
Phosphodiesterases PDE2A and PDE10A both change mRNA 
expression in the human brain with age, but only PDE2A 
changes in a region-specific manner with psychiatric disease

Reagan Farmer, Steven D. Burbano, Neema S. Patel, Angelo Sarmiento, Abigail J. Smith, 
Michy P. Kelly*

University of South Carolina School of Medicine, Department of Pharmacology, Physiology & 
Neuroscience, 6439 Garners Ferry Rd, Columbia, SC, 29209 USA

Abstract

Many studies implicate altered cyclic nucleotide signaling in the pathophysiology of major 

depressive disorder (MDD), bipolar disorder (BPD), and schizophrenia (SCZ). As such, we 

explored how phosphodiesterases 2A (PDE2A) and 10A (PDE10A)—enzymes that break down 

cyclic nucleotides—may be altered in brains of these patients. Using autoradiographic in situ 
hybridization on postmortem brain tissue from the Stanley Foundation Neuropathology 

Consortium, we measured expression of PDE2 and PDE10 mRNA in multiple brain regions 

implicated in psychiatric pathophysiology, including cingulate cortex, orbital frontal cortex (OFC), 

superior temporal gyrus, hippocampus, parahippocampal cortex, amygdala, and the striatum. We 

also assessed how PDE2A and PDE10A expression changes in these brain regions across 

development using the Allen Institute for Brain Science Brainspan database. Compared to 

controls, patients with SCZ, MDD and BPD all showed reduced PDE2A mRNA in the amygdala. 

In contrast, PDE2A expression changes in frontal cortical regions were only significant in patients 

with SCZ, while those in caudal entorhinal cortex, hippocampus, and the striatum were most 

pronounced in patients with BPD. PDE10A expression was only detected in striatum and did not 

differ by disease group; however, all groups showed significantly less PDE10A mRNA expression 

in ventral versus dorsal striatum. Across development, PDE2A mRNA increased in these brain 

regions; whereas, PDE10A mRNA expression decreased in all regions except striatum. Thus, 

PDE2A mRNA expression changes in both a disorder- and brain region-specific manner, 
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potentially implicating PDE2A as a novel diagnostic and/or patient-selection biomarker or 

therapeutic target.
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1. INTRODUCTION

Major depressive disorder (MDD), bipolar disorder (BPD), and schizophrenia (SCZ) rank 

among the most debilitating diseases worldwide [1], with overlapping yet distinct 

symptoms. For example, MDD, BPD, and SCZ are all associated with significant cognitive 

impairments in psychomotor speed, attention, visual memory, and several domains of 

executing functioning [2,3]. In contrast, depressive symptoms are a primary component of 

BPD and MDD but not SCZ; whereas, psychosis is a symptom cluster in the majority of 

patients with SCZ and BPD but not MDD [4–7]. Genetic and heritability studies suggest the 

overlapping yet distinct symptomatology of MDD, BPD, and SCZ are likely paralleled at the 

level of overlapping yet distinct pathophysiology[8]. Symptomatic similarities among these 

disorders can lead to misdiagnosis and delays in proper treatment[9–11]. Not only does 

misdiagnosis lead to deficient treatment of these diseases, but so does lack of efficacy (e.g., 

against cognitive symptoms), treatment-resistance, and intolerable side effects associated 

with existing medications[12–19]. As such, both disease-specific biomarkers and new 

therapeutic approaches are needed to improve treatment of these diseases.

Our laboratory focuses on phosphodiesterases, a superfamily of enzymes that break down 

cAMP and cGMP. A wealth of studies report evidence of altered cyclic nucleotide signaling 

in MDD, BPD, and SCZ[20–24]. Further, efficacy of currently used medications has been 

associated with improved cyclic nucleotide signaling[25–28]. This raises the possibility that 

alterations in PDE function may contribute to disease pathophysiology and represent novel 

biomarkers or therapeutic targets that could be harnessed in the treatment of these disorders. 

There are eleven families of PDEs, each with a unique regional distribution in the 

brain[29,30]. PDE2A and PDE10A have received particular attention in the context of 

psychiatric disease. PDE2A mRNA is expressed throughout the striatum, hippocampus, 

amygdala and several cortical regions[29,30], all of which are brain regions implicated in the 

pathophysiology of MDD, BPD, and/or SCZ. In contrast, PDE10A is greatly enriched in the 

striatum[29,30]. Both PDE2A and PDE10A inhibitors have been pursued in the clinic due to 

promising findings in animal models of psychiatric disease, with mixed results (c.f.,[31]). As 

such, we measured PDE2A and PDE10A mRNA in multiple brain regions of patients with 

MDD, BPD or SCZ using in situ hybridization to determine if expression of either PDE 

might change in the context of psychiatric disease. Here we show that PDE2A mRNA, but 

not PDE10A mRNA, is altered in a disease- and brain region-specific manner.
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2. METHODS

2.1 Subjects.

Data were obtained using resources from both the Stanley Foundation and the Allen Institute 

for Brain Science. Human tissue samples originated from the Stanley Foundation’s 

Neuropathology Consortium http://www.stanleyresearch.org/brain-research/neuropathology-

consortium/ [32,33]. This collection is comprised of tissue samples taken from 15 control 

subjects, 15 patients with MDD without psychosis, 15 patients with BPD, and 15 patients 

with schizophrenia. The tissue samples used here were 14 um-thick fresh frozen sections 

mounted on a 1.5” × 3.0” glass slide.

RNA sequencing data were mined from the 2014 Allen Institute for Brain Science Brainspan 

Atlas of the Developing Human Brain database, as we previously published[34]. Expression 

levels across development were assessed for PDE2A (http://www.brainspan.org/rnaseq/

searches?exact_match=true&search_term=PDE2A&search_type=gene&page_num=0) and 

PDE10A (http://www.brainspan.org/rnaseq/searches?

exact_match=true&search_term=PDE10A&search_type=gene&page_num=0). We limited 

analyses to the brain regions that we assessed in the Neuropathology Consortium slides. 

Methods used for this RNA sequencing study have been previously published [35] and can 

be found here: http://help.brain-map.org/display/devhumanbrain/Documentation. Based on 

our previous analysis of PDE9A mRNA expression in these samples [34], we grouped 

subjects into the following age categories before analyses: prenatal, childhood (2 months-17 

years), and adulthood (18–40 years).

2.2 In situ hybridization

Autoradiographic in situ hybridization was carried out as previously described[36]. Slides 

with 14 μM-thick sections of human superior temporal gyrus, orbitofrontal cortex, inferior 

temporal region, caudal entorhinal cortex, cingulate, amygdala, hippocampus, and striatum 

were received from the Stanley Foundation. Slides were stored at −80°. Due to limited 

capacity of processing resources, only 1 brain region was processed for PDE2A and 

PDE10A mRNA in a given experiment. Slides including mouse tissue were processed in 

parallel to verify efficiency of the probe and in situ technique. To obtain this tissue, mice 

were sacrificed by cervical dislocation, and brains were then frozen in isopentane. Brains 

were stored at −80° until they were cryosectioned at 20 μM and those sections were thaw 

mounted on slides and stored again at −80°. Due to the large size and number of the human 

tissue slides, multiple hybridization trays, slide racks, and film cassettes were required to 

process all samples for a given brain region. Tissue was processed by experimenters blind to 

diagnosis; however, a designation of “Group 1”, “Group 2”, “Group 3” and “Group 4” was 

known in order to ensure all diagnostic groups were equally represented within each 

hybridization tray, slide rack and film cassette. Slides were brought to room temperature and 

then were placed in 4% paraformaldehyde (10 minutes). Following this, slides were treated 

with 0.1 M Triethanolamine/0.9% NaCl (10 minutes). Next, for one minute each, sections 

were dehydrated through an ethanol series of 50%−80%−90%−100%. Then, sections were 

defatted in chloroform twice for 5 minutes each and then rehydrated with an ethanol series 

of 100%−90%−80%−50%-H2O, each for one minute. Following air drying, the slides were 
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placed in hybridization trays. These hybridization trays contained 2X sodium citrate buffer 

(SSC) in the bottom for moisture. Antisense or sense (negative control) oligonucleotide 

probes specific to PDE2A (antisense: 5′- AAC TTG CTG AAC CAT GGC CCA TTG ATC 

TTG TTC AC −3′) or PDE10A (antisense: 5′- CAT ATA TGC ATA TAT ACT GGC TGT 

TTG AAT TAT GAA TTT A −3′) were labeled with S35-dATPs. 600,000 cpms of probe 

were added per 100 μL of hybridization buffer (8.4% dextran sulfate/50% formamide/25mM 

HEPES/1mM EDTA/0.1M DTT/4% salmon sperm/4% poly rA/1X Denhardts solution/0.6M 

NaCl). 100 μL and 400 μL of labelled hybridization buffer was added to the rodent and 

human slides, respectively. Each of these slides was covered with a glass coverslip. Slides 

were incubated overnight in a humid oven R 32° C. Following incubation, slides coverslips 

were removed with 2X SSC and were washed in 2X SSC twice for 10 minutes each at room 

temperature, 0.2 SSC twice for 1 hour each at 50° C, and 2X SSC once for 10 minutes again 

at room temperature. The slides were quickly rinsed in sterile water and 70% EtOH. Slides 

were opposed to Kodak BioMax MR films for 2 months.

2.3 Densitometry

Densitometry was used to measure the relative optical density (r.o.d.) of selected brain 

regions and subfields (see Figure S1). Measurements were taken using the Microcomputer 

Imaging Device (MCID; Imaging Inc., Ontario, Canada). The hippocampal and 

parahippocampal subfields were defined based on the atlas of Ding et al.[37]. Given the 

broad expanse of the DG, three samples of the same size were taken and averaged together. 

Similarly, 2 samples were taken for orbital frontal cortex (OFC) and averaged. Amygdalar 

nuclei were defined based on the atlas published in Brabec et al.[38]. Background 

measurements were taken from each slide and were then subtracted from the r.o.d. to 

account for potential differences in film density. All data were collected by an experimenter 

blind to group. To account for any non-specific technical differences that might emerge 

across hybridization trays or wash racks, data originating from a given film were normalized 

to a reference group on that film (i.e., “Group 4”). Where multiple brain regions fell on the 

same slide, a reference region was chosen for normalization in order to enable direct 

comparison of expression between subfields (hippocampus—subiculum; striatum—caudate; 

amygdala—lateral nucleus). Data were normalized, statistical outliers removed (i.e., data 

points greater than 2 standard deviations above or below the mean), and then statistically 

analyzed for group effects (see next) and then were submitted for review to the Stanley 

Foundation for unblinding and pairing of demographic data.

2.4 Statistical analysis

Data was analyzed using SigmaPlot 11.2. As noted above, statistical outliers more than 2 

standard deviations from the mean of its respective group were removed prior to analysis 

(see Tables 1 and 2). Normalized data were analyzed by parametric statistics when data 

passed normality (Shapiro-Wilk) and equal variance (Levene’s mean test); otherwise, 

nonparametric statistics were used. A priori, our primary endpoint of interest with regard to 

the in situ hybridization data was the effect of diagnosis on PDE expression; however, 

secondary post hoc analyses were also conducted with regard to the effect of suicide, 

psychosis, substance abuse, and alcohol abuse given the degree to which these factors 

differed between the diagnostic groups. The effect of diagnosis on PDE2A mRNA 
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expression was tested using an analysis of variance (ANOVA) and the effect of secondary 

factors (e.g., death by suicide) was assessed by t-test when a single brain region fell on a 

slide. When a single slide contained multiple brain regions or subfields (e.g., hippocampus), 

a repeated measure ANOVA was used when normality and equal variance passed. When 

inclusion of all nuclei/subfields in a single analysis led to failure of normality and/or equal 

variance, then individual ANOVAs/ANOVA on Ranks were used to analyze data from each 

nuclei/subfield separately and a false discovery rate (FDR) correction for multiple 

comparisons was applied to each P value. Post hoc analyses conducted using Student 

Newman Keuls following parametric ANOVAs and Dunn’s test following nonparametric 

analyses. Note, there were too few female subjects included in this dataset to justify a formal 

multifactorial analysis of diagnosis x sex. We did, however, plot individual data points 

separating females and males to allow a visual inspection of the data that reveals a striking 

consistency of effects across sexes. Statistical significance was defined as P ≤ 0.05. Data are 

plotted as mean ±standard error of the means (SEMs).

3. RESULTS

3.1 Demographic data suggests subjects were well matched.

As previously reported[39], subjects were relatively well matched in terms of demographics 

and quality control measures (Table 3). There were no significant differences between 

diagnostic groups in terms of age, pH of the tissue, or postmortem interval. Each diagnostic 

group included 6 female subjects and 9 male subjects—although not all brain regions were 

provided for each subject (Table 1). As would be expected based on the nature of the 

illnesses being studied herein, death by suicide occurred more frequently in patients with 

BPD relative to control subjects, and psychosis was more prevalent in patients with either 

SCZ or BPD relative to control subjects (Table 3). Rates of substance and alcohol abuse also 

tended to be higher amongst patients with SCZ or BPD relative to control subjects; however, 

these effects did not reach the level of statistical significance.

3.2 PDE2A and PDE10A mRNA expression patterns are relatively well conserved between 
human and mouse.

PDE2A mRNA expression in human brain paralleled that found in mouse brain, with 

expression reliably detected in all brain regions except cerebellum (reliable expression 

operationally defined as signal on antisense slides (AS) and no signal in the sense (S) 

negative control; Figure 1). PDE10A mRNA expression differed somewhat between human 

and rodent (Figure 1). In the adult human brain, PDE10A was only detected in striatum. In 

rodent, PDE10A is most highly expressed in striatum but can also be found in hippocampus 

and cerebellum (Figure 1)[29].

3.3 PDE2A mRNA expression differed significantly between groups in a brain region-
specific manner.

PDE2A mRNA was measured in cingulate cortex, orbitofrontal cortex (OFC), superior 

temporal gyrus (STG), parahippocampal cortex, hippocampus, amygdala and striatum; 

whereas, PDE10A mRNA could only be measured in striatum as no PDE10A was detected 

outside of the striatum in any subject. Patients with schizophrenia expressed significantly 
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less PDE2A mRNA vs. control subjects in cingulate (Figure 2A) and OFC (Figure 2B). In 

STG, there was no significant effect of group (Figure 2C). With regard to parahippocampal 

cortices, only patients with BPD expressed significantly less PDE2A mRNA relative to 

control subjects within caudal entorhinal cortex (Figure 2D).

Patients with BPD also demonstrated a significant reduction in PDE2A mRNA relative to 

controls across hippocampal subfields (Figure 3A). In the amygdala, effects on PDE2A 

mRNA expression were qualitatively similar across the diagnostic groups. In the basal 

nucleus, patients with MDD, BPD, and SCZ all expressed significantly less PDE2A mRNA 

relative to controls; whereas, in the basal accessory nucleus, only decreases in patients with 

MDD and BPD reached statistical significance (Figure 3B).

In striatum, both PDE2A and PDE10A mRNA could be measured. The pattern of PDE2A 

mRNA expression across striatal subregions differed between diagnostic groups. PDE2A 

mRNA expression was higher in caudate relative to putamen and nucleus accumbens in 

patients with BPD; whereas, PDE2A mRNA expression was equivalent across striatal 

subregions in all other groups (Figure 4A). Surprisingly, there were no differences in 

PDE10A mRNA expression between diagnostic groups, with all groups showing 

significantly less PDE10A mRNA expression in nucleus accumbens relative to caudate and 

putamen (Figure 4B).

3.4 Comorbid factors.

As noted above, death by suicide and psychoses occurred more frequently among patients 

relative to controls, particularly in patients with BPD and SCZ (Table 3). Similar effects 

were also seen for substance and alcohol abuse. As such, a post hoc secondary analysis was 

conducted to determine if the above-noted disease-related changes in PDE2A mRNA 

expression might be explained by these specific aspects of the patients’ history. Strikingly, 

suicide was associated with significantly higher levels of PDE2A mRNA expression in 

cingulate cortex of males and females relative to death by any other means (Figure 5). This 

stands in stark contrast to the decreased levels of PDE2A mRNA that were described above 

in cingulate of patients with SCZ. Suicide was also associated with higher PDE2A mRNA 

expression in striatum, but only in females. Psychosis, on the other hand, was associated 

with significantly lower levels of PDE2A mRNA across both parahippocampal cortices and 

the subiculum relative to no psychoses (Figure 6), which is consistent with the decreased 

PDE2A mRNA that was noted in these brain regions of patients with BPD. There were no 

significant effects of substance or alcohol abuse (defined as past and/or present; Figures 7–8) 

on PDE2A or PDE10A mRNA expression in any brain region (failed equal variance; 

T(23,30)=729.0, P=0.0537).

3.5 Changes in PDE2A and PDE10A mRNA expression across the lifespan.

Neurodevelopmental deficits are thought to contribute to the etiology of psychiatric 

illnesses. As such, we mined data from the Allen Institute for Brain Sciences Brainspan 

database to determine if PDE2A and/or PDE10A mRNA expression may be regulated in an 

age-dependent manner. Strikingly, across all regions of interest studied here, PDE2A mRNA 

expression dramatically increased with age while PDE10A mRNA expression decreased in 
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all regions except striatum (where it remained stable; Figure 9). The vast majority of the 

age-related changes occurred between the prenatal and childhood period, with minimal 

change between childhood and adulthood, except in the hippocampus.

4. DISCUSSION

In this study, we show that PDE2A mRNA expression is altered in both a brain region- and 

disorder-dependent manner in the context of MDD, BPD, and SCZ. Alterations in PDE2A 

mRNA expression within frontal cortical regions are most pronounced in patients with SCZ 

and those in the hippocampus and striatum are most pronounced in patients with BPD. The 

effect of psychiatric disease on PDE2A mRNA expression appears to be at least somewhat 

specific for this PDE family in that PDE10A mRNA expression showed no change. Further, 

death by suicide, psychoses, nor a past/present history of substance or alcohol abuse can 

fully account for PDE2A mRNA expression changes noted in patients. Psychiatric diseases 

are often considered neurodevelopmental disorders. In this context it is interesting to note 

that PDE2A mRNA expression normally increases across the lifespan in the brain regions of 

interest explored herein (Figure 9) and that, at least early in development, it is a target of the 

fragile X mental retardation protein (FMRP)[40]. This raises the interesting possibility that 

the decreases in PDE2A expression that were measured in the cortex and hippocampus of 

adult patients are the result of a neurodevelopmental failure to increase PDE2A mRNA 

across the lifespan. In contrast, PDE10A mRNA decreases across the lifespan, much like 

PDE9A mRNA[34], in all regions except the striatum. This sheds new light on the fact that 

PDE10A is so profoundly enriched in the striatum relative to other brain regions in the adult 

brain (Figure 1). Taken together, these results support a growing literature implicating 

altered cyclic nucleotide signaling in neuropsychiatric disorders.

BPD is often misdiagnosed as MDD or SCZ, leading to improper treatment and a poorer 

quality of life[9–11,41,42]. Thus, a diagnostic biomarker capable of differentiating these 

neuropsychiatric diseases would be of great benefit. Positron emission tomography (PET) 

ligands targeting PDE10A have been widely used to track disease presentation and 

progression in patients with schizophrenia, Parkinson’s, or Huntington’s Disease, the latter 

with highly reproducible results ([43–45]). Such studies have not yet been attempted with 

PDE2A, but a PDE2A PET ligand has been recently developed and proven safe in 

humans[31,46,47]. Our study suggests that MDD, BPD, and SCZ are each associated with a 

unique pattern of PDE2A mRNA expression changes. It remains to be determined whether 

or not these changes at the mRNA level will be reflected at the level of protein expression 

and/or catalytic activity. That said, evidence to date argues that PDE2A mRNA and protein 

expression are highly concordant in the brain [47–50]. As such, a PDE2A PET ligand may 

prove a novel biomarker that could assist in distinguishing these major psychiatric disorders. 

The question remains whether PDE2A expression changes noted herein reflect a 

fundamental pathophysiology or a compensatory change in response to other 

pathophysiology.

We showed that patients with MDD exhibit reduced PDE2A mRNA expression in the basal 

and accessory nucleus of the amygdala when compared to controls. Our findings 

complement reports in the literature showing decreased expression of PDE4 in the cingulate, 
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STG, caudate, and putamen of unmedicated patients with MDD relative to controls[20]. 

These disease-associated decreases in PDE2A mRNA, which would be expected to increase 

cAMP and cGMP, may reflect an attempt to compensate for reduced signaling elsewhere in 

the cAMP and/or cGMP cascades. Briefly, the G-protein Gsα activates adenylyl cyclase to 

synthesize cAMP (Giα inhibits the cyclase), cAMP activates protein kinase A (PKA), 

cGMP activates protein kinase G (PKG), then PKA and PKG activate cyclic AMP response 

binding protein via phosphorylation (pCREB[31,51]). Despite the fact that unmedicated 

patients with MDD exhibit increased Gsα and decreased Gi2α in the prefrontal cortex, both 

of which would increase cAMP synthesis[52], they show decreased PKA activity[53]. In the 

hippocampus, cAMP stimulated-PKA activity is similarly decreased in both medicated and 

unmedicated suicide subjects with MDD when compared to controls[54]. Decreased CREB 

and/or pCREB have also been noted in the ITR[55], hippocampus[54], and OFC of 

unmedicated patients with MDD compared to controls[56]. Together, these studies suggest 

MDD is associated with reduced output of the cGMP and/or cAMP cascades in multiple 

brain regions, suggesting the decreases in PDE2A mRNA seen here reflect a compensatory 

change. Consistent with this suggestion, preclinical studies show that many antidepressants 

used in the clinic today appear to increase signaling output through the cAMP cascade in 

multiple brain regions[20,25,26,57] and studies in mice suggest PDE2A inhibitors produce 

antidepressant-like effects [58,59]. Reductions in PDE2A expression might also imply 

reduced cross-talk between the cGMP and cAMP cascades since cGMP stimulates the 

cAMP-hydrolytic activity of the enzyme.

We found a decrease in PDE2A mRNA in the CEC, hippocampus, and amygdala in patients 

with BPD when compared to controls. In stark contrast, patients with BPD exhibited 

significantly higher PDE2A mRNA expression in caudate compared to putamen or nucleus 

accumbens—a pattern that was not observed in the other groups. Other studies have also 

demonstrated alterations in the cAMP/cGMP cascade that vary by brain region. For 

example, there is increased Gsα immunoreactivity levels in medicated and unmedicated 

patients with BPD compared to controls in the prefrontal cortex and STG when compared to 

controls[60,61] (but see [28]). Also in the STG, there is an increase in forskolin-stimulated 

cAMP production in medicated and unmedicated patients with BPD relative to controls[61], 

which may reflect increased expression of adenylyl cyclase or reduced PDE activity. In the 

ITR of medicated and unmedicated patients with BPD, there is increased basal PKA activity 

compared to controls, which is accompanied by increased protein—but not mRNA—

expression of the RIIβ and Cα PKA subunits[62–64]. Together, these studies might suggest 

that increased cAMP signaling drives BPD pathology in a number of brain regions. 

Consistent with this suggestion, multiple studies in rodents have reported that medications 

used to treat BPD decrease cAMP signaling in several brain regions, including the striatum, 

hippocampus, and cerebral cortices[65–68]. Further, studies comparing treated to untreated 

patients with BPD show decreased CREB or pCREB levels with medication use[28,69]. 

That said, one study found decreased CREB protein levels in the cingulate of both 

medicated and unmedicated patients with BPD relative to controls[70], and a handful of 

studies conducted in rodents found that chronic lithium increased cAMP signaling in the 

hippocampus, cerebral cortices, and frontal cortex when compared to controls[67,68,71]. 

Together, these results suggest that increased cAMP levels may drive BPD-related 
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pathologies in a number of brain regions while decreased cAMP signaling may contribute in 

others. Thus, until it is possible to deliver therapeutics in a brain-region specific manner 

(e.g., using antibody-coupled small molecule inhibitors or activators[31]), a PDE2A-targeted 

therapeutic is unlikely to fully resolve symptoms associated with BPD and may even 

exacerbate select symptoms.

We found that patients with SCZ have decreased PDE2 mRNA expression in the cingulate, 

OFC, and the amygdala when compared to controls. This reduction in PDE2 mRNA would 

be expected to increase cAMP signaling; however, results are mixed in the literature when 

examining other steps in the cAMP cascade. For example, there is a decrease in GIα 
immunoreactivity, with no change to Gsα immunoreactivity, in the STG when compared to 

controls[23]. This could increase cAMP levels due to decreased inhibition of AC, consistent 

with the finding of increased [3H]cAMP binding sites in the STG of both medicated and 

unmedicated patients with SCZ relative to controls[23]. There is also evidence of increased 

AC levels in the parahippocampus and hippocampus of unmedicated and medicated patients 

with SCZ when compared to controls[72]. In contrast, decreased CREB mRNA and protein 

expression were found in cingulate cortex of medicated and unmedicated patients with SCZ 

relative to controls[70], as were decreased cAMP production[73] and decreased expression 

of PKA-R subunits in platelets of patients with SCZ (medication free for at least 2 weeks) 

when compared to controls[74]. It is interesting to speculate, then, that the decreased 

PDE2A expression we note here in cingulate cortex may be an attempt to compensate for 

this downregulated cAMP cascade signaling, and that this type of compensatory 

downregulation of PDE2A was not needed in STG or hippocampus due to the 

aforementioned compensatory changes impacting AC activity. That said, in the striatum and 

hippocampus of rodents, typical and atypical antipsychotics have almost opposite effects on 

the cAMP cascade, with chronic clozapine reducing cAMP signaling and chronic 

haloperidol increasing it[75,76]. Studies in transgenic mice suggest these haloperidol-

induced increases in cAMP are, indeed, key to its therapeutic efficacy[77,78]. This may 

suggest that decreasing PDE2A levels, and therefore increasing cAMP levels, may help to 

attenuate symptoms of SCZ. PDE2A inhibitors have been considered for the treatment of 

SCZ [79,80], though none have reached clinical trials yet[31].

5. CONCLUSION

While this study contributes to our understanding, it also has its limitations. For one, this 

study only measures the mRNA expression of PDE2A and PDE10A, so it does not give 

information on the catalytic activity of these enzymes. Second, this study utilized tissue 

from a relatively small sample set. Therefore, replication of the experiment with an 

independent cohort is recommended. Another limitation includes the lack of information 

regarding the symptomatic status of patients at the time of their death, and the uncertainty 

regarding medication status. For example, it is not clear whether patients with bipolar 

disorder were in a manic, depressive, or euthymic state. Finally, although the technique 

employed herein enabled great anatomical specificity, it is low throughput and, thus, limited 

the number of PDEs we could test at this time. As such, we cannot rule out the possibility 

that other PDE families might demonstrate similar mRNA expression changes as noted 

herein for PDE2A. That said, this study provides important insight and lays the foundation 
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for future experiments. For example, it will be of interest to virally manipulate PDE2A 

expression in a brain-region specific manner in a preclinical species to determine the causal 

effects of the expression changes described herein. Such an approach may help to determine 

if these disease-related changes in PDE2A expression reflect a primary pathophysiological 

change or a compensatory mechanism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PDE2A and PDE10A mRNA expression patterns in human and mouse brain.
PDE2A and PDE10A mRNA were labeled with S35-labelled oligonucleotide probes that 

recognizes both human and mouse homologues. Brightness and clarity adjusted for 

graphical clarity of autoradiographic images.
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Figure 2. PDE2A mRNA expression in cortex of male and female patients with MDD, BPD, or 
SCZ.
Group averages are plotted as histograms (Data ±SEM) and overlaid with individual data 

points for each female (in the left column of each histogram bar) and male subject (in the 

right column). A) In cingulate cortex, patients with SCZ expressed significantly less PDE2A 

mRNA relative to controls and patients with BPD (F(3,53)=3.89, P=0.014; Post hoc: control 

vs. SCZ, P=0.015; BPD vs. SCZ, P=0.02. B) In orbitofrontal cortex (OFC), patients with 

SCZ expressed significantly less mRNA only relative to controls (F(3,53)=4.64, P=0.006; 

Post hoc: control vs. SCZ, P=0.003; vs. MDD, P=0.066; vs. BPD, P=0.08). C) In the 

superior temporal gyrus (STG), the effect of diagnosis did not reach the level of statistical 

significance (failed normality; H(3)=7.52, P=0.057). D) Among parahippocampal cortices, 

only the caudal entorhinal cortex (CEC) showed an effect of diagnosis (effect of diagnosis x 

brain region: F(3,42)=3.20, P=0.033), with patients with BPD exhibiting a significant 

reduction in PDE2A mRNA relative to controls (Post hoc, controls vs. BPD, P=0.013; vs. 

MDD, P=0.074; vs. SCZ P=0.053). *vs. Control, P=0.015–0.003; &vs. BPD, P=0.02.
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Figure 3. PDE2A mRNA expression in limbic regions of male and female patients with MDD, 
BPD, or SCZ.
Group averages are plotted as histograms (Data ±SEM) and overlaid with individual data 

points for each female (in the left column of each histogram bar) and male subject (in the 

right column). A) In the hippocampus, patients with BPD exhibited significantly reduced 

expression of PDE2A mRNA across all subfields vs. controls (main effect of diagnosis: 

F(3,88)=3.82, P=0.015; Post hoc: BPD vs. controls, P=0.01; vs. MDD, P=0.093; vs. SCZ, 

P=0.077). In addition, across groups, there was significantly increased expression in the 

dentate gyrus (DG) and significantly reduced expression in the subiculum relative to the 

other subfields (main effect of region: F(2,88)=130.07, P<0.0001; all other regions vs. DG, 

P=0.0001; vs. Sub, P=0.0005–0.0001). B) There was also an effect of diagnosis in select 

nuclei of the amygdala (2 Way RM ANOVA across nuclei failed normality, requiring 

individual ANOVAs and FDR correction of subsequent P-values). In nucleus basalis (B; 

F(3,50)=3.80, FDR-P=0.039), all patient groups had significantly reduced PDE2A mRNA 

expression relative to control subjects (Post hoc: Control vs. MDD, P=0.012; vs. BPD, 

P=0.024; vs. SCZ, P=0.032). In the basal accessory subnucleus (failed equal variance; 

H(3)=12.38, FDR-P=0.031), patients also showed reduced expression relative to controls 

(vs. MDD, P=0.008; vs. BPD, P=0.039). The decreased PDE2A expression noted in other 

regions did not reach statistical significance, including those in the corticalis nucleus (CO; 

F(3,37)=2.56, FDR-P=0.091), cortico-amygdalar transition area (CTA; F(3,37)=1.98, 

P=0.13) and lateral nucleus (L; F(3,51)=2.70, FDRP=0.068). *vs. Control, P=0.039–0.008; 

#vs. all other regions, P=0.0005–0.0001.
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Figure 4. PDE2A and PDE10A mRNA expression in striatum of male and female patients with 
MDD, BPD, or SCZ.
Group averages are plotted as histograms (Data ±SEM) and overlaid with individual data 

points for each female (in the left column of each histogram bar) and male subject (in the 

right column). A) In the striatum, patients with BPD exhibited higher PDE2A mRNA 

expression in caudate relative to putamen and the NAcc, a pattern that was not seen in other 

groups (effect of diagnosis x brain region: F(6,93)=2.54, P=0.026; Post hoc, BPD caudate 

vs. BPD putamen, P=0.0055; vs BPD NAcc, P=0.026). B) In the striatum, PDE10A mRNA 

expression did not change across groups, but all groups expressed significantly less PDE10A 

mRNA in the NAcc compared to their own caudate and putamen (effect of region: 

F(2,95)=65.38, P<0.0001; Post hoc: NAcc vs. caudate or putamen, P<0.0001). #vs. all other 

regions, P=0.026 to <0.0001.
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Figure 5. Death by suicide does not appear to drive the differential PDE2A mRNA expression 
that was measured in patients with psychiatric illnesses.
Data shown in Figure 2 were replotted based on mode of death (i.e., suicide versus non-

suicide). A) In females (left data points) and males (right data points), death by suicide was 

associated with increased PDE2A mRNA expression in cingulate cortex (F(1,53)=4.33, 

P=0.042). No significant effects of mode of death were noted in B) orbitofrontal cortex 

(OFC), C) superior temporal gyrus (STG), D) parahippocampal cortices (i.e., caudal 

entorhinal cortex, CEC; inferotemporal region, ITR), E) hippocampus (including dentate 

gyrus, DG; subiculum, Sub), and F) amygdala (including basal nucleus, B; basal accessory 

nucleus, AB; corticalis nucleus, CO; cortico-amygdalar transition area, CTA; lateral nucleus, 
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L). G) Across striatal nuclei (Putamen, Put; Nucleus Accumbens, NAcc), females who died 

by suicide expressed significantly higher PDE2A mRNA relative to females who died by 

other means (F(3,93)=5.04, P=0.0038; post hoc: Suicide female vs. non-suicide female, 

P=0.0067). H) In contrast, there was no significant effect of suicide in either males or 

females on striatal PDE10A mRNA expression. *vs. non-suicide, P=0.042; @vs. non-

suicide female, P=0.007; # vs. other regions, P=0.0009–0.0001.
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Figure 6. Psychosis cannot wholly account for the PDE2A mRNA expression that were noted in 
patients with psychiatric illnesses.
Data shown in Figure 2 were replotted based on history of psychosis. There was no 

significant difference between individuals with vs. without psychoses in terms of PDE2A 

mRNA expression in A) cingulate, B) orbitofrontal cortex (OFC), or C) superior temporal 

gyrus (STG). D) In contrast, individuals with vs. without psychosis expressed significantly 

lower PDE2A mRNA across the parahippocampal cortical subregions (F(1,44)=04.35, 

P=0.042) as well as E) subiculum (Sub; failed normality; T(20,28)=337.0, FDRP=0.0043). 

F) There were no significant effects of psychosis on PDE2A mRNA in the amygdala, G) 

PDE2A mRNA in the striatum (psychosis x region: F(2,97)=3.92, P=0.023; however, no 
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post hoc tests reached significance), nor H) PDE10A mRNA in the striatum. *vs. without 

psychosis, P=0.042–0.004.
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Figure 7. PDE2A and PDE10A mRNA expression do not change according to history of 
substance abuse.
Data from Figure 2 replotted as per the past/present history of substance abuse.
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Figure 8. PDE2A and PDE10A mRNA expression do not change according to history of alcohol 
abuse.
Data from Figure 2 replotted as per the past/present history of alcohol abuse.
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Figure 9. PDE2A and PDE10A mRNA expression dramatically changes across the lifespan.
Across the lifespan, PDE2A mRNA expression increased and PDE10A mRNA expression 

decreased in A) cingulate cortex (PDE2A: F(2,27)=24.100, P=<0.001; PDE10A: 

F(2,28)=78.950, P=<0.001; post hoc: prenatal vs. child and adult, P<0.001 for each), B) 

orbital frontal cortex (PDE2A: F(2,26)=30.149, P<0.001; PDE10A: (F(2,27)=84.293, 

P<0.001; post hoc: prenatal vs. child and adult, P<0.001 for each), C) superior temporal 

gyrus (PDE2A: F(2,30)=20.986, P<0.001; PDE10A: failed normality, H(2,31)=22.731, 

P<0.001; Post hoc: prenatal vs. child and adult, P<0.001 for each), D) inferolateral temporal 

cortex (PDE2A: F(2,29)=12.233, P<0.001; PDE10A: F(2,30)=76.185, P<0.001; post hoc: 
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prenatal vs. child and adult, P<0.002 for each), E) hippocampus (PDE2A: F(2,28)=7.376, 

P=0.002; PDE10A: failed equal variance, H(2,28)=20.129, P=<0.001; post hoc: prenatal vs. 

adult, P<0.001 for each, prenatal vs. child, P<0.001 for PDE10A), F) amygdala (PDE2A: 

failed normality, H(2,28)=20.321, P=<0.001; PDE10A: F(2,28)=35.132, P=<0.001; post 
hoc: PDE2A, prenatal vs. child, P=0.004; all other comparisons, P<0.001). G) While 

PDE2A mRNA expression also increases with age in the striatum (F(2,24)=6.921, P=0.004; 

post hoc: prenatal vs child, P=0.002; prenatal vs adult, P=0.032), there is no significant 

change in PDE10A expression (F(2,23)=2.536, P=0.101). Note, data were not available for 

caudal entorhinal cortex nor individual hippocampal nor amygdalar subregions/nuclei. *vs. 

prenatal, P=0.032 to <0.001.
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Table 1.

Starting number of subjects^ (number outliers removed) per group per brain region sampled in tissue from the 

Stanley Foundation.

Region Control MDD BPD SCZ

Cingulate (2A) 6f,9m(1m) 6f,9m(0) 6f,9m(1f) 6f,9m(1m)

OFC (2A) 6f,9m(1m) 6f,9m(0) 6f,9m(1m) 6f,9m(1m)

STG (2A) 6f,9m(1m) 6f,9m(1m) 6f,9m(1f) 6f,9m(0)

DG (2A) 6f,9m(0) 5f,6m(0) 5f,7m(1f) 5f,8m(0)

CA1 (2A) 6f,9m(0) 5f,7m(1f) 5f,7m(0) 5f,8m(1m)

Subiculum (2A) 6f,9m(1f,1m) 5f,7m(0) 5f,7m(1f) 5f,8m(1m)

CEC (2A) 6f,9m(2f) 5f,7m(0) 5f,7m(1f) 5f,8m(0)

ITR (2A) 6f,9m(1m) 5f,7m(0) 5f,7m(1m) 5f,8m(1m)

B (2A) 6f,9m(1f) 6f,9m(1f) 6f,8m(1f) 5f,9m(1m)

AB (2 A) 4f,6m(0) 2f,7m(1f) 2f,7m(1f) 3f,5m(1m)

CO (2 A) 3f,7m(0) 4f,6m(1m) 5f,7m(1f) 4f,8m(1m)

CTA (2A) 5f,6m(1m) 5f,6m(0) 4f,7m(0) 3f,7m(1m)

L (2A) 6f,9m(0) 6f,9m(1m) 6f,8m(1m) 5f,9m(1)

Caudate (2A) 6f,6m(1m) 6f,8m(1m) 4f,9m(1f) 5f,9m(0)

Caudate (10A) 6f,9m(1m) 6f,9m(1m) 4f,9m(1m) 5f,9m(0)

Putamen (2A) 6f,8m(1f) 6f,8m(0) 4f,9m(0) 4f,9m(1m)

Putamen (10A) 6f,9m(1m) 6f,9m(2) 4f,9m(1f) 5f,9m(0)

NAcc (2A) 6f,9m(0) 6f,8m(0) 4f,9m(1f) 5f,9m(0)

NAcc (10A) 6f,9m(1m) 6f,9m(1m) 4f,9m(1f) 5f,9m(2f)

^
Starting number of subjects may be lower than 6f and 9m either because the slide that was sent did not contain the brain region of interest or 

because that brain region was damaged on the slide.

Starting number of subjects may be lower than 6f and 9m either because the slide that was sent did not contain the brain region of interest or 
because that brain region was damaged on the slide.

MDD--major depressive disorder, SCZ--schizophrenia, BPD--bipolar disorder, f--female; m--male; OFC--orbital frontal cortex; STG--superior 
temporal gyrus; DG--dentate gyrus of hippocampus; CEC--caudal entorhinal cortex; ITR--inferior temporal region (A36); B--basal subnucleus of 
the amygdala; AB--basal accessory subnucleus of the amygdala; CO--corticalis subnucleus of the amygdala; CTA--cortico-amygdalar transition 
area; NAcc--nucleus accumbens.
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Table 2.

Starting # of subjects^ per group per brain region sampled (# outliers removed from PDE2A, #outliers 

removed from PDE10A) from the Brainspan Database.

Region prenatal child adult

Cingulate 15(1,1) 10(1,0) 7(0,0)

OFC 14(1,1) 9(1,0) 8(1,0)

STG 14(1,1) 14(1,0) 8(1,1)

Hippocampus 15(1,1) 9(0,0) 8(0,0)

ITR 13(0,1) 13(0,0) 8(1,0)

Amygdala 14(1,1) 12(0,0) 7(1,1)

Striatum 14(1,1) 7(0,1) 7(0,0)

^
Starting # of subjects may be lower because data was not avaiable for all subjects for all tissues. Note, information regarding the sex of subjects 

was not available.

Starting # of subjects may be lower because data was not avaiable for all subjects for all tissues. Note, information regarding the sex of subjects was 
not available.

OFC--orbital frontal cortex; STG--superior temporal gyrus; ITR--inferior temporal region (A36)
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Table 3.

Demographic information for subjects (mean ±SEM)

Control MDD SCZ BPD ANOVA

total number of subjects 6f,9m 6f,9m 6f,9m 6f,9m

age (mean years ±SEM) 48.0±2.8 46.5±2.4 44.5±3.4 42.3±3.0 failed normality, H(3)=1.79, P=0.617

pH (mean ±SEM) 6.27±0.06 6.18±0.05 6.16±0.07 6.18±0.06 F(3,56)=0.611, P=0.611

PMI (mean hours ±SEM) 23.7±2.6 27.5±2.8 33.7±3.8 32.5±4.2 failed normality, H(3)=4.47, P=0.215

death by suicide 0 3f,4m 2f,2m 3f,6m failed normality, H(3) 13.57, P=0.0036; post hoc BPD 
vs control, P=0.0286

psychoses
0 0 6f,9m 5f,6m

failed normality, H(3)=47.25, P<0.0001; post hoc SCZ 
and BPD vs. control, P<0.0001 and P=0.003, 

respectively

past/present substance 
abuse* 0 1f,2m 2f,3m 4f,4m failed normality, H(3)=8.36, P=0.039; post hoc tests 

not significant

past/present alcohol abuse* 0f,4m 2f,3m 2f,5m 3f,6m failed normality, H(3)=7.24, P=0.065

*
substance abuse status was unknown for 1 MDD m, and alcohol abuse status was unknown for 2 BPD f, 1 BPD m, and 1 SCZ f.

substance abuse status was unknown for 1 MDD m, and alcohol abuse status was unknown for 2 BPD f, 1 BPD m, and 1 SCZ f.

MDD--major depressive disorder, SCZ--schizophrenia, BPD--bipolar disorder, f--female, m--male, PMI--post-mortem interval
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