12 bp for TFs.

Pathways (from KEGG) and gene ontology terms (biological process, molecular function
and cell compartment) by adjusted p-value < 0.1 were selected for further analysis. Also, in the
case of REACTOME as another source of enrichment analysis, the ReactomePA package in R
was used [58]. To compare samples' gene expression, agnostically, the Rank—Rank
Hypergeometric Overlap (RRHO) analysis was used. This algorithm steps within two gene lists
ranked by the p-value of differential expression observed in two experiments and estimating the
number of overlapping genes. Subsequently, a heatmap is created that shows the strength and
pattern of correlation between two expression profiles[59]. This analysis was done using the
RRHO?2 library in R [60] to compare gene expression between Nac, VTA and PAG for overlap
in up-and downregulated DEGs, respectively. This research includes calculations carried out on
Temple University's HPC resources and thus was supported in part by the National Science
Foundation through major research instrumentation grant number 1625061 and by the US Army

Research Laboratory under contract number W911NF-16-2-0189



Statistical differences in composite nocifensive score, paw speed and paw height of rats in
responses to innocuous (CS and DB) and noxious stimuli (LP and HP)

Hind paw stimulation with CS or DB produced significantly lower composite nocifensive scores
than LP or HP across both sex and strain (Supplemental Figure 1A; Long Evans Female:
F(2.103, 23.13) = 22.06, p<0.0001; Long Evans Male: F(1.947, 16.88) = 27.37, p<0.0001;
Sprague Dawley Female: F(1.724, 20.11) = 4.969, p=0.0213; Sprague Dawley Male: F(2.208,
17.67) = 14.47, p<0.0001). Interestingly, when stimulated with HP, Long Evans male rats
displayed higher composite nocifensive scores than Sprague female and male rats that were
stimulated with either LP or HP (Long Evans Males HP vs. Sprague Dawley Females LP: p=
0.0342; Long Evans Males HP vs. Sprague Dawley Females HP: p= 0.0365; Long Evans Males
HP vs. Sprague Dawley Males LP: p=0.0342). Speed of the hind paw was higher in response to
LP and HP compared to innocuous stimuli across strains and sexes (Supplemental Figure 1B ;
Long Evans Female: F(2.223, 23.71) = 48.24, p<0.0001; Long Evans Male: F(1.755, 19.89) =
25.84, p<0.0001; Sprague Dawley Female: F(1.995, 17.29) = 15.04, p=0.0002; Sprague Dawley
Male: F(1.611, 18.26) =9.737, p=0.0022). Although latency to withdraw their paw increased
with stimulus intensity, no statistical difference was revealed for sex or strain in response to
stimulation with a painful LP or HP (Sex and Strain: LP and HP: F(4.036, 36.90) = 1.454,p =
0.2358). Maximum height of the hind paw was higher in response to LP and HP compared to
innocuous stimuli for all strains and sexes (Supplemental Figure 1C; Long Evans Female:
F(1.958,15.01) = 18.28, p<0.0001; Long Evans Male: F(1.866, 21.14) = 6.786, p=0.0061;
Sprague Dawley Female: F(1.712, 14.84) = 3.922, p=0.0483; Sprague Dawley Male: F(2.070,
17.25) = 5.805, p=0.0112). Paw lift height increased in a stepwise manner with the application of

each stimulus to the rat’s hind paw but no significant difference in sex or strain was found in



response to application of the painful LP compared to HP (Sex and Strain: LP and HP: F(2.927,

22.99) =0.8906, p=0.4586).
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Supplemental Figure 1 . Sub-second temporal mapping of rat paw kinematics in response to
mechanical stimuli. (A) Composite nocifensive score of Long Evans and Sprague Dawley female and male
rats (40 rats in total; 10 per group) following stimulation with either a cotton swab (CS), dynamic brush (DB),
light pinprick (LP), or heavy pinprick (HP). The score is a composite measurement of eye grimace/orbital
tightening, paw shake, jumping, and paw guard. (B and C) The maximum paw height and speed, respectively
of the first paw raise of the stimulated paw in Long Evans and Sprague Dawley female and male rats.
Truncated violin plots show the distribution density of the composite scores, with the solid horizontal top
and bottom lines representing the minimum and maximum values, respectively; dashed horizontal line
showing the median value; and dotted top and bottom horizontal lines representing the cutoff for the top 75%
and bottom 25% percentile of values, respectively. *** p<0.0001 and ** p< 0.05.



Linear transformation and machine learning estimates the pain-probability of a given
response on a trial-by-trial basis

Machine learning approaches allowed for consistent prediction of pain probability on a trial-by-
trial basis (Supplemental Figure 2). Principal Component 1 scores of CS and HP trials were
used to train a support vector machine. We chose CS and HP trials because they triggered “non-
painful” or “painful” behaviors with high confidence and the corresponding PCA scores showed
the most consistent patterns across strain and sex. The trained SVM then predicted the
probability of being “pain-like” for other trials. Quite analogously to the PCA based approach,

we consistently separated innocuous versus noxious behavioral responses.
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Supplemental Figure 2 . Trained support vector machine (SVM) predicts the pain-like probabilities for each
stimulus. (A) SVM analytical pipeline. Step (1): calculate PC1 score of each trial by performing PCA on the z-scores
from Table 1. Step (2): Split PC1 scores into training and testing sets. Step (3): train SVM with PC1 scores of training
data (CS and HP). Step (4): predict pain-like probability (P [pain-like]) of remaining PC scores by training the model
with three of the sex + strain combinations and testing on the remaining sex + strain. (B) Machine learning-generated
pain-like probabilities of CS, DB, LP, and HP trials in Long Evans and Sprague Dawley female and male rats. Color
key: Green = Long Evans Females, Magenta = Long Evans Males, Black = Sprague Dawley Females, Blue = Sprague
Dawley Males.

Von Frey hair filaments do not elicit pain-like responses

Applying VFHs stimulation of varying forces resulted in responses that registered in the non-
pain domain for nocifensive scores, paw height and velocity.

There were no significant difference in composite nocifensive score across any of the VFHs for
male or female SD or LE rats (Supplemental Figure 3A; Long Evans Female: F(1.949, 17.54) =
2.168, p = 0.1450; Long Evans Male: F(2.324, 20.92) = 0.5000, p = 0.6408; Sprague Dawley
Female: F(2.513, 22.61) =0.7663, p=0.5038; Sprague Dawley Male: F(2.435, 27.60) = 0.5330,
p=0.6272). When assessing the kinematic movements of paw speed and height, only LE males
showed a difference across VFH force for speed (Supplemental Figure 3B; Long Evans
Female: F(1.529, 12.23) = 0.6943, p=0.4807; Long Evans Male: F(1.905, 20.47) = 8.756,
p=0.0020; Sprague Dawley Female: F(2.098, 24.48) = 3.029, p=0.0646; Sprague Dawley Male:

F(2.189, 19.70) = 2.240, p=0.1294; Supplemental Figure 3C; Long Evans Female: F(2.294,



25.24) =2.124, p = 0.1349; Long Evans Male: F(2.652, 30.06) =2.862, p=0.0592; Sprague
Dawley Female: F(1.872, 21.84) = 1.690, p=0.2087; Sprague Dawley Male: F(2.110, 18.99) =

3.138, p=0.0642]).
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Supplemental Figure 3 . Sub-second temporal mapping of rat composite nocifensive score and paw
kinematic behavioral profile in response to Von Frey hair filaments. (A) Composite nocifensive score of
Long Evans and Sprague Dawley female and male rats (40 rats in total; 10 per group) following stimulation
with Von Frey hair filaments of varying forces: 0.008, 10, 100, and 300 g. The score is a composite
measurement of eye grimace/orbital tightening, paw shake, jumping, and paw guard. For instance, animals
featuring 3 of the 4 behaviors are assigned a score of 3 for that particular trial. (B) Hind-paw kinematic
movements evoked by the same VFH filaments. Paw speed of the first paw raise of the stimulated paw is the
distance from the initial paw lift to the highest point divided by the time in seconds between the two points.
(C) Paw height is the distance from the mesh floor to the highest point following paw stimulation. Truncated
violin plot shows the distribution density of the composite scores, with the solid horizontal top and bottom
lines representing the minimum and maximum values, respectively; dashed horizontal line for the median
value; and dotted top and bottom horizontal lines representing the cutoff for the top 75% and bottom 25%
percentile of values, respectively.



Validating the novel pain scale in Long Evans animals. PCA-generated pain scores for
male and female Long Evans rats in response to all stimuli were analyzed for each strain. All
stimuli tested, including dynamic brush, cotton swab, Von Frey Hairs 0.008g, 10g, 100g,
300g, light pin prick and heavy pin prick were included in the comparison for Long Evans
(Supplemental Figure 4A) and Sprague Dawley rats. (Supplemental Figure 4B). One way
ANOVA revealed that the nature of the stimulus applied had a significant impact on the PCA
generated pain scores [Long Evans: F(15,131)=16.02, p<.0001]; Sprague Dawley:
[F(15,131)=6.820, p<.0001]. For Long Evans animals, post-hoc Dunnett tests revealed that
only VF300 in males and light and heavy pin pricks in males and females resulted in higher
PCA scores than innocuous stimuli (cotton swab). For Sprague Dawley rats, post-hoc Dunnett
tests revealed that only light and heavy pin pricks in males and females resulted in higher PCA

scores than innocuous stimuli (cotton swab).



A Male and Female Long Evans

* * * Kk %

PCA-generated Pain Score

B Male and Female Sprague Dawley

PCA-generated Pain Score

Supplemental Figure 4 . Stimulation with von Frey hair filaments map between
innocuous brush stimuli and noxious pinprick using the PCA-generated Pain Score.

(A) PCA-generated pain score for a all stimuli measured: cotton swab (CS), dynamic brush (DB), Von Frey
Hairs 0.008g, 10g, 100g, 300g; light pin prick (LP) and heavy pin prick (HP) for males (M) and females (F)
Long Evans rats. (B) PCA-generated pain score for a all stimuli measured: cotton swab (CS), dynamic brush
(DB), Von Frey Hairs 0.008g, 10g, 100g, 300g; light pin prick (LP) and heavy pin prick (HP) for males (M)
and females (F) Sprague Dawley rats. * p<0.05 comparing to male CS PCA scores using Dunnett post-hoc
tests



Fig. SS. Offspring of morphine-exposed sires show increased sensitivity to morphine-
induced antinociception
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Supplemental Figure 5. Baseline composite nocifensive score and paw kinematic behavioral profile of
first-generation offspring derived from saline-exposed and morphine-exposed sires in response to
application of mechanical stimuli to the hind paw (A) Baseline composite nocifensive score drug-naive first-
generation male derived from sires exposed to wither saline or morphine. The score is a composite measurement
of eye grimace/orbital tightening, paw shake, jumping, and paw guard. For instance, animals featuring 3 of the 4
behaviors are assigned a score of 3 for that particular trial. (B) Hind paw kinematic movements evoked by the
same VFH filaments. Paw speed of the first paw raise of the stimulated paw is the distance from the initial paw
lift to the highest point divided by the time in seconds between the two points. (C) Paw height is the distance
from the mesh floor to the highest point following paw stimulation.

Movie S1.

High-speed video showing examples of sub-second nocifensive behaviors that are quantified in
the rat pain scale.

Supplemental Table 1. Individual pain score measurements and Z-score transformations,
related to Figure 1.

Supplemental Table 2. Individual pain score measurements and Z-score transformations,
related to Figure 2.

Supplemental Table 3. Individual pain score measurements and Z-score transformations,
related to Figure 4 C-E.

Supplemental Table 4. Individual pain score measurements and Z-score transformations,
related to Figure 4 G.

Supplemental Table S. List of differentially expressed genes in the PAG, comparing male
saline-sired to male morphine-sired offspring.

Supplemental Table 6. Enrichment analyses of DEGs in PAG comparing male saline-sired
to male morphine-sired progeny.
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