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Abstract

BACKGROUND: Stressors affect populations exposed to them as well as offspring. Strategies
preventing the intergenerational propagation of effects of stress would benefit public health.
Olfactory cue-based fear conditioning provides a framework to address this issue.

METHODS: We 1) exposed adult male mice to an odor, acetophenone (Ace) or Lyral (parental
generation [FO]-Exposed), 2) trained mice to associate these odors with mild foot shocks (FO-
Trained), and 3) trained mice to associate these odors with mild foot shocks and then extinguished
their fear toward these odors with odor-only presentations (FO-Extinguished). We then examined
sensitivity of future generation (F1) offspring to these odors, expression of M71 odorant (Ace-
responsive) and MOR23 odorant (Lyral-responsive) receptor-expressing cell populations in F1
offspring, and DNA methylation at genes encoding the Ace- (O/fr151, OIfr160) and Lyral-
(OIfr16) responsive receptors in FO sperm.

RESULTS: Extinguishing fear toward Ace or Lyral of FO male mice (FO-Extinguished) that had
been fear conditioned with Ace or Lyral, respectively, results in F1-Extinguished offspring that do
not demonstrate behavioral sensitivity to Ace or Lyral, respectively, and do not have enhanced
representation for M71 or MOR23 odorant receptors in the olfactory system, as is observed in F1-
Trained-Ace or F1-Trained-Lyral cohorts, respectively. The promoters of genes encoding O/fr151
and Offr160receptors are less methylated in FO-Trained-Ace sperm compared with FO-Exposed-
Ace sperm. The O/fr16 promoter is less methylated in FO-Trained-Lyral sperm compared with FO-
Exposed-Lyral sperm, and FOExtinguished-Lyral sperm have methylation levels comparable to FO-
Exposed-Lyral sperm.

CONCLUSIONS: Our study demonstrates the potential of using extinction-based behavioral
strategies to reverse influences of parental stress in offspring and in the parental germline.

Keywords

Behavioral sensitivity; Extinction training; Glomeruli; Olfaction; Olfactory sensory neurons;
Sperm

To model intergenerational influences of stress in mammals, studies have manipulated
parental environments and shown effects on offspring (1-11). While interventions can be

applied to offspring to reverse these effects (12), there is a translational need to prevent the
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intergenerational passage of stress from the stressed population to future offspring.
Exposure-based psychotherapy involves exposure to or recollection of traumatic cues in a
safe context and uses the neural process of extinction to diminish emotional responding to
trauma cues when reencountered. Extinction training has been used to successfully diminish
fears within a generation (13,14). To our knowledge, such approaches have not been applied
to a parental (FO) generation to prevent the propagation of stress to offspring, nor have they
been demonstrated to reverse behavioral, neuroanatomical, and epigenetic influences of
intergenerational stress.

Olfaction in mice provides an ideal framework to ask how parental experiences influence
structure and function in the nervous system of offspring and to examine how extinction
training might reverse this influence. First, mice can be trained to exhibit fearlike behavior
on presentations of a specific odor after olfactory fear conditioning (odor + shock
presentations) (15-17). Second, olfactory sensory neurons (OSNSs) in the main olfactory
epithelium (MOE) detect odors by expressing odorant receptors (ORs) that can be visualized
in transgenic mice (18-21). Previous work has shown that training mice to associate
presentations of an odorant, acetophenone (Ace), with mild foot shocks results in an increase
in the number of Aceresponsive OSNSs in the MOE (those expressing the M71 OR) and a
larger M71 OR glomerular area in the olfactory bulb (15,17). Third, specific odors activate
specific ORs encoded in the genome, thereby highlighting a location within the genome at
which to examine influences of salient olfactory experience (19,22).

We recently reported (23) that subjecting an FO generation of mice to either Ace + shock or
propanol + shock pairings resulted in odor-naive future (F1 and F2) generations showing
enhanced behavioral sensitivity to the odor used to condition the FO generation.
Conditioning FO M71-LacZ transgenic mice with Ace also resulted in an increased number
of Ace-responsive M71+ OSNs in the MOE and larger M71 glomeruli in the olfactory bulbs
of behaviorally naive F1 and F2 generations. Alterations in DNA methylation in FO and F1
sperm around the gene encoding the M71 receptor suggested that paternal olfactory
experience interacted with the genome in the germline. Aversive or appetitive odor
exposures influence odor-related perception and neuroanatomy in rodents and fruit flies,
demonstrating the generality of this phenomenon (24-26). Exposing previously olfactory
fear—conditioned adult mice to extinction training (odor presentations without foot shocks)
diminishes their fear toward the conditioned odor and also restores olfactory neuroanatomy
to baseline (17). These data set the stage to examine whether exposing an FO generation to
extinction training reverses intergenerational influences of olfactory conditioning.

Here, we 1) exposed adult male mice to an odor only (FO-Exposed), 2) trained mice to
associate odor presentation with mild foot shocks (FO-Trained), or 3) trained mice to
associate odor presentations with mild foot shocks and then extinguished their fear toward
that odor via extinction training with odor-only presentations (FO-Extinguished), followed
by conducting experiments on their male F1 offspring (F1-Exposed, F1-Trained, and F1-
Extinguished) (Supplemental Figures S1 and S2). We used three different mouse lines in our
FO treatments: C57BL/6J wild type, M71-LacZ mice in which Ace-responsive M71+ OSNs
can be visualized and LacZ expression can be quantified, and MOR23-GFP (green
fluorescent protein) mice in which the GFP expression associated with Lyral-responsive
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MOR23+ OSNs can be quantified. Finally, we used prior knowledge (19,22,27,28) that Ace
activates ORs encoded by the O/fr151 (M71) and O/fr160 (M72) genes, while Lyral
activates the OR encoded by the O/fr16 (MOR23) gene, and examined DNA methylation at
these genes in the sperm of FO male mice.

METHODS AND MATERIALS

Animals

Behavior

Experiments were conducted with 2-month-old sexually inexperienced and odor-
inexperienced animals. For the FO generation, C57BL/6J animals, M71-LacZ animals
maintained in mixed 129/Sv x C57BL/6J background, and MOR23-GFP animals maintained
in mixed 129/Sv x C57BL/6J background were bred in our animal facility. For the F1
generation, 10 days after the FO treatment, FO male mice were mated with naive sexually
inexperienced C57BL/6J female mice, matings were separated after 12 days, and F1
offspring were weaned after 21 days (Supplemental Figure S1). Our treatments of FO
animals were efficient at eliciting fear toward the odor in FOTrained animals and diminishing
fear toward the odor after extinction training in FO-Extinguished animals (Supplemental
Figure S2). This study was explicitly aimed at replicating our initial study that used FO and
F1 male mice (23) and at examining the possibility of reversing our effects using extinction
training of FO animals at the level of the FO germline. Female mice that could be equally,
less, or more affected by olfactory experience were not included in our study, and future
work will address this omission.

Animals were housed on a 12-hour light/dark cycle in standard group cages (< 5/cage) with
ad libitum access to food and water, with all experiments conducted during the light half of
the cycle. All procedures were approved by the Institutional Animal Care and Use
Committee of Emory University and followed National Institutes of Health guidelines.

Behavior was performed in a double-blind manner, and data were acquired using automated
software (SR-LAB; San Diego Instruments, San Diego, CA).

FO Olfactory Treatments.

FO-Trained male mice were trained to associate Ace or Lyral presentation with mild foot
shocks. The animals were trained on 3 consecutive days, with each training day consisting of
five odor presentations for 10 seconds each, coterminating with a 0.25-second 0.4-mA foot
shock. FO-Exposed male mice were treated like the FO-Trained group except that odor
presentations were not accompanied by foot shocks. FO-Extinguished male mice were first
treated like the FO-Trained group. The next day, and for 2 days thereafter, these male mice
were placed in a different context and exposed to 30 presentations of the odor with which
they had previously been conditioned but without foot shocks (see Supplement for details).
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Odor-Potentiated Startle of Adult F1 Offspring.

We measured baseline behavioral sensitivity of the F1 offspring to odors using an odor-
potentiated startle (OPS) assay that we had used previously and that measures acoustic
startle response to a noise burst (23) (see Supplement for details).

The number of litters examined in the conditions were as follows. For Ace OPS: F1-
Exposed, 7 litters; F1-Trained, 10 litters; F1-Extinguished, 12 litters; F1-Home, 7 litters. For
Lyral OPS: F1-Exposed, 7 litters; F1-Trained, 8 litters; F1-Extinguished, 5 litters; F1-Home,
7 litters.

Neuroanatomy on F1 Olfactory Bulb and MOE

B-Galactosidase Staining and Measurement of Glomerular Area in the
Olfactory Bulb.—The olfactory bulbs of M71-LacZ animals were processed for -
galactosidase staining, and then the glomerular area was quantified using previously
published protocols (15). See Supplement for details.

The number of litters examined in the conditions were as follows. F1-Exposed, 4 litters; F1-
Trained, 4 litters; F1-Extinguished, 4 litters.

Western Blotting.

Western blotting was carried out using standard procedures. See the Supplement for details.
We performed several control experiments to demonstrate that the bands we report do in fact
represent detection of LacZ and GFP (Supplemental Figure S3).

For detecting LacZ, the numbers of litters examined in the conditions were as follows. F1-
Exposed, 4 litters; F1-Trained, 4 litters; F1-Extinguished, 4 litters.

For detecting GFP, the numbers of litters examined in the conditions were as follows. F1-
Exposed, 8 litters; F1-Trained, 7 litters; F1-Extinguished, 7 litters.

Quantitative Polymerase Chain Reaction for Olfr151, OIfr160, and OIfr16 in MOE of F1

Animals

MOE was extracted from animals and RNA was isolated using the Qiagen Total RNeasy Kit
(Qiagen, Germantown, MD). Complementary DNA was reverse transcribed using the
Qiagen RT2 First Strand cDNA Synthesis Kit. Quantitative polymerase chain reaction was
performed on an Applied Biosystems 7500 machine with SYBR Green Master Mix (Applied
Biosystems, Foster City, CA) using the primers listed in the Supplement.

Methyl DNA Immunoprecipitation on DNA in FO Sperm

Moleculargeneticanalyseshaveidentifiedpromotersofthegenes encoding the Ace-responsive
M71 (OlIfr151) and M72 (OIfr160) and Lyral-responsive MOR23 (O/fr16) ORs: Olfr151
(Chr9: 37,540,846-37,541,182), OIfr160 (Chr9: 37,523,691-37,523,991), and OIlfr16
(174,880,337-174,880,639) (Supplemental Figure S4). We measured methylation around
these promoters in FO sperm DNA immunoprecipitated using an anti-5-methyl cytosine
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antibody (Active Motif, Carlsbad, CA) (see Supplemental Figure S5 for quality control; see
Supplement for details).

GraphPad Prism (GraphPad Software, San Diego, CA) was used to conduct most statistical
analyses. Data were analyzed using either a one-way analysis of variance (ANOVA) or an
unpaired ttest. All ANOVA main effects were followed by Tukey post hoc tests. To account
for litter effects, we ran mixed-effects models including litter as a random effect (29)
(random intercept) using the R package nlme. To determine the importance of litter effects,
we compared models with and without a random effect of litter using a likelihood ratio test.
This method tests whether the variance explained by litter is significantly greater than zero.
However, the likelihood ratio test returns a conservative p value when assessing significance
of random effects, and this was corrected for by dividing the resulting p value by 2 as
suggested by Suur et a/. (30). In none of the cases where we tested for litter effects did
including litter as a random variable significantly improve the model (all pvalues > .10).
Therefore, all results included in the Results section and figures are from the classical
(nonmixed) models described above. All results are presented as mean 6 SEM with *p < .05,
**p< .01, ***p<.001, and ****p < .0001 as measures of significance.

Extinction Training of Previously OlfactoryConditioned FO Male Mice Reverses Behavioral
Sensitivity to the Conditioning Odor in F1 Offspring

Extinguishing fear responses to Ace of FO male mice (FOExtinguished-Ace) that had been
previously fear conditioned with Ace resulted in F1-Extinguished-Ace offspring no longer
demonstrating behavioral sensitivity to Ace as was observed in F1-Trained-Ace offspring
(Figure 1A) (F1-Exposed-Ace n= 16, F1-Trained-Ace n= 24, F1-Extinguished-Ace n = 29;
ANOVA: £, g6 = 6.497, p=.0027; post hoc: F1-Exposed-Ace vs. F1-Trained-Ace **p .01,
F1-Trained-Ace vs. F1-ExtinguishedAce *p .05) (test for litter effect: p=.50). We also
replicated our previously reported (23) effect that F1-Trained-Ace animals showed a higher
sensitivity to Ace compared with F1-Exposed-Ace animals. F1-Exposed-Ace animals did
not show any difference in sensitivity to Ace compared with F1-Home animals
(Supplemental Figure S6A) (F1-Home n= 16, F1-ExposedAce n= 16, p> .05) (test for
litter effect: p=.21), suggesting that odor exposure alone in the FO generation is not
sufficient to influence F1 offspring.

Extinguishing fear responses to Lyral in FO male mice that had previously received Lyral
presentations paired with foot shocks (FO-Extinguished-Lyral) resulted in F1-Extinguished-
Lyral animals that no longer demonstrated enhanced behavioral sensitivity to Lyral as was
observed in F1-Trained-Lyral offspring (Figure 1B) (F1-Exposed-Lyral n= 17, F1-Trained-
Lyral n= 19, F1-Extinguished-Lyral 7= 9; ANOVA: £ 45 = 4.260, p=.0207; post hoc: F1-
Exposed-Lyral vs. F1-Trained-Lyral *p < .05) (test for litter effect: p=.50). In addition, F1-
Trained-Lyral animals showed a higher sensitivity to Lyral compared with F1-ExposedLyral
animals. F1-Exposed-Lyral animals did not show any difference in sensitivity to Lyral
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compared with F1-Home animals (Supplemental Figure S6B) (F1-Home n= 15, F1-
Exposed-Lyral n= 17, p> .05) (test for litter effect: p=.22).

To test whether behavioral sensitivity and reversals of behavioral sensitivity of F1 offspring
sired by FO male mice that had been conditioned and extinguished with one odor generalize
to other odors, we tested F1 offspring of FO-Exposed-Ace, FO-TrainedAce, and FO-
Extinguished-Ace male mice with Lyral. Conversely, we tested F1 offspring of FO-Exposed-
Lyral, FO-Trained-Lyral, and FO-Extinguished-Lyral male mice with Ace. F1-Exposed-Ace,
F1-Trained-Ace, and F1-Extinguished-Ace animals sired by FO male mice that had been
treated with Ace did not show any differences in sensitivity to another odorant (Lyral)
(Supplemental Figure S7A) (F1-Exposed-Ace n= 10, F1-Trained-Ace n=6, F1-
Extinguished-Ace 7= 10, p > .05). Similarly, F1-ExposedLyral, F1-Trained-Lyral, and F1-
Extinguished-Lyral animals sired by FO male mice that had been treated with Lyral did not
show a higher sensitivity to another odorant (Ace) (Supplemental Figure S7B) (F1-Exposed-
Lyral n=11, F1-Trained-Lyral 7= 12, F1-Extinguished-Lyral n=18, p> .05).

Extinction Training of Previously OlfactoryConditioned FO Male Mice Reverses
Enhancements in Olfactory Neuroanatomy in F1 Offspring

F1-Extinguished-Ace animals have M71-LacZ glomeruli that are no different in size
compared with F1-Exposed-Ace animals. Consistent with our previous findings (23), F1-
TrainedAce animals had larger M71 glomeruli and therefore an increased representation for
Ace compared with these two groups (Figure 2A-C) (dorsal glomeruli: F1-Exposed-Ace n=
15, F1-Trained-Ace 1= 29, F1-Extinguished-Ace 7= 26; ANOVA: f, 59 = 39.47, p<.0001,
post hoc: F1-Exposed-Ace vs. F1-Trained-Ace ****p < .0001, F1-Trained-Ace vs.
F1Extinguished-Ace ****p < .0001) (test for litter effect: p=.11) (medial glomeruli: F1-
Exposed-Ace 7= 15, F1-Trained-Ace 1= 24, F1-Extinguished-Ace /7= 20; ANOVA: /47 =
30.86, p < .0001; post hoc: F1-Exposed-Ace vs. F1-Trained-Ace ***p < .001, F1-Trained-
Ace vs. F1-Extinguished-Ace ****p < .0001) (test for litter effect: p=.50). Furthermore, to
ensure an objective measure of OR expression in the MOE of F1 offspring, we performed
Western blotting of F1-M71-LacZ MOE with a LacZ antibody (Supplemental Figure S3A).
This approach revealed that F1-Trained-Ace animals had higher LacZ expression in the
MOE than F1-Exposed-Ace animals (Figure 2D, E) (F1-Exposed-Ace n= 4, F1-Trained-
Ace n= 4, F1-Extinguished-Ace 1= 4; ANOVA: £, g = 31.47, p< .0001; post hoc: F1-
Exposed-Ace vs. F1-Trained-Ace *p < .05, F1Exposed-Ace vs. F1-Extinguished-Ace **p
<.01, F1-TrainedAce vs. F1-Extinguished-Ace ****p < .001). We also detected a significant
decrease in LacZ expression in F1-ExtinguishedAce animals compared with F1-Trained-Ace
and F1-ExposedAce animals (Figure 2D, E). Finally, we performed quantitative polymerase
chain reaction for O/fr151 and Olfr160 (Aceresponsive OR genes) to determine the relative
baseline expression of these cell populations in the F1 MOE. We report that F1-Trained-Ace
animals have increased messenger RNA (mRNA) for genes encoding the Ace-responsive
ORs (Olfr151 and OIfr160) (Supplemental Figure S8A, B) (O/fr151: F1-Exposed-Ace n=4,
F1-Trained-Ace /7= 4, F1Extinguished-Ace 1= 4; ANOVA: £, g = 9.525, p=.0060; post
hoc: F1-Exposed-Ace vs. F1-Trained-Ace *p < .05, F1-Trained-Ace vs. F1-Extinguished-
Ace **p < .01) (OIfr160: F1-Exposed-Ace n= 6, F1-Trained-Ace =5, F1Extinguished-
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Ace n=4; ANOVA: £, 1o = 19.83, p=.0002; post hoc: F1-Exposed-Ace vs. F1-Trained-
Ace ***p < .001, F1-Trained-Ace vs. F1-Extinguished-Ace *p < .05).

Owing to the position of MOR23-GFP glomeruli on the olfactory bulb, it is challenging to
visualize and quantitate their size; instead, we used Western blotting to measure the GFP
levels as has been reported (19) (Supplemental Figure S3B). We found a significant increase
in GFP expression in the MOE of F1-TrainedLyral and F1-Extinguished-Lyral animals
compared with F1-Exposed-Lyral animals (Figure 2F, G) (F1-Exposed-Lyral n= 8, F1-
Trained-Lyral /7= 7, F1-Extinguished-Lyral 7= 7; ANOVA: £, 19 = 3.982, p=.0359; post
hoc: F1-Exposed-Lyral vs. F1-Trained-Lyral *p < .05). Quantitative polymerase chain
reaction for O/fr16 on the MOE of F1 animals sired by FO male mice treated with Lyral
revealed that F1-Trained-Lyral animals had significantly lower Olfr16 mRNA levels in the
MOE compared with F1-Exposed-Lyral animals (Supplemental Figure S8C) (F1-Exposed-
Lyral n=5, F1-Trained-Lyral 7= 9, F1Extinguished-Lyral 7=9; ANOVA: /50 =4.9, p=.
0185; post hoc: F1-Exposed-Lyral vs. F1-Trained-Lyral *p < .05).

Extinction Training of Olfactory-Conditioned FO Male Mice Is Accompanied by Restoration
of DNA Methylation at the Promoters of Relevant OR Genes in FO Sperm

We found that the promoters of genes encoding the Aceresponsive O/fr151 (M71) and
Olfr160 (M72) receptors were less methylated in FO-Trained-Ace sperm compared with FO-
Exposed-Ace sperm (Figure 3A, B) (OIfr151: F1-Exposed-Ace n= 4, F1-Trained-Ace n=4,
F1-Extinguished-Ace n=4; ANOVA: F, 9 = 8.61, p=.0081, post hoc: F1-Exposed-Ace vs.
F1-TrainedAce **p < .01) (OIfr160: F1-Exposed-Ace 7= 4, F1-Trained-Ace n =4, F1-
Extinguished-Ace /7= 4; ANOVA: F, g = 5.382, p=.029; post hoc: F1-Exposed-Ace vs. F1-
Trained-Ace *p < .05). While FO-Extinguished-Ace sperm had methylation levels that
appear higher than FO-Trained-Ace sperm levels, we did not find a statistical difference
between these groups. Of note, the gene encoding the Lyral-responsive MOR23 OR, O/fr16,
was not differentially methylated in FO sperm across Ace-treated groups (Supplemental
Figure S9A) (p < .05). When FO male mice were exposed, trained, or extinguished to Lyral,
we observed differences in methylation levels around the O/fr16 promoter. More
specifically, the O/fr16 promoter was less methylated in FOTrained-Lyral sperm compared
with FO-Exposed-Lyral sperm, and FO-Extinguished-Lyral sperm had methylation levels that
were comparable to FO-Exposed-Lyral levels (Figure 3C) (OIfr16: F1-Exposed-Lyral 7= 3,
F1-Trained-Lyral 7= 3, F1Extinguished-Lyral 7= 3; ANOVA: £, ¢ = 7.140, p= .0259; post
hoc: F1-Exposed-Lyral vs. F1-Trained-Lyral *p < .05, F1-Trained-Lyral vs. F1-
Extinguished-Lyral *p < .05). The genes encoding the Ace-responsive M71 (O/fr151) and
M72 (OIfr160) ORs were not differentially methylated in FO sperm across Lyraltreated
groups (Supplemental Figure S9B, C) (p> .05).

DISCUSSION

Trauma like the Holocaust and domestic abuse in humans (31,32), and stress protocols in
rodents (3,6,33), are broad in their intergenerational effects. This breadth poses a challenge
to following intergenerational influences of stress. Olfactory fear conditioning in FO mice
provides an experimental framework that allows us to focus on end points in both the FO and
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F1 generations at the level of structure (visualizing OSNs expressing specific ORs), function
(behavioral sensitivity toward specific odors), and epigenetics (regulation of expression of
OR genes) (15,18,19,21,22,27,28,34-37).

Capitalizing on the aforementioned properties of the olfactory system, we had previously
reported (23) that exposing FO male mice to odor + shock stress (conditioning) resulted in
F1 offspring showing 1) behavioral sensitivity to the odor used to condition the FO
generation, 2) increased representation for olfactory neuroanatomy that detects the odor used
in the FO generation, and 3) alterations in DNA methylation in FO sperm around the gene
encoding the OR. These data suggested that olfactory-related stress could be used to study
intergenerational influences of stress and that environmental experiences can modify
epigenetic marks in the FO germline. Other studies have also reported intergenerational
influences of olfactoryrelated stressors in mice, rats, and fruit flies (24-26).

The ultimate challenge associated with intergenerational influences of stress is to be able to
protect offspring that may be vulnerable to parental trauma and stress. Cognitive behavioral
therapy that often involves exposure to or recollection of traumatic cues in a safe context is
used as a form of extinction training to diminish the detrimental effects of such recollection.
Recently, studies using rodents have shown that subjecting animals to extinction training
(tone-only presentations) after they had been conditioned to the tone (tone + shock) not only
diminished their fear for the tone but also resulted in significant alterations of the microRNA
milieu and the DNA methylation status of genes in the prefrontal cortex, a region involved in
extinction learning (38-41). We recently reported that exposing previously olfactory fear—
conditioned mice to extinction training (odor presentations without foot shocks) diminished
their fear responses to the conditioned odor and restored enhancements of olfactory
neuroanatomy to baseline (17).

Building on these findings, we hypothesized that extinction training an FO generation of
mice that had been previously subjected to olfactory fear conditioning would reverse the
transmission of behavioral and neuroanatomical effects observed in the F1 offspring of
conditioned male mice and the influence of such conditioning on epigenetic marks in the
sperm of the FO generation. We found this reversal to occur at the level of behavioral
sensitivity (Figure 1), enhanced neuroanatomy (Figure 2), and DNA methylation at OR loci
in the germline (Figure 3). To our knowledge, these are the first data to indicate that
interventional strategies can be applied to parental generations to prevent or reverse
transmission of intergenerational influences of stress. Also important is that our findings
present biological correlates of reversal of intergenerational influences of stress and
highlight the possibility of using readouts of multiple biological end points to determine the
efficacy of interventional strategies. With our use of odorrelated stress in the FO generation,
we focused on the reversal of intergenerational influences of stress at the level of olfactory-
related behavior and neuroanatomy in the F1 offspring and epigenetic marks around the
genes encoding ORs in the FO sperm. Future work will need to examine whether such
reversals can be observed for other reported intergenerational influences such as those of
more generalized stressors, dietary perturbations, and chemical exposures (1-3,5-8,10,42—
46).
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Odorant exposure and deprivation are salient environmental experiences that affect OR gene
expression, olfactory physiology, and behavior (19,27,28,47). While we have previously
demonstrated that F1-trained animals demonstrate a behavioral sensitivity that is specific to
the odor used in the FO generation (23), our extinction training protocol that involves 30
odor presentations each day for 3 days could affect sensitivity to other odors in general. Our
findings indicate that this is not the case (our effects do not generalize) and that OPS of F1
offspring to an odorant that is independent of the one used during extinction training of the
FO generation is not affected (Supplemental Figure S7). Future work will need to examine
whether subjecting FO animals to conditioning with odor A and then to extinction training
with odor B allows for the influences on F1 behavior and neuroanatomy and the FO germline
to persist. Gaining appreciation for such generalizability and specificity of extinction
training approaches will suggest optimal strategies to break cycles of intergenerational
stress.

Rodent studies have reported changes in gene expression in the central nervous system of
offspring sired by male animals subjected to stress. Less is known about whether gene
expression in the peripheral nervous system of offspring can be affected by parental
experience. We found that the enhancements in LacZ protein expression in the F1-Trained-
Ace M71-LacZ olfactory epithelium coincide with increased mRNA levels for O/fr151 and
OIfr160in the F1 olfactory epithelium (Supplemental Figure S8A, B). In contrast, while we
observe increased GFP expression in the F1-Trained-Lyral MOR23-GFP olfactory
epithelium, O/fr16 mRNA levels are decreased (Supplemental Figure S8C). Cellular
plasticity in OSNs in response to odor exposure has been demonstrated to be specific to the
olfactory receptorligand pairing (19). Therefore, the observed variability in baseline mMRNA
levels of the different olfactory receptors might be a consequence of differential gene
expression that is dependent on the olfactory receptor being profiled or could be independent
of protein expression and stability. Our data do suggest that baseline gene and protein
expression in the peripheral nervous system can be influenced by the legacy of paternal
olfactory experience.

Many studies have demonstrated that altered RNA, histone modifications, and DNA
methylation in sperm of animals exposed to salient environmental events may contribute to
intergenerational inheritance (5-8,23,33,43,48). How these changes sculpt the development
of specific tissue systems as the single-cell zygote develops into the multicellular organism
is an open question that will be answered with sequencing approaches targeted at the
developing embryo and the adult brain. Specifically related to our data, we do not know
whether and how altered methylation at the OR loci in sperm of FO olfactory-conditioned
animals is relevant to the enhanced representation for these receptors in the nose of adult F1
offspring. These alterations might be coincidental to, and not causal of, the neuroanatomical
changes observed in the F1 nose. For this reason, we currently view our methylation data
more as a readout that epigenetic marks can be altered in the germline and less as a
mechanism of the reported phenomenon. To demonstrate causality, future experiments will
need to examine epigenetic signatures around these ORs across embryonic development,
manipulate the methylation status at specific OR loci in the germline, and examine the
effects of this manipulation on the adult F1 nose.
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Our findings suggest that salient environmental events with negative (conditioning) and
positive (extinction training) valence can influence the germline. How long these influences
persist, which sperm precursor cells are affected, and how many sperm bear these influences
are important questions to answer in the future. These answers probably hold clues to why
not all individuals born to parents with paternal trauma are influenced (not all sperm are
influenced by the environmental experience) and whether allowing time to elapse between
traumatic events and conception can mitigate intergenerational influences of stress. Finally,
the time at which any salient environmental event is registered by the germline in some
manner, epigenetic or otherwise, is an important point that requires future analysis. In our
study, the time at which the experience of the initial olfactory fear conditioning is registered
by the sperm, and whether extinction training prevents this influence or erases it, is food for
thought. Given the immediate juxtaposition between the conditioning and extinction training
in our protocol, it is highly unlikely, but potentially possible, that erasure of this influence is
responsible for the effects of our extinction training. A more likely scenario is that the
extinction training that occurs immediately following the conditioning protocol prevents
“epigenetic consolidation” of conditioning in the gametes. Building in a significant amount
of time between the conditioning and extinction training would be one way to answer this
question. In addition, perhaps lessons are to be learned from the general concept of
extinction training vis-a-vis behavior—that diminishment of behavior after extinction
training is not merely erasure of the initial associative memory but rather a consequence of
new associations being made independent of the original learning event (49,50).

In conclusion, our data demonstrate that interventions applied to a parental generation have
the potential to reverse behavioral and neuroanatomical influences of parental stress in
future offspring and epigenetic signatures in the parental germline. This evidence offers
promise for breaking societal cycles of intergenerational stress by intervening in exposed
parental populations before conception.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Reversal of behavioral sensitivity of salient parental olfactory experience tested using odor-

potentiated startle (OPS). (A) Parent generation (FO) male mice treated with acetophenone
(Ace) and future generation (F1) mice tested with Ace. Exposing FO male mice that had
been previously fear conditioned with Ace to extinction training (F1-Exposed-Ace), which
decreases their fear toward Ace), results in F1-Extinguished-Ace offspring that did not
demonstrate behavioral sensitivity to Ace, as is observed in the F1-Trained-Ace cohort. As
we have reported previously, F1-Trained-Ace animals sired by FO male animals that had
been conditioned with Ace + mild foot shocks show a higher sensitivity to Ace compared
with F1-Exposed-Ace animals sired by FO male animals that had been exposed only to Ace
presentations. (B) FO male mice treated with Lyral and F1 mice tested with Lyral. F1-
Trained-Lyral animals sired by FO male mice that had been conditioned with Lyral + mild
foot shocks showed a higher sensitivity to Lyral compared with F1-Exposed-Lyral animals
sired by FO male mice that had been exposed only to Lyral presentations. Exposing FO male
mice that had been previously fear conditioned with Lyral to extinction training resulted in
F1-Extinguished-Lyral offspring that did not demonstrate behavioral sensitivity to Lyral, as
is observed in the F1-Trained-Lyral cohort. Data are presented as mean + SEM. *p < .05,
**p< .01. Same colorswithin a group represent individuals from the same litter.
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F1 M71-LacZ glomerular area after FO-Ace treatment
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Figure 2.

Reversal of enhanced olfactory neuroanatomy of salient parental olfactory experience. (A—
C) p-Galactosidase staining shows that offspring of parent generation (FO) M71-LacZ male
mice that had been conditioned to acetophenone (future generation [F1]-Trained-Ace) have
larger M71-LacZ glomeruli than offspring of FO M71-LacZ male mice that had been
exposed to Ace (F1-Exposed-Ace). Exposing FO M71-LacZ male mice that had been
previously fear conditioned with Ace to extinction training reversed this enhanced
neuroanatomical representation in their F1-Extinguished-Ace offspring. (D, E) Quantitation
of LacZ expression in the F1-M71-LacZ-Ace main olfactory epithelium (MOE) using
Western blotting. F1-Trained-Ace animals had higher LacZ expression in the MOE
compared with F1-Exposed-Ace animals. F1-Extinguished-Ace animals have significantly
less LacZ expression in the MOE compared with F1-Exposed-Ace and F1-Trained-Ace
animals. (F, G) Quantitation of green fluorescent protein (GFP) expression in the F1-
MOR23-GFP-Lyral MOE using Western blotting. F1-Trained-Lyral animals had higher GFP
expression in the MOE compared with F1-Exposed-Lyral animals. F1-Extinguished-Lyral
animals had comparable amounts of GFP in the MOE as F1-Exposed-Lyral animals. Data
are presented as mean + SEM. *p < .05, **p < .01, ***p < .001, ****p < .001. Same colors
within a group represent individuals from the same litter.

Biol Psychiatry. Author manuscript; available in PMC 2020 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Aoued et al.

after Ace treatment

Page 17

after Lyral treatment

A OIfr151 promoter B OIfr160 promoter C OIfr16 promoter
0.157 0.05+ 0.4
* % o * a * *
. 0.104 v - 3 -
g. n _:E S_ 0.034 = A __:E g. A
£ A v £ n £ 0.2
= —= ® 002 —— v e j__L
0.054 A
A 0.14 A
0.014
0.00 T T 0.00 T T T 0.0 T T T
< Q < < < < < D
8 £ 8 il R ,\5‘ ,\5‘ ,\»‘
Qb 06 eb gb Q,b & & &
() < ()
& X & I N &£ & < &£
) <& & ) < N ) <° S
N <& 2 N & «° & & <
<& & < & <& &
X & QQ
Figure 3.

Reversal of germline influences of salient parental olfactory experience. (A, B) DNA
encoding the acetophenone (Ace)-responsive odorant receptors (OIfr151 and OIfr160) were
less methylated at the promoter region in sperm of parent generation (FO) male mice that had
been conditioned to Ace (FO-Trained-Ace) compared with FO male mice exposed to the Ace
(FO-Exposed-Ace). The promoters of the O/fr151 and O/fr160genes in sperm of FO male
mice previously conditioned to Ace and then exposed to extinction training (FO-
Extinguished-Ace) were as methylated as the promoters of these genes in sperm of FO-
Exposed-Ace male mice. (C) DNA encoding the Lyral-responsive odorant receptor (OIfr16)
was less methylated at the promoter region in sperm of FO male mice that had been
conditioned to Lyral (FO-Trained-Lyral) compared with FO male mice exposed to the Lyral
(FO-Exposed-Lyral). The promoter of the OIfr16 gene in sperm of FO male mice previously
conditioned to Lyral and then exposed to extinction training (FO-Extinguished-Lyral) was as
methylated as the OIfr16 promoter in sperm of FO-Exposed-Lyral male mice. Six epididymis
were used per sample (1 sample = 3 animals). Data are presented as mean £ SEM. *p < .05,
**p<.01.
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