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Chronic administration of lysergic acid diethylamide (LSD) every other day to rats results in a variety of
abnormal behaviors. These build over the 90 day course of treatment and can persist at full strength for
at least several months after cessation of treatment. The behaviors are consistent with those observed in
animal models of schizophrenia and include hyperactivity, reduced sucrose-preference, and decreased
social interaction. In order to elucidate molecular changes that underlie these aberrant behaviors, we
chronically treated rats with LSD and performed RNA-sequencing on the medial prefrontal cortex
(mPFC), an area highly associated with both the actions of LSD and the pathophysiology of schizophrenia
and other psychiatric illnesses. We observed widespread changes in the neurogenetic state of treated
animals four weeks after cessation of LSD treatment. QPCR was used to validate a subset of gene
expression changes observed with RNA-Seq, and confirmed a significant correlation between the two
methods. Functional clustering analysis indicates differentially expressed genes are enriched in pathways
involving neurotransmission (Drd2, Gabrb1), synaptic plasticity (Nr2a, Krox20), energy metabolism
(Atp5d, Ndufa1) and neuropeptide signaling (Npy, Bdnf), among others. Many processes identified as
altered by chronic LSD are also implicated in the pathogenesis of schizophrenia, and genes affected by
LSD are enriched with putative schizophrenia genes. Our results provide a relatively comprehensive
analysis of mPFC transcriptional regulation in response to chronic LSD, and indicate that the long-term
effects of LSD may bear relevance to psychiatric illnesses, including schizophrenia.

� 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Lysergic acid diethylamide (LSD) is a classic hallucinogen that
can produce a profound acute intoxication characterized by hallu-
cinations, delusions, detachment from reality, and paranoia
(Nichols, 2004). Certain effects of LSD are recognized to be similar
to those presenting in schizophrenia, and have led us and others to
propose the use of LSD to model aspects of schizophrenia and
psychosis (Geyer and Vollenweider, 2008; Marona-Lewicka et al.,
2011; Halberstadt and Geyer, 2013; Hanks and Gonzalez-Maeso,
2013). Like other hallucinogens, LSD directly activates 5-HT2A re-
ceptors and indirectly modulates glutamatergic neurotransmission
to produce its primary effects (Nichols, 2004). LSD also has affinity
gy and Experimental Thera-
ter, 1901 Perdido St. Medical
258, USA. Tel.: þ1 504 568

110
111
112
113
114
115
116

D.A., et al., Chronic LSD alte
g/10.1016/j.neuropharm.2014
for several other receptors, including serotonin 5-HT1A, 5-HT2C,
dopamine D1, and D2, which all may contribute to its behavioral
pharmacology (Halberstadt and Geyer, 2011). LSD is unique among
hallucinogens, however, in that it produces two distinct temporal
phases, “an acute phase (about 4 h in man) and a 4- to 6-h second
phase. During the second 6 h, the ‘TV show in the head’ no longer
compels interest; subjects think often that the effect is over but
fairly regularly report (at perhaps 10 h after an initial dose) that
they had been at the least self-centered, and usually suspicious,
with ideas of reference or even paranoid convictions” (Freedman,
1984). Freedman also noted that acute LSD intoxication disrupts
cognitive control and attentional processes, alongside the sensory
changes and delusional tendencies characteristic of the first and
second phases (Freedman, 1968). In rat drug discrimination ex-
periments, LSD also produces a unique biphasic temporal profile
with a second phase mediated by dopaminergic mechanisms
(Marona-Lewicka et al., 2005).

Although the effects of acute LSD have been well studied, long-
term administration of LSD in humans has not. Tolerance quickly
develops to most of the overt effects with daily dosing, but
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Fig. 1. An outline of experimental procedures is shown. A.) Rats 180e200 g (N ¼ 10/group) are treated with saline or 0.16 mg/kg LSD, every other day, for 90 days. B.) Locomotor
testing at 48 h post-treatment demonstrating persistent hyperactivity is followed by collection of brains at four weeks post-treatment. C.) Sample preparation consists of isolation of
mPFC and extraction of RNA, followed by standard Illumina library preparation protocol. D.) Sequencing performed by Vanderbilt Genome Resources Core, resulting in over 500
million, 43 bp, single-end reads. E.) Raw data uploaded to Galaxy Public Instance for further manipulation and mapping F.) Topaht v 1.4.0 was used to map reads to 2004 UCSC Rat
Genome, and generated over 300 million unique alignments to the transcriptome. G.) HTCount was used for counting reads aligning to gene loci, and DE-Seq v1.82 was used for
differential expression testing. H.) Increasingly stringent filters applied to data result in a collection of differentially expressed genes for downstream analysis. I.) Subset of
differentially expressed genes and schizophrenia-related genes further tested with QPCR. J.) Functional clustering analysis performed to reveal highly represented pathways which
are persistently altered by chronic LSD. Q5
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sensitivity returns to baseline after three days of abstinence
(Belleville et al., 1956). Experimenters who gave autistic children
LSD daily for many months noted less tolerance than had been
reported in adults, and relatively few adverse events (Bender et al.,
1961). In general, however, no studies have specifically monitored
long-term behavioral changes resulting from repeated LSD
administration in normal healthy humans, and LSD is not a drug
taken on a daily basis over several months by recreational users.
Repeated recreational LSD use on a less frequent basis has been
associated with psychological, perceptual, and cognitive abnor-
malities including decreased performance on tests of visual
perception and spatial orientation, a high incidence of magical
thinking, decreased performance on tests of nonverbal abstract
reasoning, and hallucinogen persisting perception disorder (HPPD)
(Blacker et al., 1968; McGlothlin et al., 1969; Abraham, 1982;
Halpern and Pope, 2003). Prolonged psychotic reactions have
been reported following LSD use, however, the incidence of these
phenomena is rare and may be related to preexisting vulnerability
(Nichols, 2004).

We recently reported that chronic administration of LSD results
in a variety of persistent abnormal behaviors in rats (Marona-
Lewicka et al., 2011). Altered behaviors include hyperactivity,
hyper-reactivity, abolished preference for sucrose solution, and
altered social behaviors (Marona-Lewicka et al., 2011). These be-
haviors are similar to many that present in rodent models of
schizophrenia. Interestingly, the aberrant behavioral changes
induced by LSD continue for at least many months after discon-
tinuance of the LSD treatment. For example, increased locomotion
Please cite this article in press as: Martin, D.A., et al., Chronic LSD alte
Neuropharmacology (2014), http://dx.doi.org/10.1016/j.neuropharm.2014
persists for at least three months following cessation of LSD
treatment. Both olanzapine and haloperidol temporarily attenuate
this hyperlocomotion in doses that do not affect control activity.

In an effort to understand the neurochemical and molecular
basis for the persistent changes in behavior induced by chronic LSD,
we performed high-throughput RNA sequencing to profile gene
expression changes in the medial prefrontal cortex (mPFC) of rats
chronically treated with LSD. We have found that many genes are
persistently dysregulated four weeks after discontinuation of LSD
treatment. Functional clustering indicates that the processes in
which these genes are enriched include neurotransmitter function,
synaptic plasticity, metabolism, and endocrine function. Signifi-
cantly, genes and networks affected by chronic LSD demonstrate
substantial overlap with genes and pathways implicated in
schizophrenia. Together with our pharmacological and behavioral
results, these data support the notion that rats chronically treated
with LSD may serve as a useful new model of the sustained,
abnormal functioning observed in psychiatric illnesses such as
schizophrenia.

2. Methods

A summary of the methods can be found in Fig. 1.

2.1. Animals and treatment

Male Sprague-Dawley rats obtained fromHarlan (Indianapolis, IN) were aged 6e
8 weeks (180e200 g) at the start of treatment. Animals were housed individually for
seven days before treatment, during which time they were handled for 15 min each
day. During treatment, rats were individually housed in translucent home cages,
allowed free access to food and water, and kept on a 12:12 h light/dark cycle. For
rs gene expression profiles in the mPFC relevant to schizophrenia,
.03.013
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Fig. 2. Global differential gene expression changes are shown above, as calculated with
DE-Seq v1.82. Each defined gene with >0 reads is placed on the x-axis according to
average number of mapped reads and on the y-axis according to Log2(LSD counts/
Control counts). Differentially expressed genes (adj. p < 0.05) are shown in black.
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treatment, rats were injected (i.p.) with either sterile saline, or LSD (0.16 mg/kg)
every other day for 90 days. LSD [(þ)-lysergic acid diethylamide tartrate], was
synthesized in the laboratory of Dr. D.E. Nichols. Animals used in these studies were
maintained in accordancewith the U.S. Public Health Service Policy on Humane Care
and Use of Laboratory Animals, and all protocols were approved by the Institutional
Animal Care and Use Committees of both LSUHSC and Purdue University.

2.2. Sample preparation

After discontinuation of LSD, all animals (N ¼ 10/treatment group) were
behaviorally tested to confirm the presence of hyperactivity as previously described,
(Marona-Lewicka et al., 2011) and at four weeks were euthanized by decapitation.
Brains were removed and immediately frozen on dry ice and stored at �80 �C until
processing. The mPFC from one hemisphere was dissected and processed for
simultaneous isolation of total RNA, protein, and gDNA using the Norgen All-In-One
kit (Toronto, CAN) following manufacturer’s directions. RNA quality was assayed on
an Agilent Bioanalyzer. All samples sequenced exhibited an RIN > 8.

2.3. RNA sequencing

Total RNA (4 mg) was provided to the Genome Sciences Resource core at Van-
derbilt University School of Medicine for sequencing (https://gtc.vanderbilt.edu/).
Sample libraries were prepared with Illumina mRNA sample preparation kits.
Briefly, this method requires mRNA enrichment through polyA tail selection, cDNA
transcription, fragmentation, fragment size selection, adapter ligation, and cluster
generation. Sequencing was performed on an Illumina GA IIX. Read length was 43
base pairs, and sequencing resulted in an average depth of w26 million reads/
sample. Each sample was sequenced on a separate lane of an Illumina flow cell,
requiring three flow cells in total (20 independent samples; 8 lanes/flow cell).

2.4. Data analysis

We developed our own workflow for analyzing RNA-sequencing data using
publicly available resources. A Web-based graphical front end for publicly available
sequencing packages, including Tophat and Cufflinks, named GALAXY (Giardine
et al., 2005) was used for the initial analysis (http://main.g2.bx.psu.edu/).

Data files (Illumina v1.3 FASTQ) were uploaded to GALAXY and converted to
Sanger format using the FASTQ Groomer (Blankenberg et al., 2010). Mapping was
performed with Tophat (Trapnell et al., 2009) v1.4.0 to map individual reads to the
UCSC Rat 2004 Genome (rn4). Segments with a minimum length of 21 bp were
mapped independently, with a maximum of two mismatches allowed per segment,
with 0 mismatches allowed in anchor regions of spliced reads (eight base pairs on
either side of a splice junction). Known junctions were provided through the UCSC
RefSeq annotation, and unknown junctions were built de novo with Tophat. A
maximum of 10 alignments were allowed per read, and any read exceeding this
number of genomic alignments was discarded. For gene expression quantification,
we performed initial trial runswith both Cufflinks (Trapnell et al., 2010), available on
GALAXY, and an R package DE-Seq (Anders and Huber, 2010). After several initial
trials with various iterations and parameter settings of the two algorithms, we chose
to perform the final expression analysis with DE-Seq v1.82, based on the robustness,
simplicity, and interpretability of the results.

BAM files were converted to SAM using the BAM-to-SAM conversion tool (Li
et al., 2009) on GALAXY. Alignments were assigned to gene loci using HT-Seq
(http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html). Gene loci
were defined by the UCSC RefSeq annotation, and HTSeq was run with the
Union_Intersection parameter. HTSeq by default only counts reads uniquely map-
ping to a single location in the transcriptome, and these are the count data we used
for differential expression testing. We additionally modified the output to count
non-uniquely mapped reads to determine which genes had large fractions of dis-
carded multireads. A table of gene counts for 16,950 known rat genes and 20
samples provided the input to DE-Seq. DE-Seq uses the negative binomial distri-
bution to model counts distributed across genes (Anders and Huber, 2010), and the
output consists of normalized average gene counts for each condition, along with p-
values, and p-values adjusted for multiple testing for every gene.

For the final list of candidate genes we employed multiple filters: 1) Defined
Genes; 2) Genes with >50 reads aligned; 3) Genes with less than 10% of total reads
consisting of multireads; 4) Genes with expression changes �25% compared to
control; 5) Genes with p-values<0.05 (adjusted for multiple comparison), according
to DE-Seq v1.82. Functional clustering analysis of the final candidate list was per-
formed using the DAVID Bioinformatics Resource (http://david.abcc.ncifcrf.gov/
home.jsp) (Huang da et al., 2009b,a) and the STRING Protein Interaction Database
(Franceschini et al., 2013).

2.5. Individual gene expression analysis by QPCR

First strand cDNA was synthesized using the ImPromp-II kit from Promega
(Madison, WI). For the quantitative RT-PCR (QPCR) experiments, the Universal
ProbeLibrary system from Roche (Indianapolis, IN) was used to design primer/probe
pairs. All primers were aligned to transcripts as defined by the UCSC RefSeq anno-
tation used in the sequencing analysis, and spanned exon/exon boundaries where
possible. Distinction was not made between potential splice isoforms, but primers
Please cite this article in press as: Martin, D.A., et al., Chronic LSD alte
Neuropharmacology (2014), http://dx.doi.org/10.1016/j.neuropharm.2014
were aligned to exons in the primary transcript of a gene. Primers were synthesized
by IDT (Coralville, IA) (sequences provided in Supplementary Table S1). Triplicate
amplification reactions using the first strand cDNA sample from each rat were
performed on a Roche 480 LightCycler II using the Roche Light Cycler Master Mix
following the manufacturer’s directions. Amplification of Ywhah, a housekeeping
gene consistently expressed among all samples, was performed simultaneously on
every plate to normalize amplification thresholds. Relative expression was deter-
mined using the DD-Ct method. Significance of expression changes was determined
by performing one-tailed Student’s t-tests, in the direction implicated by fold
changes measured with RNA-Seq. All genes marked as significant exhibit p < 0.05,
and a false detection rate (FDR) < 10% (Benjamini and Hochberg, 1995).

3. Results

3.1. Sequencing analysis

An overview of the experimental procedures is provided in
Fig. 1. Treated animals exhibited increased locomotor activity in the
open field post-treatment, consistent with treated groups of ani-
mals previously described, (Marona-Lewicka et al., 2011) and were
sacrificed four weeks after the last treatment with LSD or saline.
Sequence data from all 20 samples were of high quality, with well
over 99% of the reads in each sample exhibiting an average PHRED
quality score of over 35, and over 90% of reads lacking a single base
call with a PHRED score <20. Data exhibit the expected charac-
teristics of single-end, random-primed Illumina GAII sequences
(Hansen et al., 2010).

Tophat was used to map reads to the genome, and HTSeq was
used to assign reads to individual genes (Supplementary Table S2).
527 million reads were sequenced, with an average of 26.4 million
reads per sample resulting in 474 million alignments to the
genome, of which 309 million reads mapped uniquely to a known
gene. 58% of generated reads mapped uniquely with high confi-
dence to a known gene, and only these reads were used in down-
stream differential expression analysis. Of the 42% of mapped reads
that were not aligned uniquely to known genes, many were mul-
tireads that mapped to two or more places on the genome with
equal probability. Also, many represent poorly annotated or un-
known genes in the rat genome and were ignored. Additionally, a
small fraction mapped into ambiguous or overlapping exonic re-
gions. Based on RNA-sequencing results in highly annotated ge-
nomes (Daines et al., 2011; Nookaew et al., 2012), a high percentage
(>95%) of the reads are likely generated by genuine mRNA tran-
scripts and are not artifacts. The raw, per-gene count data gener-
ated in HTSeq provides the input to DE-Seq. The count data for each
gene in a given sample is then normalized by a scaling factor
calculated in DE-Seq, allowing fold-changes across conditions to be
calculated. The distribution of the differential expression data is
shown in Fig. 2, and indicates that chronic LSD induces widespread
rs gene expression profiles in the mPFC relevant to schizophrenia,
.03.013
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Fig. 3. QPCR gene expression changes are shown relative to control expression. A) 23 genes found to be significantly different using RNA-Seq (adj. p < 0.05 or FoldChange >25%)
were chosen to be further tested by QPCR. Genes marked with “*”were found to by QPCR to be significantly differentially expressed (p < 0.05, t-test, N ¼ 10, FDR<10%) Symbols (“þ”

or “�”) below each gene indicate whether the gene exhibits: 1) DESeq significance (adj. p < 0.05) 2) DESeq FoldChange >25% 3) Evidence for involvement in neuropsychiatric
disease(NPD). B) 10 genes not found to be differentially expressed by RNA-Seq, but thought to be relevant to psychiatric diseases were tested by QPCR, and results are shown relative
to control expression. Genes marked with “*” were found to by QPCR to be significantly differentially expressed (p < 0.05, t-test, N ¼ 10, FDR<10%). C) QPCR and RNA-Seq Cor-
relation shown above. All 33 genes tested by QPCR are shown; open circles represent genes differentially expressed by RNA-Seq, and triangles represent genes not differentially
expressed by RNA-Seq. The horizontal and vertical position of each dot represents QPCR Fold Change and RNA-Seq Fold Change, respectively. Pearson’s correlation coefficient was
calculated after linear regression, R2 ¼ 0.53 (p < 0.001). Best Fit slope ¼ 1.02 � 0.17.
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but relatively low-magnitude changes in gene expression in the
mPFC.

Criteria were applied to all quantified genes to produce a list of
genes potentially affected by chronic LSD. Of 14,740 defined genes
with at least one mapped read, 10,097 genes in the mPFC had
average expression levels reaching 50 counts/gene/sample, given
our sequencing depth. Of these genes, 9605 had little or no
potentially confounding multiread fraction (<10%). From these
highly expressed transcripts, 636 exhibited an absolute expression
change of >25%, and 402 exhibited differential expression accord-
ing to DE-Seq (p < 0.05, adjusted for multiple testing). There were
283 transcripts that were both >25% changed and had a signifi-
cance of p < 0.05. A spreadsheet detailing expression data for all
genes passing differential expression criteria can be found in
Supplementary Table S4.

3.2. QPCR validation

To validate our sequencing analysis as a suitable strategy to
measure changes in gene expression, we used QPCR to measure
expression levels for a subset of the same transcripts analyzed with
RNA sequencing. From our most stringent list, those with >25%
Please cite this article in press as: Martin, D.A., et al., Chronic LSD alte
Neuropharmacology (2014), http://dx.doi.org/10.1016/j.neuropharm.2014
expression changes and p < 0.05, we tested 12 genes and found a
QPCR validation rate of 66.7% (8/12). We further tested an addi-
tional 11 genes from an expanded list that represented 755 tran-
scripts that exhibited either >25% expression or a DE-Seq
significance of p < 0.05, and observed a QPCR validation rate of
72.7% (8/11). Because we observed similar validation rates between
our most stringent list and the expanded list, we moved forward
with the expanded list for our final pool of candidates that repre-
sent genes with >25% differential expression or a DE-Seq signifi-
cance of p < 0.05. In total, our methodology has achieved a
validation rate of 69.6% (16/23) (Fig. 3A).

Some genes potentially relevant to psychiatric illness were
identified from our candidate pool and tested as part of our vali-
dation as described above. To determine whether there are
neuropsychiatric disease (NPD) relevant genes altered but not
detected by sequencing, we tested 10 genes implicated by others in
psychiatric disease that did not meet criteria for inclusion in our
final candidate pool. Of these, 2/10 were found to be differentially
expressed by QPCR (Fig. 3B). To determine the accuracy of differ-
ential expression measurements obtained with RNA-Seq, we
compared fold changes measured with QPCR to fold changes
measured by RNA-Seq for each of the 33 total genes measured by
rs gene expression profiles in the mPFC relevant to schizophrenia,
.03.013
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QPCR. We observed a highly significant correlation between
expression levels as determined by RNA-Seq and QPCR (Pearson
correlation, R2 ¼ 0.53, p < 0.0001) (Fig. 3C), indicating a general
concurrence between QPCR and RNA-Seq for estimating fold
changes.

3.3. Functional clustering

In order to investigate which processes were most affected by
LSD treatment and which changes might underlie the persistent
changes in behavior, we performed functional clustering analysis
on the 755 genes in our final candidate pool. The DAVID Bio-
informatic Database and STRING Protein Interaction Database were
mined for our candidate gene lists, and the most significant results
of the DAVID Functional Clustering are shown in Table 1. Broad
processes such as neurotransmission and synaptic plasticity were
among the most affected. The graphical output from the STRING
analysis is shown in Supplementary Fig. S1. Under stringent inter-
action settings, about one-third of the genes are represented by
multiple interconnected nodes. Several functionally related clusters
are present, including neurotransmitter receptor function, and
effector signaling pathways. Interestingly, other clusters including
those for RNA processing, energy metabolism, and endocrine
function are also present.

To identify potential overlap of our candidate set of genes with
those identified as relevant to psychiatric illness, we sought to
explicitly compare our gene expression results to comprehensive
studies of genetic vulnerability for mental disorders in humans. A
variety of methods have been used to associate genetic variation
with psychiatric disorders, including genome-wide association
studies (GWAS), linkage analysis, and post-mortem gene expres-
sion analysis. One technique for meta-analysis that is termed
‘convergent functional genomics’ (CFG) uses human genetic data,
biomarkers, genetic animal models, and drug-induced animal
models from many studies to rank genes’ potential involvement in
schizophrenia, (Ayalew et al., 2012) as well as other psychiatric
disorders including bipolar disorder and alcoholism (Patel et al.,
2010). The relative enrichment of our identified genes among the
Table 1
DAVID Functional Clustering table. The 20 most significant functional categories as
determined by the relative enrichment of these functions with differentially
expressed genes are shown. The number of differentially expressed genes in a given
category is listed along with the p-value for the category, and the adjusted p-value
for multiple testing. Significance is calculated by comparing the fraction of differ-
entially expressed genes that fit the functional category to the fraction of all genes
that are part of the category using a modified Fisher’s exact test (EASE score).

Functional group Count p-Value Benjamini

Transmission of nerve impulse 36 6.25E-10 1.67E-06
Synaptic transmission 30 4.01E-09 5.36E-06
Regulation of synaptic plasticity 17 4.95E-08 4.41E-05
Synapse 37 7.35E-07 9.63E-05
Regulation of system process 34 1.61E-07 1.07E-04
Synapse part 30 3.21E-07 1.26E-04
Behavior 40 2.72E-07 1.45E-04
Regulation of neurological system process 24 7.04E-07 2.69E-04
Regulation of transmission of nerve impulse 23 8.51E-07 2.84E-04
Regulation of synaptic transmission 22 1.12E-06 3.33E-04
Non-membrane-bounded organelle 108 4.86E-06 4.78E-04
Learning or memory 19 2.42E-06 6.46E-04
Cell projection organization 33 7.28E-06 0.001766915
Cellecell signaling 31 8.52E-06 0.001895161
Cytoskeleton 63 2.74E-05 0.002149377
Regulation of neuronal synaptic plasticity 11 1.22E-05 0.002509196
Huntington’s disease 22 2.21E-05 0.003179466
Phosphorylation 51 1.90E-05 0.003611326
Plasma membrane 128 7.88E-05 0.005148794
Phosphorus metabolic process 57 3.42E-05 0.005687728
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top-ranked genes from schizophrenia and bipolar disorder is
shown in Table 2. One would expect approximately 4.55% (755/
16,950) of the top CFG genes to appear randomly in our differential
expression list; we observed 14.3% (6/42, p ¼ 0.006, chi-squared,
Yate’s correction) in the case of schizophrenia, and 8.9% (5/56,
p ¼ 0.19, chi-squared, Yate’s correction) in the case of bipolar dis-
order. This 3.2-fold relative enrichment of genes highly implicated
in schizophrenia on our differential expression list suggests a sig-
nificant degree of overlap between genes involved in schizophrenia
and those affected by chronic LSD. Additionally, comparison of LSD-
altered gene clusters with pathway analysis generated from top
CFG genes (see Ayalew et al., 2012) reveals that three of the top six
CFG pathways (glutamate receptor signaling, G protein-coupled
receptor signaling, and synaptic long-term potentiation) are also
enriched with genes differentially expressed in response to chronic
LSD.

4. Discussion

4.1. Summary of gene expression changes

In this work we have characterized global mRNA changes that
occur in the mPFC four weeks after discontinuation of chronic LSD
administration. Extended exposure to LSD produces widespread
and long-lasting abnormalities in gene expression that accompany
persistent abnormal behaviors. Examination of altered genes using
two different functional clustering techniques shows that neuro-
transmission and synaptic plasticity processes are among the most
highly affected by chronic LSD. Specifically, genes relevant to GABA,
glutamate, and dopamine systems are highly represented.

The receptor interactions of LSD within the cortex are complex,
but hallucinogens are known to alter cellular and network activity
in the PFC when given acutely (Celada et al., 2008; Wood et al.,
2012). The canonical microcircuitry of the cortex includes recip-
rocal connections between pyramidal neurons and GABA-ergic in-
terneurons that are rich in 5-HT2A and 5-HT1A receptors (Celada
et al., 2013). We simultaneously observed significantly higher
levels of the GABA-A ion channels (Gabrb1, Gabrb2, and Gabrg3) in
chronic LSD-treated animals, together with a >40% decrease in
expression of a GABA transporter gene (Slc6a13). These changes
may reflect long-term adaptations in mPFC pyramidal neurons to
alterations in GABA release from interneurons, or more broadly,
may indicate a disruption in baseline excitatory/inhibitory balance
amidst the persistent abnormal drive resulting from chronic stim-
ulation of 5-HT receptors in the cortex.

The acute disruption of cortical electrophysiology by classic
psychedelics involves glutamatergic mechanisms as well, as
Table 2
Convergent Functional Genomics (CFG) is one method of meta-analysis to identify
genes which confer susceptibility to complex genetic disorders, including schizo-
phrenia and bipolar disorder. The comparison of chronic LSD induced, differentially
expressed genes to the top ranked genes implicated in schizophrenia and bipolar
disorder reveals 6 genes common to both lists for schizophrenia, (Bdnf, Drd2, Grin2b,
Prkca, Slc1a2, Tnik) and 5 genes in common for bipolar disorder (Bdnf, Gsk3b, Klf12,
Ptprt, Syn3). This represents a significant (p ¼ 0.006) enrichment of 3.2 fold for
schizophrenia genes and a non-significant (p ¼ 0.19) enrichment of 2.0 fold for bi-
polar disorder genes (chi-squared, Yates’ corrected, 2 � 2 contingency table).

Top ranked schizophrenia genes
(CFG score > 4.0) (Ayalew et al., 2012)

Top ranked bipolar genes
(CFG score > 6.5) (Patel et al., 2010)

Expect: 4.45% (# of DE genes/total
genes: 755/16,950)

Expect: 4.45% (# of DE genes/
total genes: 755/16,950)

Found: 14.3% (6/42 genes) Found: 8.9% (5/56 genes)
Relative enrichment: 3.2 fold Relative enrichment: 2.0 fold
Odds ratio: 3.6 Odds ratio: 2.1
Significance: p ¼ 0.006 Significance: p ¼ 0.19
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previously demonstrated using both LSD and DOI (Lambe and
Aghajanian, 2006). We measured changes in several genes related
to glutamate signaling following chronic dosing, including in-
creases in the expression of NDMA receptor subunits (NR2a and
NR2b). These ion channel subunits are critical for many forms of
synaptic plasticity including LTP and LTD, and contribute to a wide
variety of cortical synapse development andmaintenance functions
(Yashiro and Philpot, 2008). Although LSD is known to cause
excessive glutamate signaling acutely (Muschamp et al., 2004), the
observed alterations in the glutamate system are consistent with
long-term changes in synaptic plasticity.

We previously observed that genes involved in synaptic plas-
ticity increased in expression following acute LSD, including tran-
scription factors and cytoskeletal protein genes (Nichols and
Sanders-Bush, 2002, 2004). Whereas the expression levels of
these genes generally return to baseline several hours after acute
treatment, some do not (Nichols et al., 2003). We hypothesize that
with repeated stimulation these factors lead to synaptic adapta-
tions in the cortex that eventually stabilize over the course of
treatment, reaching a persistent aberrant state. This hypothesis is
further supported by the highly significant enrichment of other
synaptic plasticity genes among transcripts altered by chronic LSD,
such as increases in Bdnf and Krox20 mRNA. These two growth
factors are both increased in expression following acute halluci-
nogen dosing (Vaidya et al., 1997; Nichols and Sanders-Bush, 2002),
are involved in a large variety of important synaptic functions, and
have been linked to dopamine signaling in the PFC (De Steno and
Schmauss, 2009; Xing et al., 2012).

The cortical dopamine system appears to be persistently
affected by chronic LSD. We observe about a 40% decrease in the
mRNA expression of the dopamine receptor genes Drd1 and Drd2,
suggestive of receptor downregulation. That may be due to
repeated excess dopaminergic activity in the frontal cortex
following chronic LSD. LSD, which is also a dopamine receptor
agonist, may be directly acting at the receptors, or it may act
through indirect modulation of dopamine release mediated by 5-
HT2A receptor activation in the mPFC (Pehek et al., 2006).

Many of the changeswe observe after chronic LSD are consistent
with the known pharmacology of 5-HT2A ligands and the pathways
they couple with acutely, including a decrease in phospholipase C
beta (Plcb1) (Sanders-Bush and Conn,1986), an increase in calcium/
calmodulin dependent kinases (Camk4, Cask), and a decrease in a
calcium/calmodulin dependent kinase inhibitor (Camk2n2)
(Arvanov et al., 1999). Further, we have noted other patterns of gene
expression in metabolic and endocrine genes resulting from
chronic LSD that may offer insight into the neural mechanisms that
underlie the long-term behavioral changes. For example, we found
decreases in the expression of four NADH dehydrogenase subunit
genes (Ndufs8, Ndufb2, Ndufb7, and Nudufa1), along with decreases
in three vacuolar ATPase Hþ transport genes (Atp6v0b, Atp6v0e2,
Atp6v0c), and a decrease in themitochondrial ATP synthase subunit
gene Atp5d. We also measured significant decreases in two cyto-
chrome c oxidase IV subunit genes (Cox7a2, Cox8a), a related gene
(Cox4nb), and in glutathione S-transferases (Gstt2, Gstp2). Our data
suggest that altered cortical metabolism, mitochondrial dysfunc-
tion, and potentially oxidative stress result from chronic LSD
treatment. Interestingly, mitochondrial dysfunction and oxidative
stress have been associated with a variety of psychiatric illnesses,
and mitochondrial disease can result in psychiatric symptoms
(Anglin et al., 2012; Andreazza et al., 2013). Similar patterns of
abnormal gene expression and biochemical dysfunction have been
found in the PFC of schizophrenia patients (Prabakaran et al., 2004).

Thyrotropin releasing hormone mRNA (Trh) and two thyroid
hormone receptor genes (Thra, Thrb) were significantly altered in
mPFC gene expression, potentially implicating the hypothalamo-
Please cite this article in press as: Martin, D.A., et al., Chronic LSD alte
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pituitary-thyroid axis in the effects of chronic LSD. Thyrotropin
releasing hormone (TRH) has been implicated in a wide range of
CNS actions, including modulating acetylcholine, dopamine, and
serotonin signaling (Horita, 1998). Additionally, TRH has been
shown to modulate a variety of behaviors, including arousal and
locomotor activity (Hara et al., 2009). A large cluster of other hor-
mone and neuropeptide-related genes also were significantly
regulated by LSD, including those for nuclear orphan receptor-1
(Nor1), orexin receptor (Hcrtr1), tachykinin 2 (Tac2), and Neuro-
peptide Y (Npy), among others. These systems have the ability to
modulate neurotransmission and behavior, and neuropeptide sys-
tems have been implicated in psychiatric diseases, including
schizophrenia and bipolar disorder (LaCrosse and Olive, 2013;
Seifuddin et al., 2013).

4.2. Considerations regarding translational relevance

Psychiatric illness is notoriously difficult to model in animals for
several reasons. One fundamental issue for translational research
concerns the often nebulous distinctions between psychiatric dis-
eases as they are currently defined. Dimensions of abnormal
behavior are often similar between different nosologies, and an
overlap in environmental and genetic risk factors for psychiatric
illness is being increasingly appreciated (Insel and Cuthbert, 2009).
For example, genomic analyses of large patient populations have
recently revealed a substantial correlation between single nucleo-
tide polymorphisms (SNPs) and liability for different psychiatric
diseases, including bipolar disorder with schizophrenia, and
schizophrenia with major depressive disorder (Lee et al., 2013).

In recognizing such issues, the NIMH has adopted the Research
Domain Criteria (RDoC) project to organize research around spe-
cific functional domains, which reflect fundamental biological
mechanisms and are applicable across traditional psychiatric dis-
ease boundaries (Insel et al., 2010). These domains are currently
broadly defined to include positive valence, negative valence, social
functioning, cognitive processing, and arousal/regulatory systems.
The domains are further subdivided into more specific constructs,
which can be described in a matrix across multiple levels of anal-
ysis, including genes, circuits, and behaviors (see NIMH website for
details).

The work presented here concerns persistent genetic changes in
the mPFC circuit associated with disruptions in behaviors across
several functional domains. The behaviors that are known to be
altered by chronic LSD fit within fundamental domains currently
defined by the RDoC, including arousal (hyperactivity), social
functioning (approach and aggression), and positive/negative
valence (sucrose preference). Many genes regulated by chronic LSD
have been previously implicated as important to these dimensions
of behavior within the current RDoC matrix. A summary of per-
turbed behavioral subdomains and potentially relevant gene
changes is shown in Supplementary Table 5 in an abbreviated form
of the RDoC matrix. Although patterns of gene expression may
covary with behaviors, the evidence from the current study is
correlative.

Further work will be required to draw definitive conclusions
regarding the relative importance of any specific gene or pathway
in generating aspects of abnormal behavior, and to separate pri-
mary from secondary phenomena. Studies investigating more
specific subdomains of behavior affected by chronic LSD are war-
ranted, particularly concerning the cognitive domain. One caveat to
our results is that we have only examined mRNA expression, which
does not always parallel protein expression. Therefore, it will be
important to measure changes in protein expression in relation to
the observedmRNA changes to fully understand functional changes
across units of analysis. Additionally, identifying alterations in
rs gene expression profiles in the mPFC relevant to schizophrenia,
.03.013
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circuits outside the mPFC will be critical to form a more complete
picture of how chronic LSD is causing persistent behavioral
changes. However, global mRNA sequencing in the mPFC has pro-
vided important clues as to which gene networks might be
contributing to the observed behavioral dimensions.

Whereas a multitude of pharmacological and genetic manipu-
lations can lead to similar behaviors in animal models, they often
converge on common pathways (Eyles et al., 2012). Psychiatric
disorders are both highly heritable and highly polygenic (Ruderfer
et al., 2013). Many disparate alterations, such as individually rare
copy number variants and combinations of SNPs, converge to
produce deficits in common pathways (Kirov et al., 2012; Xu et al.,
2012; Gulsuner et al., 2013). Recently, large scale GWAS have
identified SNP arrays for bipolar disorder and schizophrenia that
can explain a fraction (w1/3) of the estimated total heritability of
these diseases (Fernandes et al., 2013; Lee et al., 2013). Other
studies indicate little patient-population overlap at the level of
individual mutations, but increasing overlap at gene and pathway
levels (Ayalew et al., 2012). Comparison of our work to a recent CFG
analysis of schizophrenia (Ayalew et al., 2012) at the gene level
revealed a substantial enrichment of CFG-prioritized genes in the
genes affected by chronic LSD. CFG genes were identified though a
variety of methods and studies, however, and were not limited to
specific tissues like mPFC. This precludes drawing a precise com-
parison with our results, moreover, such comparisons are strictly
correlative. Despite differences in methodology, comparison of CFG
top canonical pathways to our functional clusters reveals similar-
ities at a network interaction level, implicating glutamate signaling
and synaptic plasticity as key processes (Ayalew et al., 2012).

No animal model can recapitulate the spectrum of a human
psychiatric disorder. However, as the fundamental constructs of
biobehavioral function are defined in humans, the validity of ani-
mal work can be evaluated with respect to specific functional do-
mains. We have found that chronic LSD results in long-lasting
behavioral and genetic changes that are consistent with several
biobehavioral dimensions relevant to psychiatric disorders. We
propose that further study of the development and maintenance of
the stable, aberrant state produced by chronic LSD may be infor-
mative to further understanding the etiology of psychiatric disor-
ders, including schizophrenia.
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