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Cocaine-Induced Changes in Sperm Cdknla Methylation
Are Associated with Cocaine Resistance in Male Offspring

Sarah E. Swinford-Jackson,"? Bruno Fant,”> Mathieu E. Wimmer,?>*> Donovan Chan,* ““Melissa C. Knouse,>?
Mateo Sarmiento,> Arthur S. Thomas,? Phillip J. Huffman,? Sharvari Mankame,' Samantha J. Worobey,' and
R. Christopher Pierce!~

"Brain Health Institute and Department of Psychiatry, Rutgers University, RWJMS Piscataway, New Jersey 08854, “Center for Neurobiology and
Behavior, Perelman School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania 19104, *Department of Psychology, Neuroscience
Program Temple University, Philadelphia, Pennsylvania 19122, and “Research Institute of the McGill University Health Centre, Montreal, Quebec
H4A 3J]1, Canada

Paternal environmental perturbations can influence the physiology and behavior of offspring. For example, our previous work showed
reduced cocaine reinforcement in male, but not female, progeny of rat sires that self-administered cocaine. The information transfer
from sire to progeny may occur through epigenetic marks in sperm, encompassing alterations in small noncoding RNAs, including
microRNAs (miRNAs) and/or DNA methylation. Here, no reliable changes in miRNAs in the sperm of cocaine- relative to saline-expe-
rienced sires were identified. In contrast, 272 differentially methylated regions were observed in sperm between these groups. Two
hypomethylated promoter regions in the sperm of cocaine-experienced rats were upstream of cyclin-dependent kinase inhibitor la
(Cdknla). Cdknla mRNA also was selectively increased in the NAc of cocaine-sired male (but not female) offspring. Cocaine self-
administration also enhanced Cdknla expression in the accumbens of cocaine-sired rats. These results suggest that changes in Cdknla
may play a role in the reduced cocaine reinforcing efficacy observed in cocaine-sired male rats. Introducing a 90 d delay between sire
self-administration and breeding reversed both cocaine resistance and the increase in accumbens Cdknla mRNA in male offspring,
indicating that cocaine-induced epigenetic modifications are eliminated with sperm turnover. Collectively, our results indicate that co-
caine self-administration produces hypomethylation of Cdknla in sperm and a selective increase in the expression of this gene in the
NAc of male offspring, which is associated with blunted cocaine reinforcement.
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The relatively new field of transgenerational epigenetics explores the effects of environmental perturbations on offspring behavior
and physiology. Our prior work in rats indicated that male, but not female, progeny of sires that self-administered cocaine displayed
reduced cocaine reinforcement. The information transfer from sire to progeny may occur through heritable epigenetic marks in
sperm, including DNA methylation. The present findings revealed two hypomethylated promoter regions upstream of the Cdknla
gene in sire sperm. Remarkably, Cdknla expression was selectively decreased in offspring NAc, a brain region that regulates cocaine
reinforcement.
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the behavioral and metabolic changes in offspring (Gapp et al,,
2014; Rodgers et al.,, 2015). In terms of drugs of abuse, several
studies have assessed the effects of rodent sire cocaine exposure
on various offspring behaviors. Examining addiction-related
behaviors in cocaine-sired offspring generally revealed reduc-
tions in cocaine self-administration (Vassoler et al., 2013; Le et
al., 2017), cocaine preference (Yaw et al., 2019), and conditioned
place preference (Fischer et al., 2017). Interestingly, in studies
where sires voluntarily self-administered cocaine (Vassoler et al.,
2013; Le et al, 2017) or consumed oral cocaine (Yaw et al,
2019), the effects were specific to male offspring. It also has been
shown that paternal cocaine self-administration resulted in spa-
tial object learning deficits (Wimmer et al., 2017) and inhibited
cocaine-evoked locomotor sensitization (Wimmer et al., 2019)
selectively in male offspring. The effects of paternal cocaine on
other behaviors produced equivocal results with reports of
increases (White et al., 2016; Fischer et al., 2017) or no effect
(Killinger et al., 2012; Le et al., 2017) on anxiety-like behavior in
offspring. Likewise, some but not all studies have indicated cog-
nitive deficits in progeny of cocaine-exposed sires (He et al,
2006; Killinger et al., 2012; Fischer et al., 2017; Wimmer et al,,
2017). There are a number of experimental discrepancies (spe-
cies, mode of drug administration, etc.) that may explain the lack
of agreement among studies in some cases. Overall, however,
this emerging literature has identified several reliable examples
of cross-generational effects of paternal cocaine exposure.

In experiments of this sort, the sires are removed immediately
after breeding and therefore have no impact on offspring during
gestation or rearing. Previous work indicated that dam exposure
to a cocaine-experienced sire also had no influence on maternal
behaviors (Vassoler et al, 2013). Therefore, the mechanism
whereby information is inherited in as little as one generation is
almost certainly reprogramming of germline epigenetic marks,
such as DNA methylation and histone post-translational modifi-
cations as well as changes in miRNA or small RNA expression.
The vast majority of DNA methyl marks are erased following fer-
tilization, and nearly all histones and their associated post-trans-
lational modifications are replaced in sperm by protamines,
which facilitate even greater chromatin compaction. Moreover,
following fertilization, paternal protamines are replaced by histo-
nes of maternal origin (Puri et al., 2010). However, some parental
DNA methylation is conserved in the germline (Hackett et al.,
2013), and a small but significant proportion of paternal histones
and their epigenetic marks are retained following fertilization
(Hammoud et al., 2009; Brunner et al., 2014; Carone et al., 2014),
both of which can produce profound effects on development.
Paternal cocaine self-administration produced changes in sperm
DNA methylation (Le et al.,, 2017) as well as the acetylation of
sperm histone 3 (H3) associated with Bdnf (Vassoler et al., 2013).
Paternal cocaine self-administration also increased BDNF
expression in the mPFC (Vassoler et al., 2013; Le et al., 2017) of
male offspring and blocking BDNF signaling in this nucleus
reversed the cocaine resistance phenotype (Vassoler et al., 2013).
These findings, together, are consistent with conserved paternal
germline epigenetic marks representing the primary mechanism
for rapid cocaine-induced cross-generational inheritance.

Mature sperm cells are epigenetically and transcriptionally
inert, suggesting that potential reprogramming of epigenetic
marks must occur during spermatogenesis, which occurs over 6-
8weeks in rodents (Bale, 2015). In contrast, paternal small
RNAs, including miRNAs and tsRNAs, can interact with mature
sperm in the epididymis, resulting in developmental impacts
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following fertilization (Rodgers and Bale, 2015; Rodgers et al,,
2015; Chen et al., 2016; Sharma et al., 2016; Conine et al., 2018,
2019; Sharma et al., 2018; Chan et al,, 2020; Trigg et al., 2021;
Wang et al,, 2021; Zhang et al.,, 2021). For example, paternal
ethanol exposure altered levels of several noncoding RNAs simi-
larly in both sperm and epididymosomes (Finegersh et al., 2015;
Rompala et al., 2018), results that are consistent with transfer of
miRNAs via exosomes as sperm travels through the epididymis.
The current work focused on the effects of paternal cocaine on
DNA methylation and miRNA abundance in sperm, the poten-
tial persistence of these germline effects as well as potential func-
tional effects of these germline epigenetic modifications on
offspring behavior. Results indicated that two hypomethylated
promoter regions in the sperm of cocaine-experienced rats were
upstream of the cyclin-dependent kinase inhibitor la (Cdknla)
gene, a prominent regulator of cell cycle progression (Liu and
Lozano, 2005; Dutto et al., 2015). Cdknla also is expressed in
adult brain neurons (Renthal et al., 2009; Scholpa et al., 2016;
Riessland et al., 2019), and its mRNA was shown to be selectively
increased in the NAc of cocaine-sired male offspring, suggesting
that Cdknla (which encodes for the p21 protein) may play a pre-
viously unappreciated role in NAc behavioral plasticity associ-
ated with cocaine exposure.

Materials and Methods

Animals and housing. Sires and dams (F0O generation) or naive rats
were Sprague Dawley rats weighing 250-300 g obtained from Taconic
Laboratories. Sires were housed individually, except for 1 week of pair
housing during the mating period. Food and water were available ad libi-
tum for all experiments. Rats were kept on a 12 h-12 h light-dark cycle
with experiments performed during the light phase. All animal care and
experiments were approved by the Institutional Animal Care and Use
Committee and conducted in accordance with the National Institute of
Health guidelines.

Surgery. Rats were anesthetized using a ketamine/xylazine cocktail
(80 and 12mg/kg, respectively). Silastic catheters were implanted into
the right jugular vein, sutured in place, and mounted on the shoulder
blade using a mesh backmount. Catheters (SAI) were flushed daily with
an antibiotic (Timentin, 0.93 mg/ml) dissolved in heparinized saline and
sealed using plastic obturators when not in use. For virally mediated
gene delivery experiments, immediately following the implantation of
indwelling catheters, the rats were mounted in a stereotaxic apparatus
(Kopf Instruments) and 1 pl of pLenti-C-mGFP (TR30021V; Origene),
pLenti-Cdknla shRNA-mGFP (TL712469V; Origene), pLenti-C-mGFP
(PS100071; Origene), or pLenti-Cdknla ORF-mGFP (RR209648L2V;
Origene) was infused bilaterally over 5 min into the NAc shell according
to the following coordinates, relative to bregma (Paxinos and Watson,
1997): 1.0 mm AP, =1.0 mm ML, —7.0 mm DV. Rats recovered for at
least 7 d.

Drugs. Cocaine and cocaine methiodide, both gifts from the U.S.
National Institute on Drug Abuse, were dissolved in bacteriostatic saline.

Self-administration. Sire and offspring self-administration experi-
ments were performed as previously described (Vassoler et al., 2013).
Self-administration was conducted in Med Associates operant chambers
comprised of two response levers (active and inactive), house light, and
injection pumps. The self-administration equipment was enclosed in
ventilated, sound-attenuating chambers. Cocaine sires were placed in the
operant chambers and allowed to lever press for cocaine infusions
(0.25mg cocaine per 56 ul saline per infusion over 5 s) on a fixed ratio 1
(FR1) schedule. Saline sires were yoked to cocaine sires and received an
infusion of saline for each cocaine infusion earned by a conspecific.
Yoked-cocaine sires received a passive infusion of cocaine each time an
infusion was earned by a designated cocaine self-administering sire.
Yoked-cocaine methiodide sires received a passive infusion of cocaine
methiodide (0.33 mg/infusion; equimolar dose of cocaine) each time an
infusion was earned by a designated cocaine self-administering sire.
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Each infusion was followed by a 20 s timeout period. Sires were limited
to a maximum of 75 infusions for each daily 2 h self-administration ses-
sion for 60 d.

F1 offspring rats were trained to self-administer cocaine (1.0 mg/kg/
inf) as described, except that there were 10 daily self-administration ses-
sions. A separate group of F1 offspring were trained to self-administer
sucrose under identical parameters, except that responding on the active
lever on an FR1 schedule resulted in delivery of a sucrose pellet (45 mg/
pellet) in 10 daily 1-2 h sessions. For experiments with cocaine methio-
dide-sired rats, following 10d of cocaine self-administration, rats were
switched to an FR5 schedule for 2 d and then to a progressive ratio (PR)
schedule for 1 training day and 1 test day. Under the PR schedule, the
response requirement for subsequent drug delivery increased until
the session was terminated 30 min after the last completed schedule. The
response requirement for the “ith” reinforcement was R(1) = [5e°2.5]
(Richardson and Roberts, 1996). The breakpoint was operationally
defined as the total number of responses for the last completed schedule.
Upon completion of behavioral experiments, catheter patency of cocaine
self-administering rats was confirmed by intravenous infusion of keta-
mine (0.1 ml).

Virally infused rats were given 2.5-3.5weeks after surgery to
ensure knockdown or overexpression of Cdknla and expression of
GFP control before initiation of cocaine (1.0 mg/kg/inf) self-
administration as described above. Rats responded for cocaine on
an FR1 schedule for 10 d. The following day, rats were switched to
an FR5 schedule for 2 d and then to a PR schedule for 2 d. Under
the PR schedule, the response requirement for subsequent drug
delivery increased until the session was terminated 30 min after
the last completed schedule. The response requirement for the
“ith” reinforcement was R(1) = [5e°%"-5] (Richardson and Roberts,
1996). The breakpoint was operationally defined as the total num-
ber of responses for the last completed schedule. Upon completion
of behavioral experiments, catheter patency was confirmed by in-
travenous infusion of ketamine (0.1 ml). Twenty-four hours after
the last self-administration session, rats were killed, viral place-
ment was visualized using NIGHTSEA DFP Dual Fluorescent
Protein Excitation Flashlight with NIGHTSEA Barrier Filter
Glasses (Electron Microscopy Services), and the fluorescent region
of the NAc was harvested.

Breeding. Sires were pair-housed with drug-naive females 24 h after
the last session. Animals remained co-housed until vaginal plugs were
found or for a maximum of 7d, then sires were killed and sperm was
harvested. The resulting F1 offspring were weaned at 21 d and remained
group-housed (2 or 3 per cage) until the onset of experiments (beginning
at ~60d).

Delayed mating experiments were identical, except that sires were
returned to individual housing and again paired for up to 7d with
unique drug-naive females at 45 and 90d following cessation of self-
administration. Blank mating at 45d was intended to eliminate remain-
ing cocaine-exposed sperm; females were killed and no litters were
generated. At 90d after cocaine self-administration, sires were mated
with new drug-naive females. F1 offspring were weaned as above. Only 1
or 2 males/litter/experiment were used, so no litter was overrepresented.

Reduced representation bisulfite sequencing (RRBS). RRBS libraries
were generated using previously published protocols and the gel-free
technique (Gu et al., 2011; Boyle et al., 2012). Briefly, 500 ng of sperm
DNA was digested using the methylation-sensitive restriction enzyme,
Mspl, followed by end repair and A-tailing. Small fragments of DNA
were then removed using AMPure XP beads (Beckman Coulter). After
ligation to methylated adapters (Illumina), DNA samples underwent
two rounds of bisulfite conversion followed by bead clean-up. RRBS
libraries were prepared by large-scale PCR and assessed for quality
before sequencing. Sperm DNA libraries (n =6 for each condition) were
then multiplexed for paired end balanced sequencing in two lane of a
HiSeq 2000 Sequencer (Illumina) followed by initial data processing and
alignment of reads by the software pipeline bsmap version 2.6 (Xi and
Li, 2009). MethylKit software (version 0.5.3) was used for determination
of differentially methylated regions (DMRs) between cocaine-exposed
and saline-exposed sperm. This software implements the Benjamini-
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Hochberg false discovery rate-based method for p-value correction, and
only DMRs passing the g-value threshold (q=0.01) were considered.
Analysis was based on 100 bp stepwise tiling windows, >2 CpG per tile
as well as >10 x CpG coverage of each tile per sample. The methylation
level of a 100 bp tile was the average of all CpGs within the tile. If signifi-
cant changes of DNA methylation between cocaine- and saline-exposed
sperm exceeded 20%, the tile was designated as a DMR; further annota-
tion of DMRs was performed by the HOMER software version 3.51. All
data and protocols will be made available in a freely accessible public
repository.

Small RNA sequencing. For each sperm sample (n = 6/group, co-
caine- and saline-exposed), small RNAs were extracted using the
mirVana miRNA Isolation Kit (Thermo Fisher Scientific) according to
the manufacturer’s instructions. RNA quality was assessed on a
BioAnalyzer 2100 (Agilent), and sequencing libraries were prepared
with 10-50 ng of RNA as template using the TruSeq Small RNA Library
Prep Kit (Illumina) according to the manufacturer’s instructions.
Libraries were size-selected using electrophoresis to enrich for mature
miRNAs. Libraries were sequenced on a NextSeq500. Raw .fastq
sequencing files were then quality-filtered, trimmed, and aligned on an
index of all mature rat miRNA sequences obtained from miRBase
(http://mirbase.org) using the STAR aligner (https://github.com/
alexdobin/STAR) (Dobin et al., 2013). Principal component analysis was
performed in R. Differential expression analysis was performed using
the DESeq2 package (Love et al., 2014).

qRT-PCR. We extracted total RNA using the RNeasy kit (QIAGEN)
according to the manufacturer’s instructions. RNA concentration and pu-
rity were quantified by NanoDrop spectrophotometry (Thermo Fisher
Scientific). Generation of cDNA was performed using the SuperScriptIII
Reverse Transcriptase kit (Thermo Fisher Scientific) with 50 ng of RNA as
template. For miRNA qPCRs, cDNA content was first preamplified using
the TagMan PreAmp Master Mix (Thermo Fisher Scientific). Reactions
were prepared in 96-well optical reaction plates (ABI) with optical adhesive
covers (ABI) using Tagman Fast Universal PCR Master Mix (Invitrogen).
Reactions were conducted in the Step One Plus with an initial incu-
bation at 95°C for 10 min, and 40 subsequent cycles of 95°C for
15 s, 60°C for 30 s. The Tagman Assay IDs for the probes used in
these experiments are as follows: Cdknla, Rn00589996_m1; SGCE,
Rn01456231_m1; 18S RNA, 4333760F; GAPDH, Rn01775763_gl;
rno-miR-1b, 002222; rno-miR-1-3p, 002064; rno-miR-206-3p,
000510; rno-miR-362-3p, 002616; and rno-miR-101b-3p, 002531.
ACt values were corrected using housekeeping gene expression lev-
els for each sample, and fold change was calculated as 2(-AACH,
Presented is the mean of three technical replicates per biological
replicates with n = rats/group.

Statistical analyses. Data were analyzed in GraphPad Prism 7, and
p < 0.05 was the criteria for significance, unless otherwise stated above.
Offspring cocaine and sucrose self-administration were analyzed with
separate two-way mixed model ANOVA with a between-subject factor
of sire exposure (saline-sired, yoked-cocaine-sired, and cocaine-sired)
and repeated measures over time (days). Dunnett’s was used for post hoc
comparisons with saline-sired rats as the control group. PR responding
was analyzed by one-way ANOVA with the factor of sire (cocaine,
yoked-saline, yoked-cocaine methiodide) and Bonferroni post hoc com-
parison. Cocaine and sucrose self-administration in delayed mating off-
spring were analyzed with separate two-way mixed model ANOVA with
a between-subject factor of sire exposure (saline-sired vs cocaine-sired)
and repeated measures over time (days). Unpaired two-tailed t tests were
used to analyze RNA and mi-RNA levels in cocaine-sired versus saline
sired rats.

Cocaine self-administration in Cdknla shRNA rats relative to GFP
controls was analyzed with two-way mixed model ANOVA with a
between-subject factor of viral vector infusion (Cdknla shRNA vs GFP)
and repeated measures over time (days). Cocaine self-administration in
Cdknla-overexpressing rats relative to GFP controls was analyzed with
two-way mixed model ANOVA with a between-subject factor of viral
infusion (Cdknla overexpression vs GFP) and repeated measures over
time (days). Linear regression was used to assess the relationship
between cocaine self-administration and Cdknla expression in virally
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60 days of cocaine self-administration (A) or yoked-saline infusions
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in testes/liver (B) in sperm (C,D) and RNA expression in sperm (H)

'S
o

w
o

-
o

Cocaine Infusions Earned/2 hr
(Mean + SEM)
N
o

o

0 5 10 15 20 25 30 35 40 45 50 55 60
Self-Administration Day

PC1 Yoked-Sali
B oo Bl Saline Testes C 0.6 D s = Cf;;?nia ine
Bl Cocaine Testes Y 04
S o] BB Liver i ° %g 0
86 02 gn
5 H T o ©® e PC2 5
< § "0 0'5_' ®® 05 10 2§
=2 -0. : 0 3805
= Y sLo
= 0.001 &2 g
o04 @ Yoked-Saline
0.000 @® Cocaine 0.0
DAT NET SERT -0.6! oR © Y o2
N g
& & &
Candidates from miRNA-Seq
E Bl TTS-3UTR F @
71 ER Promoter-TSS S 300 .
s ¢4 @ E:((())r:s * 2 H 2.01 HH Yoked-Saline
= x g ~Promoter o Hl Cocaine
32 5 B > _
= © 200 124~Non-Promoter 55
g : o8
> k) 2_Cdkn1a =
g 3 = 3 Promoter< L c
E = 100 T~Sgce <8
g % 145~Non-Promoter £ =
c 14 g 8
D
0 £ 0
Genome RRBS o
Sperm
G cdknta |_> 55
T —
-500 -400 -300 -200 -100

Figure 1.  Cocaine self-administration elicits changes in DNA methylation but not miRNA content of sperm. Heading indicates the timeline of experiments. A, Mean daily (*SEM) infusions
earned for cocaine self-administering sires across 60d (n = 18). B, The dopamine transporter (DAT), norepinephrine transporter (NET), and serotonin transporter (SERT) are expressed in the
testes and at similar levels in saline sires versus cocaine sires (n = 3-5/group). €, Principal component analysis of miRNA-seq data revealed important overlap between the cocaine-exposed and
saline-exposed sperm samples (n = 6/group). D, qPCR analysis on a second cohort of sperm samples (n = 5/group) failed to validate the candidate gene expression changes identified by
miRNA sequencing. E, The frequency distribution of methylation in distinct regions of the genome is plotted for a representative whole genome (left) and for the RRBS results (right; n =6/
group). Not depicted are intergenic regions (55.3% Genome vs 65.9% RRBS) and introns (39.3% Genome vs 27.6% RRBS). The RRBS approach enriched for promoter regions (2.3% vs 1.1% of
the genome). F, Of 272 differentially methylated regions identified in cocaine sire versus saline sire sperm, 124 were hypermethylated and 148 were hypomethylated. There were three hypo-
methylated sites in promoter regions: two for Cdkna and one for Sgce. G, Five hypomethylated (pG islands within two hypomethylated regions of the CdknTa promoter are depicted. The full
list of differentially methylated regions in the sperm of cocaine sires versus saline sires is presented in Extended Data Table 1-1. H, Cdkn1a RNA expression is identical in the sperm of cocaine
and yoked-saline sires (n = 7/group).

mediated Cdknla-overexpressing or GFP control rats. Unpaired two- ~ 2012). Each biogenic amine transporter was expressed in the
tailed £ test was used to analyze breakpoint on a PR test in Cdknla  testes, and levels were similar between cocaine and saline sires
ShRNA rats or Cdknla-overexpressing rats versus GFP controls.  (Fig 1B), indicating that there are substrates for direct action of
anpaired two-tailed ¢ test was used to analyze RNA levels in virally cocaine in testes, as previously reported (Li et al., 1997).
infused rats versus GFP controls. Small RNA-seq was performed on sperm samples from co-
q p p 1%
caine-exposed rats and their saline-yoked conspecifics to investi-
Results gate potential changes in sperm miRNA content. Six to 9 million
Cocaine reprograms sperm DNA methylation reads were obtained per sample, of which 35%-45% mapped to
Male rats were trained to self-administer cocaine, whereas yoked ~ the annotated miRNA database. Principal component analysis
conspecifics received passive infusions of saline (Fig. 1A). We  revealed significant overlap between the cocaine-exposed sam-
examined gene expression of the primary physiological targets of  ples and the saline-yoked samples (Fig. 1C); importantly, within-
cocaine (ie., the dopamine transporter, the norepinephrine  cohort variability was on the same scale as the variability between
transporter, and the serotonin transporter) in the testes of co-  cohort. Although typical for sperm samples, such variability hin-
caine and saline sires. Liver tissue was included as a negative con-  ders statistical analyses and can lead to potential false negatives
trol for the dopamine and serotonin transporters (Vairetti et al.,  or false positives. Nonetheless, analysis of small RNA-seq results
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revealed differential expression of 4 miRNAs (false discovery
rate < 0.1): rno-miR-1-3p, rno-miR-1b, rno-miR-206-3p, and rno-
miR-362-3p. However, qPCR validation experiments on a second
sperm sample cohort revealed no significant differences in
expression for those 4 candidates (rno-miR-1-3p: t; gy = 0.3241,
p=0.7542; rno-miR-1b: t 5 = 1.036, p = 0.3306; rno-miR-206-3p:
tas = 09188, p=03851; rno-miR-362-3p: tqg = 0.5712,
p=0.6190; Fig. 1D). Together, these results suggest that sperm
miRNA content and composition are not consistently and reli-
ably affected by cocaine exposure.

Figure 1E shows the frequency distribution of methylated
sites in distinct regions of the genome for a representative whole
genome and for the current RRBS results. Eleven to 20 million
reads were sequenced per sample, and the average coverage
ranged from 16x to 30x. As expected, methylation detected by
the RRBS approach was enriched in promoter regions (2.3%)
versus expected genomic distribution (1.1%). Of 272 DMRs
identified in cocaine sire versus saline sire sperm, 124 were
hypermethylated and 148 were hypomethylated (Fig. 1F). There
were three hypomethylated regions localized to gene promoters:
two upstream of cyclin dependent kinase inhibitor 1a (Cdknla)
and one upstream of sarcoglycan e (Sgce). Promoters were con-
servatively defined according to the rat genome annotation as
the 500 bp regions upstream of an annotated gene. This region
usually encompasses the minimal, TATA-box containing pro-
moter (which it does in the case of Cdknla). In addition, this
proximal region has been shown to effectively control Cdknla
expression in human cells (Scibetta et al., 2010), and its methyla-
tion has been shown to affect gene expression in rat cells (Allan
et al., 2000). The only two other promoter-related DMRs were
located upstream of a pseudogene (HmgllI) and an automati-
cally annotated miRNA (miR-678) and were therefore not con-
sidered. The two 100bp hypomethylated regions of Cdknla,
beginning at —287 and —187 bp upstream of the TSS, containing
5 hypomethylated CpG islands, are depicted in Figure 1G. The
full list of differentially methylated regions in the sperm of co-
caine sires versus saline sires is presented in Extended Data
Table 1-1. Cdknla RNA expression was identical in the sperm of
cocaine sires and yoked-saline controls (f12 = 0.0979,
p=0.9236; Fig. 1H), supporting a role for epigenetic inheritance
rather than a local effect of altered Cdknla RNA levels within
sperm. These data suggest that cocaine-evoked hypomethylation
of Cdknla and Sgce in sperm may be a putative mechanism for
altered cocaine self-administration phenotypes in male offspring.

Cocaine-sired male offspring display cocaine resistance
concomitant with Cdknla overexpression in the NAc
Saline-sired, cocaine-sired, and yoked-cocaine-sired male rat off-
spring were trained to self-administer cocaine (Fig. 24) or su-
crose (Fig. 2B) on an FR1 schedule of reinforcement. Cocaine-
sired and yoked-cocaine-sired rats self-administered less cocaine
than saline-sired rats. For cocaine self-administration, there was
no main effect of sire (F,,1) = 1.575, p =0.2305), a main effect of
day (F(9,189) = 6.356, p <0.0001), and a sire by day interaction
(F1s,189) = 1.848, p=0.0226). Dunnett’s post hoc comparisons
revealed that, relative to saline-sired rats, there was a significant
difference in yoked-cocaine-sired rats on day 10 (“p < 0.05) and
a significant difference in cocaine-sired and yoked-cocaine-sired
rats on day 9 (*p < 0.05). For sucrose self-administration, there
was no main effect of sire (F59) = 0.2426, p=0.7862), a main
effect of day (Fo261) = 39.27, p<<0.0001), and no sire by day
interaction (F(15261) = 0.5521, p=0.9303). These data suggest
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motivated responding for cocaine in sires is not necessary to
evoke reduced cocaine self-administration in male offspring.

NAc, hippocampus, and mPFC were harvested from drug-na-
ive F1 saline-sired and cocaine-sired rats, and gene expression of
Cdknla and Sgce was evaluated by qPCR (Fig. 2C-E). In the
NAc, Cdknla mRNA levels were higher in cocaine-sired versus
saline-sired male rats (t(;9) = 2.508, p=0.0334; Fig. 2C). There
was no difference in Cdknla expression in the hippocampus
(ta10) = 02143, p=0.8346) or the mPFC (t10 = 0.8536,
p=0.4133), which suggests that paternal cocaine exposure results
in selective Cdknla overexpressed in particular regions of the
brain. There was no difference in Sgce expression in the NAc
(t(1,100 = 1.445, p=0.1791) or hippocampus (f;,10) = 0.5796,
p=0.5750; Fig. 2D). We have previously demonstrated that, in
contrast to male offspring, cocaine-sired female offspring show
no reduction in cocaine self-administration (Vassoler et al.,
2013). Consistent with these findings, there was no difference in
NAc Cdknla expression in cocaine-sired versus saline-sired
female offspring (f,10) = 0.141, p=0.8907; Fig. 2E). Together,
these results suggest that overexpression of accumbens Cdknla
in the male offspring of cocaine sires may contribute to the co-
caine resistance phenotype.

Motivation for cocaine is similarly blunted in male offspring
of sires exposed to cocaine or the blood-brain barrier
impermeable analog cocaine methiodide

The data described above illustrate a potential role for the direct
action of cocaine on sperm to produce epigenetic modifications
and behavioral effects in offspring. Cocaine methiodide, an ana-
log of cocaine that does not penetrate the blood-brain barrier,
was used to determine whether direct effects of cocaine on the
brains of sires are required to suppress the motivation for
cocaine in male offspring. Saline-sired, cocaine-sired, and yoked-
cocaine methiodide-sired male offspring were trained to self-
administer cocaine, and motivation for cocaine was assessed in a
PR session (Fig. 3). Two rats were removed from the study
because of loss of catheter patency. There was no main effect of
sire (F(2,32 = 0.093, p=0.9115), a main effect of day (F,ss) =
43.70, p <0.0001), and no sire by day interaction (F(;5g85 =
0.731, p=0.7788) for cocaine self-administration on an FRI
schedule in this group of rats. Rats were then trained to self-
administer cocaine on an FR5 schedule for 2 d before consecu-
tive PR sessions training and test sessions to assess motivation
for cocaine. There was no difference in infusions earned on an
FR5 schedule. There was no main effect of sire (F, 3,y = 0.5071,
p=0.6070), no main effect of day (F(; 3, = 1.440, p=0.2390),
and no vector by day interaction (F 3, = 0.5699, p=0.5712).
Breakpoint, operationally defined as the last schedule completed
in the PR test session, was used at the index of motivation. A
one-way ANOVA revealed a significant main effect (F3,) =
4.393, p=0.0206). Bonferroni post hoc comparisons showed that,
relative to saline-sired offspring, motivation for cocaine was sig-
nificantly and similarly suppressed in cocaine-sired and cocaine
methiodide-sired male offspring (p < 0.05). These data indicate
that a direct effect of cocaine in the brains of sires is not neces-
sary to elicit behavioral consequences in offspring.

Protracted abstinence from cocaine in sires reverses altered
cocaine-taking and Cdknla gene expression in offspring

A delayed mating strategy was used to determine whether co-
caine resistance and associated epigenetic changes in the sperm
were embedded in the germline or are constrained to the devel-
oping sperm and are thus eliminated once the population of
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sperm is refreshed. Saline and cocaine sires were
mated 90d after cocaine self-administration
with blank mating occurring after 45d (time-
line depicted in Fig. 4A). Adult male offspring
from sires mated 90d following saline or co-
caine self-administration were evaluated for

55 days of sire cocaine self-administration,
yoked-saline or yoked-cocaine methiodide

Sires bred to naive females

Adult male offspring: cocaine self-administration
and progressive ratio test
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cocaine (Fig. 4B) and sucrose self-administra-
tion (Fig. 4C). Two rats were removed from
the cocaine self-administration study because
of loss of catheter patency. For cocaine self-
administration, there was no main effect of
sire (F(1,17) = 0.002, p=0.9647), a main effect
of day (F(9,153) = 22.47, p<<0.0001), and no
sire by day interaction (F ;53 = 1.235,
p=0.2776). For sucrose self-administration,
there was no main effect of sire (F( 10y =
2.054, p=0.1823), a main effect of day (F(9,90)
= 8.351, p<0.0001), and no sire by day inter-
action (F(9,99y = 0.6237, p=0.7740). Cdknla expression was
measured by qPCR of the NAc of delayed mating saline-
sired and cocaine-sired male offspring. There was no differ-
ence in mRNA levels of Cdknla in the NAc of cocaine-sired
versus saline-sired male offspring (f,10) = 0.1469, p=
0.8862; Fig. 4D). These results suggest that reduced cocaine

Figure 3.

Breakpoint
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0

Motivation for cocaine is similarly diminished in male offspring of sires exposed to cocaine or the
analog cocaine methiodide, which does not penetrate the blood—brain barrier. Heading indicates the timeline of
experiments. Sire self-administration was truncated at 55 d because of limited availability of cocaine methiodide.
Cocaine-sired (n =12 from 11 litters) and cocaine methiodide-sired (n =12 from 8 litters) male F1 offspring dis-
play reduced motivation for cocaine, indicated by reduced breakpoint in a PR session relative to saline-sired off-
spring (*p << 0.05; n=11 from 10 litters).

self-administration and overexpression of accumbens
Cdknla expression in the male offspring of cocaine sires are
normalized to saline-sired levels when the mating of the
sires is delayed, suggesting that, if these phenotypes are
indeed caused by cocaine-evoked hypomethylation at the
Cdknla promoter, epigenetic marks may be washed out
when sperm are replenished, rather than permanently
encoded in the germline.
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Delayed mating of cocaine sires does not alter cocaine self-administration or Cdkn7a expression in male offspring. A, Timeline showing F1 male offspring were produced from co-

caine and saline sires mated 90 d after cessation of cocaine self-administration. Cocaine-sired and saline-sired F1 offspring do not differ in (B) cocaine self-administration (saline-sired n=7
from 4 litters; cocaine-sired n =12 from 7 litters) or (€) sucrose self-administration (saline sired n =5 from 5 litters; cocaine-sired n="7 from 7 litters). D, Cdkn7a mRNA levels in the NAc are
identical in cocaine-sired (n =6 from 6 litters) and saline-sired offspring (n = 6 from 5 litters) generated by delayed mating.

Cocaine self-administration reverses virally mediated
knockdown of accumbens Cdknla in adult cocaine-sired
male offspring resulting in no changes in cocaine self-
administration or motivation for cocaine

Cdknla was knocked down in the NAc shell of adult cocaine-
sired male rats that were allowed to self-administer cocaine to
determine whether “normalizing” Cdknla expression in cocaine-
sired males reversed the resistance to cocaine self-administration.
Cocaine-sired male offspring that received intra-accumbens GFP
infusions were used as controls. Knockdown of Cdknla expres-
sion by the viral vector was first confirmed, and Cdknla expres-
sion was reduced by 50% in a separate group of procured naive
rats (ts = 2.370, p=0.0452; Fig. 5A). Cocaine-sired rats
expressing GFP or Cdknla shRNA were trained to self-adminis-
ter cocaine on an FR1 schedule of reinforcement (Fig. 5B). Three
rats were removed from the cocaine self-administration study
because of loss of catheter patency. There was no main effect of
vector (F(j ) = 0.1511, p=0.7012), a main effect of day (F(o,19s)
= 9.262, p=0.0003), and no vector by day interaction (Fy 195y =
0.4818, p =0.8858). Rats were then allowed to self-administer co-
caine on an FR5 schedule for 2 d before two consecutive PR ses-
sions to assess motivation for cocaine. There was no difference
between groups in terms of infusions earned on an FR5 schedule.
There was no main effect of vector (F(; »5) = 0.1759, p =0.6785),
no main effect of day (F; »5y = 0.0159, p =0.9006), and no vector
by day interaction (F(; »s5) = 0.2519, p = 0.6201). There was no dif-
ference in motivation for cocaine as measured by breakpoint in a
PR test (f2,) = 0.7063, p=0.4874; Fig. 5C). To confirm that
Cdknla shRNA knocked down Cdknla expression in experi-
mental rats following cocaine exposure, rats were killed 1 day fol-
lowing the last session and the fluorescent region of the
accumbens shell was harvested for qPCR (Fig. 5D). Surprisingly,
there was no difference in Cdknla expression between GFP con-
trols and Cdknla shRNA cocaine-sired offspring (¢(; ) = 1.381,
p=0.1813), indicating that cocaine self-administration reversed
the virally mediated decrease in Cdknla expression, thereby
obviating any potential effects of accumbens Cdknla knockdown
on behavior. The cocaine-induced increase in Cdknla expression
is consistent with previous findings indicating increased acetyla-
tion of Cdknla in the accumbens following cocaine (Renthal et
al.,, 2009).

Virally mediated Cdknla overexpression dampens the
relationship between Cdknla expression and cocaine self-
administration

A Cdknla overexpression experiment was performed in an effort
to demonstrate the behavioral significance of alterations in the
expression of this gene in the NAc. Given the potential for a ceil-
ing effect in the ability of a viral vector to overexpress this gene
in cocaine-sired rats, Cdknla was overexpressed in the NAc shell
of naive male rats. The acquisition of cocaine self-administration
was assessed 2.5weeks after surgery. Two rats were removed
from the analyses because of loss of catheter patency. There was
no difference in cocaine self-administration on an FR1 schedule
of reinforcement between rats that overexpressed Cdknla or
expressed a GFP control (Fig. 6A). There was no main effect of
vector (F(;17y = 0.5735, p=0.4593), a main effect of day
(Fo,153 = 6.741, p=0.0007), and no vector by day interaction
(Fo,153 = 0.5749, p=0.8162). However, there was substantial
variability in Cdknla expression in both GFP controls and
Cdknla-overexpressing rats, so the relationship between average
cocaine infusions and Cdknla expression was interrogated by
linear regression (Fig. 6B). The relation between Cdknla expres-
sion and cocaine infusions earned was stronger in GFP controls
(R* = 0.05540) than Cdknla-overexpressing rats (R* = 0.01371).
There was a significant difference in the slopes of the regression
lines for Cdknla overexpression (—4.692 = 1.957) relative to
GFP controls (2.011 = 1.818; F(;,186) = 6.219; p=0.0135). The
slope of the regression line for GFP controls was significantly
non-zero (Fog = 5.748; p=0.0184), whereas the slope for
Cdknla-overexpressing rats did not significantly deviate from
zero (Figs) = 1.223; p=0.2718). Together, these data suggest
that there is an inherent inverse relationship between endoge-
nous Cdknla levels and cocaine self-administration, which was
blunted by virally mediated overexpression of Cdknla.

Rats were then trained to self-administer cocaine on an FR5
schedule for 2 d before two consecutive PR sessions to assess
motivation for cocaine. There was no difference in infusions
earned on an FR5 schedule. There was no main effect of vector
(Fa,17) = 0.3881, p=0.5415), no main effect of day (F(;7) =
0.4985, p=0.4897), and no vector by day interaction (F,7) =
2.635, p=0.1230). There was no difference in motivation for
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Figure 5.  Cocaine self-administration reversed virally mediated knockdown of Cdkn7a shRNA in the NAc of adult cocaine-sired male offspring resulting in no changes in cocaine self-adminis-
tration or motivation for cocaine. A, In procured, experimentally naive rats, Cdkn7a shRNA significantly knocked down CdknTa expression in the NAc relative to GFP controls (*p << 0.05; n=5/
group). Cocaine-sired male offspring expressing GFP (n=13 from 9 litters) and cocaine-sired male offspring expressing Cdkn7a shRNA (n =11 from 8 litters) do not differ in (B) cocaine self-
administration on an FR1 schedule of reinforcement or (€) motivation for cocaine measured by breakpoint in a PR test. D, CdknTa expression from cocaine-experienced cocaine-sired male off-
spring expressing GFP or Cdkn7a shRNA was not significantly different. E, Representative diagram showing region of appropriate GFP fluorescence in Cdnk7a shRNA and GFP control rats.

cocaine as measured by breakpoint in a PR test between rats that
overexpressed Cdknla or expressed a GFP control (¢,7) =
1.067, p=10.3010; Fig. 6C). Linear regression was used to examine
the relation between motivation for cocaine and Cdknla expres-
sion (Fig. 6D). The relationship between Cdknla expression and
breakpoint was slightly stronger in Cdknla-overexpressing rats
(R* = 0.1896) than GEP controls (R = 0.0375). However, there was
no significant difference in the regression slopes for Cdknla overex-
pression relative to GFP controls (F(; ;5 = 1.427; p=0.2508). There
was no significant difference in intercept in Cdknla overexpression
relative to GFP controls (Fy 1) = 2.471; p =0.1355). Cdknla overex-
pression was confirmed in the NAc of rats receiving the Cdknla
overexpression vector relative to GFP controls (f,7) = 2.146,
p=0.0466; Fig. 6E) among rats that displayed appropriate GFP sig-
nal in the NAc (Fig. 6F).

Discussion

Our working hypothesis is that the intergenerational effects of
paternal cocaine exposure are because of epigenetic changes in
sperm that occur only during spermatogenesis. To that end, we

used a genome-wide approach to assess sperm DNA methyla-
tion. The results of this experiment revealed surprisingly selective
methylation changes, highlighted by hypomethylation of pro-
moter regions upstream of Cdknla in the sperm of cocaine-
experienced sires. In offspring, Cdknla expression was
selectively increased in the NAc of drug-naive cocaine-sired
male, but not female, offspring. Physiologic changes in the
accumbens play a critical role in the development and
maintenance of cocaine self-administration, and prior stud-
ies showed decreased cocaine self-administration in male,
but not female, offspring of cocaine-exposed sires (Vassoler
et al., 2013; Le et al., 2017). Yoked-cocaine and yoked-co-
caine methiodide experiments support a direct effect of cocaine
on sperm to mediate epigenetic changes and behavioral effects in
offspring. In order to determine whether cocaine-induced epige-
netic changes in sperm are confined to the period of active sperma-
togenesis, which constitutes just less than 2 months in rat, a 3
month delay was imposed between sire cocaine self-administration
and breeding. With this 3 month delay, the decrease in cocaine self-
administration and increase in Cdknla expression in the NAc of
male cocaine-sired offspring were no longer observed, suggesting
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that these influences of cocaine occur only during sperm devel-
opment. Virally mediated knockdown of Cdknla in the accum-
bens of cocaine-sired male offspring failed to reverse the
cocaine resistance phenotype, as measured by cocaine self-
administration and PR responding for cocaine. This is likely
because, following 14 d of cocaine self-administration, Cdknla
expression was normalized in cocaine-sired rats infused with
Cdknla shRNA relative to GFP controls. Virally mediated over-
expression of Cdknla in procured rats similarly did not
decrease cocaine self-administration or motivation for cocaine
relative to GFP controls. Surprisingly, however, GFP-infused
control animals with endogenously higher accumbens Cdknla
took less cocaine. Virally mediated overexpression of accum-
bens Cdknla in previously naive rats disrupted the inverse rela-
tionship between endogenous accumbens Cdknla levels and
cocaine self-administration. These results, collectively, suggest
that cocaine’s effects during spermatogenesis can lead to selec-
tive changes in gene expression in a specific progeny brain nu-
cleus known to regulate cocaine self-administration behavior.

Previous work on the effects of cocaine on epigenetic marks
in sperm is limited. Although the vast majority of sperm histones
are replaced by protamines, physiologically relevant epigenetic
changes in sperm histones persist and influence DNA methyla-
tion as well as offspring development (Gatewood et al., 1987;
Wrykes and Krawetz, 2003). Increased association of acetylated
H3 with brain-derived neurotrophic factor (Bdnf) was observed
in the sperm of cocaine-exposed sires, which corresponded with
behaviorally relevant increases in BDNF expression the mPFC of
male offspring (Vassoler et al., 2013). The current study assessed,
for the first time, the potential influence of cocaine on sperm
miRNAs. Despite the fact that transgenerational paternal stress
studies have identified increased sperm miRNAs and diminished
stress-induced responsivity of the hypothalamic-pituitary axis in
offspring (Rodgers et al., 2013, 2015; Gapp et al., 2014), we failed
to identify reliable changes in miRNA expression in the sperm of
cocaine-experienced sires. In terms of DNA methylation, a recent
study showed that paternal cocaine self-administration resulted in
changes in sperm DNA methylation, with hypomethylation
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predominating (Le et al., 2017). Here, 242 differentially methylated
DNA sites were identified in sperm of cocaine-exposed sires, 148
of which were hypomethylated. Somewhat surprisingly, there
were only three differentially hypomethylated DNA sites in pro-
moter regions, and two of these were associated with the same
gene: Cdknla. Cdknla is a marker of cell cycle arrest in proliferat-
ing cells, and expression of Cdknla is altered in ~1% of all cancers
(Abbas and Dutta, 2009). In the brain, Cdknla restrains neuronal
proliferation associated with hippocampal neurogenesis, a process
that is influenced by antidepressant administration (Pechnick et
al.,, 2011; Epp et al., 2013).

We assessed the expression of Cdknla mRNA in several brain
regions of cocaine-sired male rats, with results indicating
increased Cdknla mRNA in the NAc but not the dorsal hippo-
campus or mPFC. There is no simple or specific mechanism
linking DNA hypomethylation in sperm and gene expression in
the offspring brain, and the regional specificity of Cdknla over-
expression in the NAc of male offspring is particularly puzzling.
It is likely that the mechanism of transmission between sperm
and region-specific changes in offspring brains are not as simple
or direct as conserved epigenetic marks, and may involve
upstream and/or downstream regulators of Cdknla. Elucidation
of the sequence of molecular changes by which epigenetic marks
in sperm alter epigenetic or transcriptional profiles in offspring
brains is a challenging but important avenue for exploration, for
this study but also more broadly for studies of transgenerational
epigenetics as a whole.

Although the mechanisms governing regional specificity are
unclear, increased Cdknla expression in the NAc, but not the
hippocampus, suggests it plays a role in cocaine reinforcement,
but likely not in the spatial memory deficits also observed in co-
caine-sired offspring (Wimmer et al, 2017). To determine
whether this change in Cdknla mRNA expression was behavior-
ally relevant, we used virally mediated gene transfer to knock
down Cdknla in the NAc of adult cocaine-sired male rats.
Surprisingly, there was no difference in cocaine self-administra-
tion on a fixed ratio schedule of reinforcement or motivation for
cocaine on a PR schedule of reinforcement between cocaine-
sired male offspring that received Cdknla shRNA or GFP con-
trols. The viral vector-expressing Cdknla shRNA produced a
significant knockdown in naive rats; however, when we exam-
ined Cdknla expression in experimental rats following cocaine
self-administration, there was no significant difference in Cdknla
levels. We hypothesize that cocaine exposure increased Cdknla
expression in the NAc, consistent with a previous study in mice
(Renthal et al, 2009), which obfuscated the effect of Cdknla
shRNA and may explain why we were unable to functionally vali-
date the role of Cdknla in cocaine self-administration.
Alternatively, the inability of virally mediated Cdknla knockdown
in cocaine-sired rats to alter cocaine self-administration could sug-
gest a critical role for elevated Cdknla expression during develop-
ment, and intervention during that sensitive period may be
necessary to influence offspring behavior. This may similarly
explain why virally mediated overexpression of Cdknla in adult
naive procured rats was insufficient to attenuate mean cocaine
self-administration relative to GFP controls. Among controls that
only expressed GFP, there was a surprising degree of variability in
Cdknla expression in the NAc. Interestingly, the range of natural
variation of accumbens Cdknla levels appeared to influence co-
caine self-administration in that animals with higher expression of
Cdknla in the NAc had lower cocaine intake. Virally mediated
overexpression of Cdknla in the NAc blunted the inverse relation-
ship between Cdknla expression and cocaine self-administration.

Swinford-Jackson et al. e Cocaine-Induced Epigenetic Changes in Sperm

Our knowledge of differentially expressed genes in the NAc of co-
caine-sired versus saline-sired offspring is currently limited to
Cdknla. RNA sequencing experiments may provide insight to
additional differentially expressed genes, potentially including reg-
ulators of Cdknla.

The current results suggest that accumbens Cdknla may play
a role in regulating cocaine intake, findings that are similar to a
recent study demonstrating that global Cdknla KO in mice
enhanced cocaine conditioned place preference (Scholpa et al.,
2016). The relationship between Cdknla and cocaine condi-
tioned reward led to a focus on the ventral hippocampus, which
processes drug-associated context learning through glutamater-
gic projections to the NAc (Vorel et al.,, 2001; Marchant et al,,
2015). Cocaine self-administration led to a persistent elevation of
ventral hippocampal Cdknla and an increased association of ace-
tyl H3 with Cdknla (Scholpa et al,, 2016); no cocaine-induced
changes in Cdknla expression in the striatal complex were
observed (Scholpa et al., 2016). The present results showed
increased Cdknla in the NAc but not in the dorsal hippocampus
of cocaine-sired male rats. Beyond differences in the region of
the hippocampus examined between the current study and that
of Scholpa et al. (2016), it is important to emphasize that co-
caine-sired rats in the current experiments were completely
drug-naive with the cocaine exposure restricted to their sires. As
noted above, Cdknla in the brain has been studied primarily in
the context of proliferating cells. A genome-wide study which
examined the effect of cocaine on chromatin remodeling found
increased histone acetylation at Cdknla (among other genes),
and Cdknla gene expression was elevated in the NAc (Renthal et
al., 2009). This cocaine-induced upregulation of Cdknla expres-
sion may explain why Cdknla shRNA successfully knocked
down Cdknla expression in naive rats but failed to significantly
reduce Cdknla expression relative to cocaine-sired controls fol-
lowing 14d of cocaine self-administration. Acute injection of
morphine similarly increased Cdknla expression in the NAc,
specifically in oligodendrocytes (Avey et al., 2018), which adds to
a growing literature focusing on roles for glial cells in the action
of drugs of abuse (Spencer et al,, 2016; Stellwagen et al., 2019).
However, Cdknla expression is not restrained to proliferative
cells in the brain; it is also expressed in dopaminergic neurons,
where it promotes cellular senescence, and cortical neurons,
where its function is yet unknown (Riessland et al., 2019). This
study did not explicitly examine the cellular distribution and
function of Cdknla in the brain, but it is feasible that Cdknla
may be expressed on neuronal and non-neuronal populations
within the NAc. The downstream consequences of Cdknla
expression in nonproliferating cells, such as neurons in the NAc,
has not been established but is clearly a research avenue worthy
of exploration.

Delayed mating experiments demonstrated that the effects of
paternal cocaine intake on accumbens Cdknla expression and
on offspring cocaine self-administration were not permanent.
That is, when a delay (here, 90 d) was imposed between cocaine
self-administration and breeding that exceeded the time frame of
spermatogenesis, the increase in Cdknla expression in the NAc
as well as the intergenerational cocaine resistance phenotype was
not observed in male progeny. Similarly, the blunted cocaine
preference observed in male offspring of cocaine-exposed mice
was normalized when sires were subjected to 4 months of drug
abstinence before mating (Yaw et al.,, 2019). Together, these data
indicate that cocaine acts on developing sperm during spermato-
genesis rather than permanently encoding changes in the germ-
line by, for example, stably modifying epigenetic marks in
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spermatogonial stem cells. Our protocol used a 60 d self-admin-
istration protocol to ensure that sperm was exposed to cocaine
throughout the entirety of spermatogenesis. Limiting the dura-
tion of cocaine exposure to specific phases of spermatogenesis
may further narrow the vulnerable period during which cocaine-
evoked epigenetic modifications in sperm can occur.

In conclusion, the present work assessed DNA methylation in
the sperm of sires who self-administered cocaine, revealing two
hypomethylated promoter regions upstream of the Cdknla gene.
Male offspring of cocaine-experienced sires show blunted co-
caine reinforcement, which the current findings indicate is due
at least in part to selective increases in Cdknla expression in the
NAc. These results support accumbens Cdknla as a novel regula-
tor of cocaine self-administration in rats. These findings, collec-
tively, raise the intriguing possibility that identification of
epigenetic changes in the sperm of cocaine-exposed sires can
reveal novel targets for cocaine addiction therapeutics.
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