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In the last decade there has been an exponential increase in
knowledge about the genetic basis of complex human traits,
including neuropsychiatric disorders. It is not clear, however, to
what extent this knowledge can be used as a starting point for
drug identification, one of the central hopes of the human
genome project. The aim of the present study was to identify
memory-modulating compounds through the use of human genetic
information. We performed a multinational collaborative study,
which included assessment of aversive memory—a trait central to
posttraumatic stress disorder—and a gene-set analysis in healthy
individuals. We identified 20 potential drug target genes in two
genomewide-corrected gene sets: the neuroactive ligand–receptor
interaction and the long-term depression gene set. In a subsequent
double-blind, placebo-controlled study in healthy volunteers, we
aimed at providing a proof of concept for the genome-guided iden-
tification of memory modulating compounds. Pharmacological in-
tervention at the neuroactive ligand–receptor interaction gene set
led to significant reduction of aversive memory. The findings dem-
onstrate that genome information, along with appropriate data
mining methodology, can be used as a starting point for the iden-
tification of memory-modulating compounds.

emotional memory | pharmacology | PTSD

Recent advances in human genetics have led to an unprece-
dented rate of discovery of genes related to complex human

disease, including neuropsychiatric disorders (1–3). The human
genome–based gain of knowledge is certainly expected to have
a large impact on drug discovery in complex human disease (4–6).
It is, however, still not clear to what extent this knowledge can be
used as a starting point for the identification of druggable molec-
ular pathways of complex traits (7), including mental disorders (8).
Genomewide association studies (GWASs) using single-marker

statistics have been very successful in identifying trait-associated
single-gene loci (9). It is, however, widely accepted that single
marker–based analyses have limited power to identify the genetic
basis of a given trait, as for example, many loci will fail to reach
stringent genomewide significance threshold, despite the fact that
they may be genuinely associated with the trait. Triggered by
statistical approaches for the analysis of gene expression, gene set–
based analytical methods have recently become available. These
methods aim at identifying biologically meaningful sets of genes
associated with a certain trait, rather than focusing on a single
GWAS gene locus (10). By taking into account prior biological
knowledge, gene set–based approaches examine whether test
statistics for a group of related genes have consistent deviation
from chance (10). As shown recently in studies on autism (11),
bipolar disorder (12, 13), attention deficit hyperactivity disorder
(ADHD) (14), and schizophrenia (15), such approaches can

convincingly identify convergent molecular pathways relevant to
neuropsychiatry. Importantly, the identification of groups of
functionally related genes is likely to facilitate drug discovery,
because the most significant single loci from a GWAS might not
be the best candidates for therapeutic intervention (7, 10).
In the present study, we focused on emotionally aversive

memory—a trait central to anxiety disorders such as post-
traumatic stress disorder (PTSD) (16–23). Strong memory for
emotionally arousing events can be seen as a primarily adaptive
phenomenon, which helps us to remember vital information
(e.g., dangerous situations). In case of an extremely aversive
event, however, this mechanism can also lead to intrusive and
persistent traumatic memories, thereby contributing to the de-
velopment and symptoms of PTSD (18–22). Symptoms related to
aversive memory include intrusive daytime recollections, trau-
matic nightmares, and flashbacks in which components of the
event are relived. Aversive memory is a genetically complex trait
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as shown both in healthy subjects and in traumatized individuals
(17, 23). Furthermore, we recently reported evidence suggesting
a genetic link between the predisposition to build strong aversive
memories and the risk for PTSD (16).
Based on these observations, we developed a process (Fig. 1)

aimed at identifying gene sets related to human aversive mem-
ory, followed by a pharmacological intervention study as proof-
of-concept for the genome-guided identification of memory-
modulating drugs.

Results
Step 1 (Gene Set Enrichment Analysis and Hypothesis-Testing Sample).
We recruited a homogenous sample of 1,802 Swiss healthy young
adults who performed cognitive tasks quantifying emotional
memory performance (see SI Materials and Methods for detailed
sample and phenotype description). Aversive memory perfor-
mance (i.e., enhanced free recall performance for previously
shown pictures with negative emotional valence) (17) was the
trait of interest and was analyzed as a continuous variable. SNP P
values for association with aversive memory were obtained under
two genetic models (i.e., additive and dominant, see SI Materials
and Methods for detailed description). Only intragenic SNPs were
considered. These P values served as input for subsequent iden-
tification of gene sets related to aversive memory.
We applied the improved gene set enrichment method

(i-GSEA4GWAS) (24), which evaluates whether the distribution
of genes sharing a biochemical or cellular function is different
from a distribution of a ranked genomewide list of genes (see SI
Materials and Methods for detailed description). Four significant
[i.e., genomewide false discovery rate (FDR) corrected] gene
sets related to aversive memory were detected (Table 1): the
VEGF gene set, the IL-1 receptor (IL-1R) gene set, the long-
term depression gene set, and the neuroactive ligand receptor

interaction gene set. By using the identical settings in this sam-
ple, we also applied a second gene set algorithm, GSA-SNP (25),
to assess which of these four sets are detected by another gene
set method. A recent comparison of both algorithms on identical
samples showed that GSA-SNP tends to be more conservative
than i-GSEA4GWAS (26). The long-term depression and the
neuroactive ligand–receptor interaction gene sets were detected
as significant (PFDRcorr = 0.00009 and PFDRcorr = 0.006, re-
spectively), whereas this was not the case for the VEGF and IL-
1R gene sets (PFDRcorr = 0.5 and PFDRcorr = 0.08, respectively).

Step 2 (Gene Set Enrichment Analysis and Replication Sample). In an
additional population of 781 Swiss healthy young adults, who
underwent the identical phenotyping and genotyping procedure
as the step 1 sample, we also performed gene set enrichment
analysis with the identical settings as in step 1. Gene set analysis
replicated (at the identical genome-wide FDR < 0.05 level) both
gene sets of the first sample, i.e., the neuroactive ligand–receptor
interaction set and the long-term depression set (SI Materials and
Methods). A total of 20 replicated genes (Table S1) within these
gene sets were significantly associated with aversive memory in
both the hypothesis-testing (step 1; Table S1) and the replication
(step 2; Table S1) samples. These genes served as input for the
subsequent step 3.

Step 3 (Drug Selection). Here we aimed at providing a proof-of-
concept for human genetics-guided identification of memory-
modulating drugs. Therefore, we selected from the 20 candidate
targets only gene products with already existing therapeutic
compounds. Ingenuity Pathway Analysis (IPA; Ingenuity Sys-
tems) indicated the existence of therapeutic compounds for 15 of
the candidate targets (Table S2). To facilitate the subsequent
step 4 (pharmacological intervention study), we applied follow-
ing priority criteria to these compounds with respect to their
suitability in the context of a pharmacological intervention study
in Switzerland: (i) existing registration as therapeutic compound
by the Swiss Agency for Therapeutic Products (Swissmedic)
and availability on the Swiss market; (ii) acceptable side effects
profile [i.e., no major side effects such as nephrotoxicity, neu-
rotoxicity or myelotoxicity (e.g., anticancer drugs were not
considered)]; and (iii) favorable application mode (e.g., oral
administration was prioritized over i.v. or s.c. medication). Ap-
plication of these priority criteria to the list of existing compounds
(Table S2) resulted in nine compounds/compound groups (cor-
responding to nine genes; Table 2).

Step 4 (Pharmacological Intervention Study). To facilitate the se-
lection of one drug for a proof-of-concept study, we studied
which of the nine high priority genes are also linked to highly
aversive (traumatic) memory in a population of 349 severely
traumatized genocide survivors (16) (SI Materials and Methods).
After correction for multiple comparisons, one gene (HRH1) was
found to be associated with traumatic memory (Table S3).
Therefore, compounds targeting the histamine 1 receptor
(encoded by HRH1) were given highest priority for this proof-
of-concept intervention study. Two drug groups are known to
interact with the histamine 1 receptor: antipsychotics (e.g.,
olanzapine) and antihistamines (e.g., diphenhydramine). Anti-
psychotics were considered to have an unfavorable side effect
profile relatively to antihistamines. Therefore, an antihistamine
known to cross the blood–brain barrier (diphenhydramine) was
selected for the subsequent intervention study. To our knowl-
edge, the effect of diphenhydramine on emotional memory has
not been studied to date.
The study with the HRH1 antagonist diphenhydramine was

carried out using a double-blind, placebo-controlled, cross-over
design in 40 healthy, young (23.0 ± 0.8 y; 21 males) volunteers of
European ancestry. Subjects received a single oral administrationFig. 1. Drug discovery process.
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of diphenhydramine 50 mg or placebo in a cross-over design with
7 ± 3 d between visits (for flow diagram, see Fig. S1). Three
hours after administration of the study medication, subjects un-
derwent comprehensive emotional and cognitive testing (SI
Materials and Methods).
As expected, diphenhydramine significantly increased sleep-

iness (as measured with a visual analog scale during the test
phase, P < 0.001; Table S4). Therefore, drug-induced sleepiness,
which reflects the activity of centrally acting antihistamines (27),
was used as a between-subjects factor in the statistical analysis of
drug effects on memory (SI Materials and Methods).
The primary outcome variable (i.e., aversive memory) was

normally distributed (Shapiro–Wilk test: P > 0.5). We observed
a significant effect of diphenhydramine on free recall perfor-
mance for aversive pictures as early as 5 min after picture pre-
sentation (P < 0.05; Table 3) and also after a longer delay (90
min after picture presentation, P = 0.008; Table 3). The effect
size of diphenhydramine on free recall of aversive pictures (90-
min delay) was medium (Cohen’s d = 0.42). The effect of di-
phenhydramine on 90-min delayed free recall of aversive pic-
tures was also significant after correcting for sex (P = 0.006), age
(P = 0.009), treatment order (P = 0.012), and body weight (P =
0.009). There was no main effect of treatment order (P = 0.647)
on recall performance and no significant order × treatment in-
teraction (P = 0.266).
The statistical model including treatment (placebo, diphen-

hydramine) and all three valence groups (positive, neutral, aver-

sive) as independent variables in this repeated-measures ANOVA
and sleepiness as between-subject factor revealeda significantmain
effect of valence (P < 0.001), a significant main effect of treatment
(P = 0.023), and a significant treatment × valence × sleepiness
interaction (P = 0.02). Post hoc analyses revealed that diphen-
hydramine reduced recall of aversive information significantly (P<
0.001; Fig. 2 and Table S5) in subjects who reported di-
phenhydramine-induced sleepiness, but not significantly (P > 0.9)
in subjects who did not report diphenhydramine-induced sleepi-
ness (SI Materials and Methods). There were no significant drug
effects on the recall of positive or neutral pictures in the entire
sample (Table 3) and also no significant drug effects on the recall of
positive or neutral pictures after stratification for sleepiness (high
sleepiness/positive pictures: P = 0.328; no sleepiness/positive pic-
tures: P = 0.411; high sleepiness/neutral pictures: P = 0.384; no
sleepiness/neutral pictures: P = 0.181). These findings show that
diphenhydramine did not affect memory for neutral or positive
pictures despite its sedative effect. Thus, diphenhydramine-
induced sleepiness did not interfere with general mnemonic pro-
cesses. This finding is in line with previous studies, which consis-
tently report that diphenhydramine does not affect nonemotional,
episodic memory (28–31).
Furthermore, we did not observe a significant (P = 0.26)

correlation between sleepiness and aversive memory in the pla-
cebo condition, although large interindividual variability in
sleepiness was observed in that group [3.06 ± 2.12 (mean ±
SD); range, 0–8, on a visual analog scale from 0 to 10]. This finding

Table 1. Gene sets related to aversive memory (testing sample)

Pathway Pathway URL
Gene set

P (nominal)
Gene set
P (FDR)

Significant gene
set genes (N)

Mapped gene
set genes (N)

All gene
set genes (N)

VEGF pathway biocarta.com/pathfiles/
h_VEGFPATHWAY.asp

<0.001 0.011 10 21 28

IL1R pathway biocarta.com/pathfiles/
h_IL1RPATHWAY.asp

<0.001 0.013 13 24 33

HSA04730 LONG-TERM
DEPRESSION

genome.jp/dbget-bin/www_bget?
pathway+hsa04730

<0.001 0.019 33 67 76

HSA04080 NEUROACTIVE
LIGAND RECEPTOR
INTERACTION

genome.jp/dbget-bin/www_bget?
pathway+hsa04080

<0.001 0.036 69 175 254

All gene set genes, all genes of a given gene set, i.e., mapped and unmapped genes; mapped gene set genes, gene set genes containing at least one
intragenic SNP and therefore included in the i-GSEA analysis; significant gene set genes, genes mapped with at least one of the top 5% of all nominally
significant SNPs (Materials and Methods).

Table 2. Compounds/compound groups fulfilling the feasibility criteria

Drug/drug group Genes

Antidepressants (e.g., mirtazapine) HTR2A
Antihistamines (e.g., diphenhydramine) CHRM2, CHRM3, CHRM5, HRH1
Antimuscarinics (e.g., fesoterodine) CHRM2, CHRM3, CHRM5
Aprepitant TACR1
Ergot alkaloids (e.g., ergotamine) HTR2A
Fasoracetam GRM1, GRM5
Memantine GRIN2A
Antipsychotics CHRM2, CHRM3, CHRM5, GRIN2A, HRH1, HTR2A
Opioids (e.g., morphine) GRIN2A

Note on the feasibility criteria: IPA (Ingenuity Systems indicated the existence of therapeutic compounds for
15 of the candidate targets (see Table S1 for all candidate targets). The following priority criteria were applied
with respect to suitability in the context of a pharmacological intervention study in Switzerland: 1, existing
registration as therapeutic compound by the Swiss Agency for Therapeutic Products (Swissmedic) and availability
on the Swiss market; 2, acceptable side effects profile [i.e., no major side effects such as nephrotoxicity, neuro-
toxicity or myelotoxicity (e.g., anticancer drugs were not considered)]; and 3, favorable application mode (e.g.,
oral administration was prioritized over i.v. or s.c. medication). Application of these priority criteria to the list of
existing compounds (see Table S2 for all existing compounds) resulted in nine compounds/compound groups
(corresponding to nine genes, shown in this table).
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is in line with a recent study investigating the acute effects of the
sedative benzodiazepine lorazepam and the stimulating drug
methylphenidate on aversive memory. Despite producing opposite
effects on sleepiness, both lorazepam and methylphenidate reduce
the impact of emotionally arousing aversive material on memory,
indicating a dissociation between drug effects on aversive memory
and drug effects on sleepiness (32). Furthermore, a study with the
sedative lorazepam found drug-induced memory impairments in-
dependent of emotional valence (33). Finally, a study with mela-
tonin, a drug that also induces sleepiness, did not find drug-induced
effects on memory performance in healthy humans (34). Together,
these findings indicate that the effects of diphenhydramine on
aversive memory were not mediated by sleepiness.
There were no significant drug effects on attention or fluid

intelligence as measured in the present study (P ≥ 0.3; Table S4).
Diphenhydramine did also not affect valence or arousal ratings
in the picture task (P ≥ 0.195; Table S6) or state anxiety levels
(P = 0.38; Table S4). Diphenhydramine did not affect signifi-
cantly emotionally neutral memory tasks such as verbal recall,
figural recall, and n-back working memory (P > 0.05). Further-
more, diphenhydramine did not affect significantly depression
scores or number of reported side effects (P > 0.05), indicating
that in the present study the single dose of the drug did not affect
general cognitive functions, mood, or well-being.

Discussion
The present study demonstrates the potential of the use of ge-
nomic information for the identification of drugs influencing
emotionally aversive memory. Specifically, genomewide gene set
analyses pointed to HRH1 (encoding histamine receptor H1) as
one of many possible drug targets. A subsequent double-blind,
placebo-controlled intervention study in healthy volunteers
revealed that single-dose administration of the antihistamine
diphenhydramine led to significant reduction of aversive memory
recall but not of general mnemonic functions. Although SNP-
based association studies represent a valuable tool for the iden-
tification of druggable molecules, it is important to note that
genetic signals arising from marker SNPs generally do not allow
inferences about functional consequences at the mRNA or pro-
tein expression level, nor do they predict the direction of drug
effects. Consequently, subsequent molecular and pharmacologi-
cal studies in animals or humans are needed to corroborate the
genetic association results and to define the direction of effect of
a drug identified through SNP-based association.
It is important to stress that in the present study the priority

criteria for the compound tested in the intervention study were
weighted toward feasibility. For example, only compounds reg-
istered in Switzerland and available in the Swiss market were
considered in this study. Consequently, a number of interesting

compounds (Table S2) are also potentially efficacious and may
be considered as candidates for following clinical trials. For ex-
ample, the drug discovery approach described herein also identified
morphine as a drug with potential aversive memory-modulating
properties (Table S2). Interestingly, the use of morphine after
combat injury was recently associated with reduced risk for the
development of PTSD (35).
The present study also demonstrates the feasibility and im-

portance of gene set–based analytical methods, which identify
biologically meaningful groups of genes associated with a certain
trait, rather than focusing on single GWAS gene loci (10). Two
replicated gene sets related to aversive memory were identified
in the present study: the long-term depression gene set and the
neuroactive ligand–receptor interaction gene set. Both sets in-
clude genes intimately involved in learning and memory pro-
cesses with well-established roles in crucial neuronal traits such
as plasticity and synaptic function.
To test whether the identification of these brain-related gene

sets is a function of the core phenotype under study, i.e., aversive
memory, we conducted an additional study on a brain-unrelated
trait: rheumatoid arthritis (RA: Tables S7, S8, and S9). Specifi-
cally, we applied the identical search strategy (i.e., gene set en-
richment analysis and Ingenuity-based compound search) to

Table 3. Drug effects on free recall of pictures

Memory type
Diphenhydramine

mean (SE)
Placebo

mean (SE) P

Short-delay (5 min) free recall
of pictures
Positive pictures 13.53 (0.49) 14.32 (0.58) 0.110
Neutral pictures 9.03 (0.55) 10.36 (0.53) 0.032
Aversive pictures 13.15 (0.55) 14.41 (0.44) 0.014*

Long-delay (90 min) free recall
of pictures
Positive pictures 13.92 (0.55) 14.56 (0.54) 0.197
Neutral pictures 9.40 (0.62) 10.36 (0.63) 0.114
Aversive pictures 13.68 (0.60) 14.92 (0.47) 0.008*

Cross-over study with 40 healthy subjects. P indicates nominal P values.
*Significance after Bonferroni correction for the three valence groups.

Fig. 2. Diphenhydramine-induced reduction of aversive memory in the high
sleepiness group (n = 20). A single administration of diphenhydramine (50
mg) compared with placebo significantly reduced delayed recall of aversive,
but not of positive or neutral, pictures (Table S5). Diphenhydramine did not
affect valence or arousal ratings (P > 0.2) of the presented pictures. Error
bars represent SEM.
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a large dataset (n = 25,500) of patients with RA and controls
(36). SNP-to-gene assignment and correction for multiple com-
parisons were done as reported for the aversive memory study.
Gene set enrichment analysis retrieved six genomewide-corrected
gene sets related to RA, including sets relevant to inflammation,
antigen presentation, and cell adhesion (Tables S7 and S8). In-
terestingly, most of the existing compounds identified are char-
acterized by immunomodulatory properties (Table S9), and for
several of the retrieved drugs, the primary indication is RA (e.g.,
Abatacept, Belatacept, Anakinra, Tocilizumab, Adalimumab,
Ifliximab, and Etanercept; Table S9). This result demonstrates
the face validity of the gene set approach and suggests that the
identification of brain-related groups of genes was a function
of the core phenotype under study.
Although the present results underscore the importance and

potential of genetic studies of human complex traits for the
identification of therapeutic compounds, we would like to point
out that the approach described herein is one of many possible
approximations. Despite current lack of evidence, we hope that
future developments related to both the understanding of the
human genome and to the progress in biostatistical methodology
will improve this concept. First, genetics-guided drug discovery
might be improved by the rapid development of affordable whole
genome sequencing technologies. Indeed, the vast majority of
genetic association studies to date are based on the concept of
proxy SNPs. As a consequence, many genes remain uncovered by
common SNPs and are thereby a priori excluded from further
statistical analysis (Table S1, unmapped genes). Capitalizing on
the possibility of whole genome sequencing in large samples
might increase the number of genes that are considered within
a certain biological pathway. Second, genetic complexity is not
only related to the polygenic nature of the traits under study but
it also reflects the complexity of the human genome per se, which
exerts its influence on the traits not only through simple linear
gene effects but also through gene–gene interactions, gene–
environment interactions, and epigenetic mechanisms. A better
understanding of the fundamental complexity through which ge-
netic variation exerts its effects on complex traits is expected to
refine the information needed for genetics-guided drug discovery.
Finally, the relation between genetic and phenotypic variability is
not expected to follow simple and general rules applicable to
every phenotype. Indeed, it is impossible to predict which statis-
tical and bioinformatics approaches will ideally explain the
relationship between genetic and phenotypic variability of
complex traits. It will be most probably a combination of sev-

eral approaches specific to distinct phenotypes. Consequently,
genetics-guided drug discovery will require a statistical frame-
work that accounts for the complexity of functional molecular
networks specific to the phenotype under study. The present
approach (i.e., gene set enrichment analysis) seems to be well
suited for the target phenotype of this study. However, as more
and more methods will become available (10), study designs
based on continuously curated gene set databases, multidisci-
plinary research frameworks, and focusing on the identification
of complex genetic structures will prove invaluable for robust
and reliable discovery of druggable targets.
Gene set approaches represent important tools for the de-

velopment of drugs directed against memory-related disorders.
Additional studies are warranted to identify an optimal dose–
response relation and optimal timing of administration, to in-
vestigate the effects of diphenhydramine on the distinct memory
phases of memory formation and retrieval, and to study whether
the administration timed to traumatic reactivation is able to in-
terfere with reconsolidation in patients suffering from PTSD (37,
38). Our study also provides additional, potentially interesting
compounds, which can be tested in following clinical trials.

Materials and Methods
Step 1 involved a homogenous sample of 1,802 (1,211 females and 591males)
Swiss healthy young (22.4 ± 0.1 y; mean ± SE) adults who performed
a memory task consisting of freely recalling previously presented aversive,
positive, and neutral pictures. In this sample, we applied the improved gene
set enrichment method (i-GSEA4GWAS) (24) and a second gene set algor-
ithm GSA-SNP (25). In step 2, we performed a replication study in 781 (484
females and 297 males) Swiss healthy young (22.4 ± 0.1 y) adults. In step 3,
we used the Ingenuity Pathway Analysis (IPA; Ingenuity Systems) to identify
therapeutic compounds for the identified candidate genes. In step 4, to
facilitate the selection of one drug for a proof-of-concept pharmacological
study, we studied which of the nine high priority genes are also linked to
highly aversive (traumatic) memory in a population of 349 severely trau-
matized genocide survivors. Finally, we performed a double-blind, placebo-
controlled, cross-over pharmacological study in 40 healthy, young (23.0 ± 0.8 y;
21 males) volunteers. Subjects received a single oral administration of
diphenhydramine 50 mg or placebo in a cross-over design with 7 ± 3 d be-
tween visits. For a detailed description of the study populations, designs, and
procedures of steps 1–4, see SI Material and Methods.
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