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N E U R O S C I E N C E

Chronic paternal morphine exposure increases 
sensitivity to morphine-derived pain relief in  
male progeny
Andre B. Toussaint1, William Foster2, Jessica M. Jones2, Samuel Kaufmann2, Meghan Wachira3, 
Robert Hughes3, Angela R. Bongiovanni1, Sydney T. Famularo1, Benjamin P. Dunham1, 
Ryan Schwark2, Reza Karbalaei1, Carmen Dressler1, Charlotte C. Bavley1, Nathan T. Fried3, 
Mathieu E. Wimmer1, Ishmail Abdus-Saboor2*

Parental history of opioid exposure is seldom considered when prescribing opioids for pain relief. To explore 
whether parental opioid exposure may affect sensitivity to morphine in offspring, we developed a “rat pain scale” 
with high-speed imaging, machine learning, and mathematical modeling in a multigenerational model of pater-
nal morphine self-administration. We find that the most commonly used tool to measure mechanical sensitivity in 
rodents, the von Frey hair, is not painful in rats during baseline conditions. We also find that male progeny of 
morphine-treated sires had no baseline changes in mechanical pain sensitivity but were more sensitive to the 
pain-relieving effects of morphine. Using RNA sequencing across pain-relevant brain regions, we identify gene 
expression changes within the regulator of G protein signaling family of proteins that may underlie this multigen-
erational phenotype. Together, this rat pain scale revealed that paternal opioid exposure increases sensitivity to 
morphine’s pain-relieving effects in male offspring.

INTRODUCTION
Prenatal environmental factors have profound and long-lasting in-
fluences on behavior and physiology (1–9). For example, paternal 
opioid exposure alters memory, reward processing, anxiety, and 
aggression in offspring (7, 10–12). However, relatively little is 
known about prenatal morphine’s impact on pain. Previous studies 
have shown that prenatal exposure to opioids can lead to changes 
in sensitivity to opioid-derived antinociception (13, 14). However, 
the regimen and nature of the exposure of the parental generation, 
consisting of high acute doses to both sires and dams, limited the 
possible interpretation and translation of these findings to clinical 
populations. Here, we focused on the paternal lineage because it 
lays the foundation for better understanding of biological processes 
underlying the transmission of chronic opioid exposure across gen-
erations. This approach circumvents potentially confounding factors 
such as changes in maternal care, which are known to alter behavioral 
end points related to affect and pain. Moreover, the work presented 
here leveraged chronic volitional consumption of morphine that 
closely mimics the chronic exposure related to chronic pain treat-
ment and/or substance abuse. Together, we combined these highly 
translational approaches with a novel tool to assess pain in rats to 
systematically delineate changes in baseline mechanical pain pro-
cessing and antinociception following acute morphine treatment.

Traditional measurements of pain in rodents rely on relatively 
low-resolution reflexive paw withdrawal assays that use the with-
drawal frequency, latency, or threshold as a behavioral proxy for 
pain sensitivity (15, 16). However, these measures do not provide an 

objective assessment of an animal’s internal pain state because they 
rely on the subjective assignment of stimulus intensity by an exper-
imenter and the readout is the same no matter whether the sensory 
stimuli are innocuous or noxious (17–20). Recent advances in 
machine learning, statistical modeling, and high-speed videography 
have improved the neuroethology of animal behavior (21). Hence, 
we recently developed “mouse pain scales” that use subsecond be-
havioral features of the paw withdrawal to more objectively assess 
pain sensitivity in mice with greater sensitivity than traditional 
methods (22, 23). Thus, we adapted and validated this strategy to 
develop a “rat pain scale” to revisit the multigenerational impact of 
morphine exposure on pain sensitivity using a clinically relevant 
low-dose self-administration paradigm.

Here, we developed a rat pain scale with both sexes of two out-
bred strains (Sprague-Dawley and Long-Evans) using high-speed 
recording of rapid paw and eye kinematics in response to a range of 
innocuous and noxious mechanical stimuli, demonstrating a sensi-
tive high-resolution method for identifying subtle changes in pain 
sensitivity. Using this pain scale, we found that von Frey hairs 
(VFHs), which test mechanical thresholds and are commonly as-
sumed to assess pain sensitivity, were instead causing paw with-
drawal movements more similar to those associated with innocuous 
stimuli. This suggested that VFHs may not be probing pain-specific 
neurocircuitry. We leveraged the new pain scale to assess morphine 
antinociception in male offspring of morphine-exposed sires in our 
recently described multigenerational morphine exposure paradigm 
(12). Last, we used RNA sequencing to delineate changes in expres-
sion in brain regions involved in pain including the periaqueductal 
gray (PAG), ventral tegmental area (VTA), and nucleus accumbens 
(NAc). Together, this work demonstrates the utility of this newly 
developed rat pain scale and a potential mechanism for the multi-
generational impact of prenatal morphine exposure on sensitivity 
to morphine’s pain-relieving effects.
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RESULTS
Constructing a rat pain scale to capture subsecond 
behavioral responses to evaluate the rat’s internal pain state
We used high-speed imaging to capture subsecond behavioral fea-
tures of the rat paw withdrawal in response to a set of innocuous 
[cotton swab (CS) and dynamic brush (DB)] and noxious [light 
pinprick (LP) and heavy pinprick (HP)] natural mechanical stimuli. 
Using statistical modeling and machine learning, we sought to 
identify behavioral signatures associated with innocuous versus 
noxious stimuli for the development of a single-index pain scale 
(Fig. 1A). A typical response to a noxious stimulus first begins with 
an eye grimace or orbital tightening (~42 ms), which is consistent 
with previously reported painful responses in rodents (Fig. 1B) (24). 
Next, the rat raises its hind paw away from the stimulus, holds it at 
the apex, and then vigorously exhibits a sinusoidal paw shake (~70 ms) 
with some also jumping in the air (~100 ms). The rat then ori-
ents its head toward the stimulus to guard the affected paw (Fig. 1B; 
~621 ms; see movie S1, for example, of the four nocifensive behav-
iors). These four individual behavioral features (orbital tightening, 
paw shake, jumping, and paw guarding) were combined into one 
composite nocifensive score and were statistically more common in 
response to noxious stimuli (HP and LP) versus innocuous stimuli 
(DB and CS) in males and females of both strains (fig. S1A). To 
further distinguish paw withdrawals induced by noxious versus in-
nocuous stimuli, we measured subsecond paw kinematics by ex-
tracting the speed and height of the first upward paw movement in 
response to the stimulus (Fig.  1C). We found that the speed and 
height were both statistically greater in paw withdrawals induced by 
noxious stimuli (HP and LP) than by innocuous stimuli (DB and 
CS) in female and males of both strains (fig. S1, B and C).

Nocifensive behaviors and paw kinematics rely on distinct fea-
tures of the paw withdrawal response to consistently distinguish 
innocuous from noxious stimuli. Each parameter holds a different 
dimension of statistical space, differing by unit and value of measure-
ment. To comprehensively analyze and combine these measurements 
and to normalize each data point with respect to the population 
mean, we first converted all raw data to normalized z scores (table 
S1). We subsequently combined all z scores into a one-dimensional 
score using principal components analysis (PCA), creating a PCA-
generated pain score (PC1 score) that encompassed three behavioral 
dimensions and provided a threshold separating innocuous from nox-
ious stimuli (fig. S2A). We found that Long-Evans and Sprague-Dawley 
female and male rats had higher PCA-generated pain scores when 
stimulated with noxious stimuli (LP and HP) compared to innocuous 
stimuli (CS and DB) (Fig. 1D, Long-Evans female: F(1.836,14.07) = 
63.14, P < 0.0001; Long-Evans male: F(2.155,24.43) = 29.81, P < 
0.0001; Sprague-Dawley female: F(1.544,13.38) = 10.20, P = 0.0033; 
Sprague-Dawley male: F(2.001,16.00) = 18.99, P < 0.0001). These 
scores provide a continuous gradation where more positive values are 
more likely to be produced from noxious stimuli while more negative 
values are more likely to be produced from innocuous stimuli. In 
response to HP hind paw stimulation, the PCA-generated pain score 
for only Long-Evans female rats were significantly higher than female 
Sprague-Dawley rats, suggesting a strain difference in noxious stimuli 
in females (Long-Evans females HP versus Sprague-Dawley females 
HP: P = 0.0146; Fig. 1D). Together, this PCA-generated scoring 
method in rats distinguished innocuous from noxious stimuli for a 
given trial, and it can be used to map a unique “pain state” in response 
to mechanical stimuli.

To further measure pain sensation on the basis of behavioral re-
sponsivity, we used a machine learning approach to predict the 
probability of each trial being pain-like, which reliably enable pre-
dictions about the pain state of each trial for unscored datasets (fig. 
S2B). Together, this statistical and machine learning approach pro-
vides an objective and highly sensitive method to assess pain in rats.

VFH filaments do not elicit pain-like responses
VFHs are a mainstay in preclinical research, and yet discrepancies 
in the true nature of the sensation evoked by VFHs persist—
evidenced by a lack of consensus for whether a particular filament is 
noxious or innocuous when testing baseline mechanical thresholds 
(25, 26). We used four VFHs ranging from the lowest to highest 
intensity traditionally used in rat (0.008, 10, 100, and 300 g of force; 
Fig. 2A). Beginning with scoring the affective features that compose 
the nocifensive composite score, we did not observe any statistically 
significant difference across any of the VFHs (fig. S3). We next re-
duced the VFH behavioral measurements into a single “pain scale” 
dimension using the data transformations derived from the PCA 
and machine learning approaches described above (Fig. 2B). Corre-
sponding to results obtained with the individual behavioral features 
(table S2), the PCA-generated pain scores across sex and strain re-
vealed mainly negative values, indicative of nonpain responses 
(Fig.  2C). For males of each strain, however, the PCA-generated 
pain scores, mainly of the higher forces, were close to the threshold 
separating pain from nonpain, without approaching values previ-
ously obtained with pinprick stimuli. The complementary machine 
learning approach across strain and sex revealed that all VFHs have 
pain-like probabilities below 50%, indicating a low probability of 
being pain-like (Fig. 2D).

Given this unexpected result to stimulation with VFHs, we ana-
lyzed additional subsecond whole-body features in response to 
VFHs, HP, LP, DB, and CS stimuli. We focused on body orientation 
as a behavioral readout with the rationale that painful stimuli would 
result in movement of the paw before orientation of the head to-
ward the stimulus as part of an escape behavior. The greater the 
stimulus intensity, the greater the proportion of animals that lifted 
their paw before orienting their head toward to the stimulus [one-
way analysis of variance (ANOVA): F(1.750,5.251) = 6.728, P = 
0.0375; Fig. 2E]. Similar to our results with the PCA and machine 
learning approaches, the VFHs fell between the responses observed 
with DB and LP (fig. S4). Together, these results demonstrate that 
rats may perceive VFHs more similar to touch than pain.

Assessment of morphine-induced analgesia with VFHs
We then sought to reconcile morphine’s antinociceptive effects 
identified with traditional VFH scoring that have been well docu-
mented with our unexpected observation that VFHs do not appear 
to be painful. We used both traditional VFH scoring methods and 
our new rat pain scale to assess the antinociceptive effects of mor-
phine at baseline, 15-min, and 60-min time points (3 mg/kg, sub-
cutaneously; Fig. 3A). A series of VFHs were applied to the plantar 
surface of the hind paw in ascending order beginning with 1-g force 
VFH (1, 2, 4, 6, 8, 10, 15, 26, 60, 100, 180, and 300 g). Threshold was 
defined as the force at which withdrawal responses occurred 40% of 
the time or more. If the threshold was below 10 g, then five trials 
were administered to define the percent response at 10 g for each 
rat. VFH threshold changed after morphine treatment [Long-Evans 
males: F(1.934,25.14) = 17.04, P < 0.0001; Fig. 3B]. Sidak post hoc 
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analysis revealed an increase in threshold at 15 and 60 min after 
morphine injection compared to baseline (15 min, P = 0.0003 and 
60 min, P = 0.0281).

In addition, we generated another commonly reported assessment 
of pain threshold and pain sensitivity: the percentage of withdrawal 

responses following stimulation with 10 g of force. Repeated mea-
sures ANOVA revealed that the proportion of withdrawal responses 
at 10-g VFH stimulation decreased following morphine treatment 
[F(1.149,14.94) = 16.12, P = 0.0008; Fig. 3C]. Sidak post hoc tests 
showed that the proportion of withdrawal responses was lower 
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Fig. 1. Temporal mapping of affective behaviors, paw kinematic, and principal components analysis–generated pain scores of rats in response to mechanical 
stimuli. (A) Schematic of behavioral procedure and analysis showing lateral placement of high-speed camera in relation to freely behaving rat. Note that the camera lens 
captures the entire lateral area of the rat. PC, principal component. (B) Representative single-frame images taken from high-speed videos of a Sprague-Dawley rat follow-
ing stimulation with an LP. Each frame captures a distinct nocifensive behavior: eye grimace/orbital tightening (42 ms), paw shake (70 ms), jumping (100 ms), and paw 
guard (621 ms) fps, frames per second. (C) Schematic of hind paw kinematic movements evoked by innocuous (CS and DB) or noxious (LP and HP) stimuli. Paw height 
(shown on the y axis) is the distance from the mesh floor to the highest point following paw stimulation, while paw speed (shown on the x axis) is the distance from the 
initial paw lift to the highest point divided by the time in seconds between the two points. (D) PCA-generated pain scores for Long-Evans and Sprague-Dawley female and 
male rats following stimulation with innocuous (CS and DB) and noxious (LP and HP) stimuli. Negative values are indicative of “nonpain-like,” whereas positive values 
represents “pain-like” responses.
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15 and 60 min after morphine treatment (3 mg/kg) compared to 
baseline (15 min, P = 0.0006; 60 min, P = 0.0078). We then assessed 
the impact of morphine using our novel pain scale with 10-, 100-, 
and 300-g VFHs to represent forces most commonly considered as 
painful within the literature. Stimulation with the 10-g VFH and the 
100-g VFH elicited nonpain-like PCA scores at baseline, and mor-
phine treatment had no impact on their PCA-generated pain score 
[10-g VFH: F(1.985,18.86) = 0.2979, P = 0.7442; 100-g VFH: 
F(1.721,24.09) = 0.3466, P = 0.0538; Fig. 3D]. The morphine treat-
ment (3 mg/kg) did produce a statistically significant effect with 
300-g VFH force [F(1.688,19.41) = 3.931, P = 0.0429], although 300 g 
mapped in the negative “nonpain” domain. Post hoc Sidak tests 
revealed that the PCA scores in response to 300-g VFH decreased 
15 min after morphine treatment compared to baseline (P = 0.0297). 
However, there were no differences in PCA scores comparing 60-min 
postmorphine injection compared to baseline (P = 0.2566). Using 

HP as a known painful stimulus, we observed that the initial hind 
paw stimulation generated a positive PCA score, consistent with a 
pain-like withdrawal reflex. Treatment with morphine had a signif-
icant analgesic response at 15 and 60  min after the injection 
[F(1.568,22.73) = 20.33, P < 0.001; post hoc Sidak tests: 15 min: 
P = 0.0027; 60 min: P < 0.0001 compared to baseline]. Both of 
these methods would suggest morphine’s potent antinociceptive 
effects, consistent with the well-characterized changes in response 
to VFH stimulations after morphine treatment (27–30).

Offspring of morphine-exposed sires show increased 
sensitivity to morphine-induced antinociception
With a new mechanical nociception measurement platform created, 
we next sought to address the question of whether chronic paternal 
morphine treatment altered morphine-induced analgesia in offspring. 

0.0
08

 g
10

 g
10

0 g
30

0 g

-2

0

2

4

Stimuli

P
C

A
-g

en
er

at
ed

p
ai

n
sc

o
re

of von Frey hair filaments

M
ac

h
in

e 
le

ar
n

in
g
-

g
en

er
at

ed
p

ai
n

-l
ik

e 
p

ro
b

ab
ili

ti
es

1.0

0.8

0.6

0.4

0.2

0
0.008 g 10 g 100 g

A

D

Stimuli
300 g

Testing pain-like probability 

CS DB 0.008 g 10 g 100 g 300 g LP HP
0.0

0.2

0.4

0.6

0.8

1.0

Stimuli

%
R

at
s

p
aw

 li
ft

b
ef

o
re

h
ea

d
tu

rn

Stimulus intensity heatmap

E

B

Long-Evans Long-Evans

0.0
08

 g
10

 g
10

0 g
30

0 g

-2

0

2

4

Stimuli
0.0

08
 g

10
 g

10
0 g

30
0 g

-2

0

2

4

Stimuli
0.0

08
 g

10
 g

10
0 g

30
0 g

-2

0

2

4

Stimuli

Sprague Sprague

C

Fig. 2. Subsecond temporal mapping of rat behavioral profile in response to 
VFH filaments. (A) Schematic and (B) pain scale workflow: (1) PC1 scores obtained 
using the previous baseline (CS, DB, LP, and HP) PCA transformation, (2) predict on 
VF trials using the support vector machine (SVM) trained on CS and HP baseline 
trials, and (3) generate probability pain-like on a trial-by-trial basis for the new data. 
(C) PCA-generated pain scores representing linear transformation of affective and 
reflexive behavioral features. Negative values are indicative of nonpain-like, whereas 
positive values are pain-like. (D) Machine learning predictions made in Long-Evans 
and Sprague-Dawley female and male rats of pain-like probabilities of the same 
VFH filaments. Color key: green, Long-Evans females; magenta, Long-Evans males; 
black, Sprague-Dawley females; blue, Sprague-Dawley males. (E) Stimulus intensity 
heatmap showing the percentage (y axis) of rats that lifted their hind paw before 
turning to look at stimuli of increasing intensity. N = 10 rats of each strain and 
sex per stimulus.

Baseline (b) 0 15 min 60 min

Morphine injection
(s.c. 3 mg/kg)

Test 2 Test 3Test 1

Testing morphine analgesia

Traditional scoring Traditional scoring

Baseline 15 min 60 min
0

100

200

300

Time

T
h

re
sh

o
ld

 (g
)

Baseline 15 min 60 min
0

25

50

75

100

Time

%
R

es
p

o
n

se
s

to
10

-g
 V

F
H

A

B C

D

-3

-2

-1

0

1

2

3

P
C

A
-g

en
er

at
ed

p
ai

n
sc

o
re

Cotton
swab

b 15  60min:

Stimulus: VFH
100 g

VFH
10 g

VFH
300 g

b 15  60 b 15  60 b 15  60
Heavy
pinprick

b 15  60

* * *

P
ain

 d
o

m
ain

To
u

ch
 d

o
m

ain
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morphine-induced analgesia over time in male rats. (A) Schematic and experi-
mental timeline: Long-Evans male rats received baseline (“b”) hind paw mechanical 
stimulations with VFHs or somatosensory stimuli. Rats then received a subcutane-
ous injection of morphine (3 mg/kg) and were returned to their home cage. At 15- 
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line. (B) Traditional VFH thresholds after morphine treatment (3 mg/kg). (C) Proportion 
of withdrawal responses at 10-g VFH following morphine treatment. (D) Novel 
rat pain scale PCA-generated pain scores. *P < 0.05; **P < 0.01 compared to base-
line measurements.
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Sires self-administered morphine for 60 days, while controls were 
exposed to the same environment (operant boxes, cues, and levers) 
but received only saline. Sires were then bred to drug-naïve dams to 
produce first-generation (F1) offspring. Sires continued to self-
administer morphine during the 5-day mating period to avoid 
withdrawal-related stress as a confounding factor (Fig. 4A). There 
was an overall difference between saline and morphine consump-
tion, with morphine-treated sires earning more infusions than 
saline controls [effect of treatment: F(1,455) = 37.82, P < 0.0001; 
effect of days: F(64,455)  =  0.9796, P  =  0.5244; interaction: 
F(64,455)  =  0.6732, P  =  0.9740; Fig.  4B]. Pups derived from 
saline-treated or morphine-treated sires were weaned at 21 days of 
age and group-housed with same sex littermates until behavioral 
assessments as adults (60 + days of age). Baseline assessments using 
mechanical stimuli revealed no difference in pain-like responses in 
male morphine-sired animals compared to saline-sired controls 
(saline-sired males versus morphine-sired males: CS: P = 0.0748; 
DB: P = 0.4929; 10-g VFH: P = 0.3095; 100-g VFH: P = 0.5480; 
300-g VFH: P = 0.7157; LP: P = 0.5145; HP: P = 0.0862; Fig. 4, C to E, 
and table S3).

Baseline PC scores were assessed before injection of morphine 
(1 mg/kg) subcutaneously and at the following 15- and 60-min time 
points (Fig. 4B). We used this low dose of morphine that lies at the 
threshold of antinociceptive properties to detect any potential in-
crease in sensitivity based on prior work involving prenatal opioid 
exposure. Using traditional methods, we found that the threshold 
for pain changed in both saline- and morphine-sired progeny after 
morphine treatment [Sire: F(1,10) = 0.61, P = 0.4529; time: F(2,20) = 
4.934, P = 0.0181; interaction: F(2,20) = 0.4936, P = 0.6177; Fig. 4F]. 
Post hoc analyses revealed that neither saline-sired rats (P = 0.4749 
and P = 0.8691) nor morphine-sired rats (P = 0.4420 and P = 0.2103) 
showed an increase in the VFH threshold 15 or 60 min after 
morphine injection compared to baseline. These results suggest 
that paternal morphine exposure did not alter the sensitivity to 
morphine-derived antinociception. We then used a similar design 
combined with the pain scale. Following this baseline recording, 
rats received a subcutaneous injection of low-dose morphine (1 mg/
kg) and were returned to their home cage. Rats were tested again 
with the same stimulus 15 and 60 min after the morphine injection. 
Behavioral responses were recorded using high-speed videography 
at all time points. We used the composite nocifensive scores, speed, 
and height to generate PCA pain scores (table S4). One-way ANOVA 
revealed that the nature of stimuli influenced the pain score regard-
less of siring [F(17,150) = 6.623, P < 0.0001], with pinpricks regis-
tering higher scores than innocuous stimuli. Morphine had no impact 
on the PCA-generated pain score in response to CS stimulation 
[time: F(1,26 = 1.34, P = 0.2795; sire: F(1,18) = 0.4932, P = 0.4915; 
interaction: F(2,21) = 0.4057, P = 0.9603] for saline-sired (15 min: 
P = 0.8220; 60 min P = 0.8353 compared to baseline; Fig. 4G) or 
morphine-sired male progeny (15 min: P = 0.5365; 60 min: P = 
0.9899 compared to baseline). For saline-sired offspring, this low 
dose of morphine did not significantly reduce the PCA-generated 
pain score in response to HP [time: F(1,28 = 5.149, P = 0.0139; sire: 
F(1,15) = 0.6263, P = 0.4410; interaction: F(2,30) = 1.272, P = 0.2949; 
post hoc Sidak tests: 15 min: P = 0.2909; 60 min: P = 0.9671 com-
pared to baseline]. In sharp contrast, morphine-sired male progeny 
displayed an antinociceptive response to morphine (1 mg/kg) after 
stimulation with HP (15 min: P = 0.0370; 60 min: P = 0.1039 com-
pared to baseline). In particular, the antinociceptive response to 

low-dose morphine in morphine-sired rats was driven by a decrease 
in the more affective nocifensive responses and not the reflexive 
speed and height measurements (fig. S5). Together, our pain scale 
demonstrates that offspring of morphine-exposed sires are more 
sensitive to the antinociceptive properties of morphine—a finding 
that would have been missed with a traditional scoring method.

Paternal morphine exposure produces region-specific 
changes in gene expression in the NAc, VTA, and PAG
We next examined the potential mechanisms underlying changes in 
antinociception in male morphine-sired progeny. RNA sequencing 
was performed on brain regions known to contribute to pain pro-
cessing and antinociception: the NAc, VTA, and PAG. The results 
regarding the NAc and VTA will be reported elsewhere, and we 
compared these findings to the transcriptome of the PAG. We 
found a total of 175 genes (x = 105 down-regulated, 70 up-regulated) 
differentially expressed in the PAG as a result of paternal mor-
phine exposure (Fig. 5A and table S5). Intriguingly, several genes 
coding for members of the regulator of G protein signaling (RGS) 
family of proteins, which have a well-established role in modulating 
opioid signaling, were affected by morphine siring, with Rgs4, 
Rgs14, and Rgs16 down-regulated and Rgs8 up-regulated in the 
PAG of morphine-sired offspring. A history of morphine exposure 
in the paternal lineage produced distinct transcriptomic alterations 
in NAc, VTA, and PAG (Fig.  5,  B  and  C), and the expression of 
genes that were affected in the PAG was largely unaffected in the 
NAc and VTA of morphine-sired male progeny (Fig. 5D). Enrich-
ment analyses revealed several pathways were affected by paternal 
morphine exposure including glutamatergic signaling, known to 
modulate pain in the PAG, and G a I signaling events. Intriguingly, 
the enrichment of these pathways was largely driven by RGS-related 
genes (table S6). Overall, these findings provide potential mecha-
nisms by which changes in morphine-derived antinociception is 
increased in morphine-sired male progeny.

DISCUSSION
We developed a rat pain scale by recording subsecond behavioral 
responses to mechanical stimuli and mapping this multidimension-
al behavioral dataset into a single dimension with PCA and ma-
chine learning. We validated this pain scale across several stimuli in 
both sexes of two outbred rat strains. Unexpectedly, this pain scale 
identified that the sensation evoked by VFH filaments was largely in 
the touch and not the painful domain. Last, we used this pain scale 
to assess the antinociceptive properties of morphine in a multigen-
erational model of paternal morphine exposure and demonstrated 
that the offspring produced by morphine-treated sires are hyper-
sensitive to the antinociceptive effects of morphine.

VFHs do not evoke pain in rats under baseline conditions
VFHs are the most common stimulus used in all of pain research, 
both in rodents and in the clinic (31). Although the traditional read-
outs from the application of VFHs in rodents (threshold or response 
frequency) are based simply off detecting a mechanical stimulus, 
the delivery of VFHs has become synonymous with induction of 
pain. When we constructed a mouse pain scale using an analogous 
approach to the work presented here, we noticed that the higher 
forces of VFHs (relative to mouse size), evoked clear pain-like with-
drawals (22). However, we find that VFHs as high as 300 g did not 
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evoke pain-like withdrawals in rats. These results demonstrate that 
caution must be taken when interpreting sensation based simply on 
the presence of a withdrawal reflex. Rather, the quality of this with-
drawal reflex might provide a closer approximation of the animals 
underlying pain state. Notably, even in humans, maximum-force 
VFHs do not always induce pain-like sensations, depending on the 
region of the body stimulated (32). Therefore, it is possible that sen-
sory perceptions to stimuli may not be shared across all species, and 
thus, translating behavioral methodology from one species to an-
other should be treated with caution. Furthermore, when using 
VFHs to study the neurobiology of sensory systems, one must con-
sider the baseline sensation in a given animal model. Our rat pain 
scale provides the sensitivity to accomplish this with VFHs, reveal-
ing that rat studies relying on VFHs as the primary end point are 
likely exploring mechanical allodynia and not mechanical hyper-
algesia. It is possible that these touch-like paw withdrawals are due 
to the diameter of the VFH tip, which is blunted, and thus a sharp-
tipped VFH may be more appropriate for measuring hyperalgesia 
with a range of forces. It will be interesting in future directions 
to determine whether the behavioral responses to VFHs in rats 
do become more pain-like after induction of various chronic 
pain models.

Assessment of morphine’s well-reported antinociceptive effects 
with VFHs also yielded unexpected results. Although morphine 
clearly decreased the VFH paw withdrawal threshold and frequen-
cy, our pain scale found no changes following morphine treatment. 
Given our finding that VFHs likely do not evoke pain sensation and 
that morphine has no effect on touch sensation, we conclude that 
previous studies using VFHs in morphine treatment paradigms at 

these doses may actually be measuring the reported slight sedative 
effect on motor responses without perturbing pain-like behaviors 
(33–36). Further supporting this interpretation is that our pain 
scale does indeed confirm morphine’s antinociceptive effects to 
pinprick stimuli.

Paternal morphine exposure has long-lasting consequences 
for morphine-derived antinociception in male progeny
Prenatal opioid exposure has profound consequences for cognition, 
reward sensitivity, and pain thresholds in the next generation (37). 
Relatively few multigenerational opioid exposure studies have 
focused on pain sensitivity in the next generation. Oral morphine 
administration in sires produced male offspring with increased sen-
sitivity to morphine (7 mg/kg) on a hot-plate latency pain test (38). 
Male progeny derived from sires treated with a high dose of mor-
phine (25 mg/kg) acutely had increased sensitivity to the anti
nociceptive effect of opioids at higher doses (10 and 12 mg/kg of 
morphine). In sharp contrast, female offspring produced by sires 
treated with morphine showed similar levels of morphine-derived 
analgesia (14). Chronic morphine exposure of both dams and sires 
also increased the analgesic properties of a low dose (1.5 mg/kg) of 
morphine in male progeny in a formalin-based pain assay (13). 
When paternal morphine exposure occurred during adolescence, 
the impact on nociception in male progeny was more subtle, mildly 
affecting baseline pain responses (39). Overall, it is clear that the 
nature and duration of parental or paternal morphine exposure is 
critical in determining the outcomes for the next generation.

The current experiments relied on a highly translational model 
of opioid exposure using intravenous drug self-administration and an 
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extended regimen that covers the sensitive period of spermatogenesis, 
which had never been done before. This approach offers a number 
of advantages, including the ability of sires to titrate the dose of 
morphine over this long duration and accounts for any develop-
ment of tolerance over the course of the experiment. By narrowing 
our focus to the paternal lineage, we laid the groundwork for fur-
ther investigation into the mechanisms underlying the transmission 
of the paternal morphine exposure. We have previously shown that 
maternal behavior is not affected in dams bred to morphine-treated 
sires, which is a potential caveat in many of the aforementioned 
studies. Our unique approach combining the novel pain scale with 
a self-administration–based exposure protocol is an important first 
step in delineating whether and to what extent these observations 
may extend to human and clinical populations. Both the paternal 
exposure and the doses of morphine used to assess pain in progeny 
represent a substantial advance over previous research. These regi-
mens are akin to doses used for pain management in patients. 
Moreover, the lower doses of morphine used in the current studies 
in the exposure model are not confounded by the potentially 
sedating effects associated with opioid treatments at higher doses 
(33–36). By traditional methods to measure pain, the differences 
in antinociception were missed in this multigenerational paradigm. 
Hence, the novel pain scale in this study was more sensitive to the 
effects of chronic paternal morphine exposure on morphine-derived 
antinociception in F1 progeny. This underscores the robustness of 
this new rapid approach to measuring mechanical nociception.

To better understand the potential mechanisms underlying in-
creased morphine-derived antinociception in progeny of morphine-
exposed sires, we measured changes in gene expression in the PAG 
region, which has long been known to modulate opioid-related anal-
gesia (40–43). The PAG had a unique transcriptional signature fol-
lowing paternal morphine exposure when compared to the NAc 
and the VTAs. Of particular interest, decreased expression of several 
RGS proteins could partly account for the phenotype reported here. 
Intracellular RGS proteins act as negative regulators of m-opioid receptor 
signaling by acting as guanosine triphosphatase–accelerating proteins 
to turn off signaling of the G a and bγ subunits of heterotrimeric 
G proteins (44, 45). Consistent with this possibility, genetic manipula-
tions of the R4 family of RGS proteins resulted in enhanced antino-
ciception driven by enhanced opioid signaling in the PAG (46, 47). 
The expression of two members of the R4 RGS family was suppressed 
in the PAG of morphine-sired male progeny (RGS4 and RGS16), 
while one was overexpressed (RGS8). RGS14, which belongs to the 
R12 subfamily of RGS proteins was also down-regulated by a history of 
paternal morphine exposure. These findings have laid the groundwork 
to better understand neurotranscriptomic changes elicited by parental 
morphine exposure. Overall, these findings have potentially profound 
implications for pain management of patients raised by parents 
with a history of opioid exposure.

MATERIALS AND METHODS
Animals
Sires and dams (F0 generation) were Sprague-Dawley and Long-Evans 
rats weighing 250 to 300 g obtained from (Taconic Biosciences, 
Hudson, NY, USA). Sires were housed individually except for 1 week 
of pair housing during the mating period. Food and water were 
available ad libitum, and rats were kept on a 12-hour–12-hour light-
dark cycle. Experiments were performed during the light phase. All 

animal care and experiments were approved by the Institutional 
Animal Care and Use Committee of the University of Pennsylvania, 
Columbia University, and Temple University and conducted fol-
lowing the National Institutes of Health guidelines. For establishing 
the rat pain scale, 20 Sprague-Dawley (10 males and 10 females) and 
20 Long-Evans (10 males and 10 females) were used. For multigen-
erational studies 18 Sprague-Dawley rats (9 males and 9 females) 
were used to produce a total of 112 F1 pups (males: 28 saline-sired, 
32 morphine-sired; females: 22 saline-sired, 30 morphine-sired). 
Animals were randomly assigned to groups, with two to four rats 
from a single litter used in the studies as to avoid overrepresentation 
of any given litter. Whenever possible both males and females were 
tested, and analyses were conducted separately for each sex. For 
some of the studies, including the multigenerational drug exposure 
experiments, only male progeny was included in this report. Data 
are never collapsed across sex.

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

Multigenerational morphine exposure model
F1 male and female progeny were produced by breeding sires that 
self-administered morphine (0.75 mg/kg per infusion; controls received 
saline) for 60 days to drug-naïve females as previously described (12). 
Sires continued to self-administer morphine during the 5-day breed-
ing period, which began on day 61 of morphine self-administration 
(see the Supplementary Materials for additional details).

High-speed videography of stimulus-evoked 
hind paw withdrawal
Rats were acclimated to a rectangular plexiglass chamber, and stim-
uli were applied to either the left or right hind paw while recording at 
2000 frames per second with a high-speed camera (Photron FastCAM 
Mini AX 50 170 K-M-32GB - Monochrome 170 K with 32GB memory) 
and attached lens (Zeiss 2/100 M ZF.2-mount). The apparatus was 
positioned such that the left paw was more likely to be stimulated, 
but some trials include stimulation of the right paw because of the 
position the animal was resting. Pilot data demonstrated no differ-
ence in responses between left versus right paws. Paw height/speed 
and nocifensive behavioral measures were scored offline. Experi-
menters were blind to treatment group in the context of morphine-
sired versus saline-sired animals.

Machine learning and statistical analysis
We classified paw withdrawal reflexes into “pain” and nonpain cat-
egories along a single dimension using a PCA of three measure-
ments obtained from the high-speed imaging data: paw speed, paw 
height, and composite noficensive score. We could then combine 
normalized z scores for each syllable into a single one-dimensional 
principal component for every stimulus trial. A classification pipe-
line consisted of the following steps: (i) the first principal compo-
nent score (PC1) for each trial was derived from z scores of all data; 
(ii) the principal component 1 scores for training data were used to 
train a support vector machine (SVM) with radial basis function 
kernels (kernel coefficient gamma = 1, penalty parameter C = 1); 
and (iii) for a given trial, the SVM predicts the probability of that 
the response was pain-like based on that trial’s PC1 score. The data 
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used to generate the PC1 scores and train the SVM for each figure 
can be seen in table S1.

RNA sequencing
Brain regions were microdissected and flash-frozen. RNA was ex-
tracted and libraries were prepared for sequencing as previously 
described (48), while sequencing reads were aligned and analyzed as 
previously described (48, 49).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk2425

View/request a protocol for this paper from Bio-protocol.
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