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Abstract: Schizophrenia is a serious cognitive disorder characterized by disruptions in neurotrans-
mission, a process requiring the coordination of multiple kinase-mediated signaling events. Evidence
suggests that the observed deficits in schizophrenia may be due to imbalances in kinase activ-
ity that propagate through an intracellular signaling network. Specifically, 3′-5′-cyclic adenosine
monophosphate (cAMP)-associated signaling pathways are coupled to the activation of neurotrans-
mitter receptors and modulate cellular functions through the activation of protein kinase A (PKA), an
enzyme whose function is altered in the frontal cortex in schizophrenia. In this study, we measured
the activity of PKA in human postmortem anterior cingulate cortex (ACC) and dorsolateral prefrontal
cortex (DLPFC) tissue from schizophrenia and age- and sex-matched control subjects. No significant
differences in PKA activity were observed in male and female individuals in either brain region;
however, correlation analyses indicated that PKA activity in the ACC may be influenced by tissue pH
in all subjects and by age and tissue pH in females. Our data provide novel insights into the function
of PKA in the ACC and DLPFC in schizophrenia.
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1. Introduction

Schizophrenia is a complex and heterogeneous neuropsychiatric disorder associated
with the dysregulation of multiple brain neurotransmitter systems [1–3] that are function-
ally associated with protein kinases. For example, 3′-5′-cyclic adenosine monophosphate
(cAMP)-dependent pathways are coupled to the activation of neurotransmitter receptors
through the enzyme protein kinase A (PKA) [4–6]. PKA is a serine/threonine kinase
that, once activated by the second messenger cAMP, phosphorylates downstream target
molecules to ultimately modulate vital cellular responses [7]. Alterations in the mRNA
expression, protein abundance, and/or protein activity of PKA have been reported in the
frontal cortex in neuropsychiatric disorders including suicide [8,9], major depressive disor-
der [9,10], bipolar disorder [11,12], autism [13], and Alzheimer’s disease [14]. While direct
alterations in PKA mRNA or protein levels in schizophrenia have not been assessed, rodent
studies have reported the differential effects of antipsychotics on PKA mRNA, protein, and
activity levels in the cortex, hippocampus, and striatum [15], suggesting PKA abnormali-
ties and the ability of antipsychotics to regulate PKA-mediated pathways. Antipsychotic
treatment has also increased mRNA and protein levels of the gamma-aminobutyric acid
A (GABAA) receptor and cAMP-responsive element-binding protein 1 (CREB1) in the rat
nucleus accumbens [16], both of which are implicated in schizophrenia pathology and
are regulated via PKA. In essence, direct changes in PKA have been reported in several
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neuropsychiatric illnesses, but less is known about this essential signal transducer in the
frontal cortex in schizophrenia.

Glutamate and dopamine system dysfunction is hypothesized to underlie the patho-
physiology of schizophrenia [17–19]. PKA is a key component of the signaling cascade
downstream of dopamine receptors and its activation leads to the regulation of dopamine-
response neurons and associated functions, such as reward and motivation [5,20]. In
glutamatergic neurons, PKA regulates the function of N-methyl-D-aspartate (NMDA) and
α-amino-3-hydroxy-5-methyl-4-isoxazolepropinonic acid (AMPA) receptors, both of which
are critical for synaptic plasticity and learning [21,22]. For example, PKA signaling increases
AMPA receptor cell surface expression and trafficking in an activity-dependent manner
in cortical neurons [23]. Moreover, dysregulated AMPA receptor expression and localiza-
tion is reported in the frontal cortex in schizophrenia [24–26], a process that is correlated
with altered synaptic plasticity and brain dysconnectivity: core phenomena observed in
this disorder [23,27]. Additionally, PKA signaling induces transcription factor 4 (TCF4), a
protein associated with cognitive deficits in schizophrenia, in cortical neurons [28]. Deficits
in PKA signaling are also reported in BCL11B-deficient medium spiny neurons (MSNs)
derived from human pluripotent stem cells [29]. BCL11B is a transcription factor and
schizophrenia-associated risk gene that regulates PKA signaling in MSNs. These neurons
are key components of the striatum and cortico-striatal circuits that play a central role
in regulating dopamine transmission, cognitive processes, and motor functions, all of
which are disrupted in schizophrenia [30]. While significant changes in PKA and cAMP-
associated pathways have been reported in vitro, the activity of PKA in the human brain in
schizophrenia is not well characterized and remains a significant gap in our knowledge of
the molecular and cellular mechanisms underlying the glutamatergic and dopaminergic
abnormalities in this disorder.

Previous in silico work in our laboratory examined altered serine/threonine kinase
activity in chronic schizophrenia utilizing human postmortem brain tissue from the anterior
cingulate cortex (ACC) and found increased PKA levels in samples from schizophrenia sub-
jects compared to control subjects [31,32]. Since this finding did not address whether PKA
was functionally active in schizophrenia subjects, we were interested in understanding the
following question: is the activity of PKA increased in schizophrenia subjects in frontal cor-
tical brain regions? In the present study, we hypothesized that PKA activity may be signifi-
cantly increased in the ACC and the dorsolateral prefrontal cortex (DLPFC), brain regions
that are commonly both structurally and functionally affected in schizophrenia [33,34]. We
tested our hypothesis by measuring the activity of PKA in the ACC and DLPFC in samples
from a well-characterized collection of postmortem brains from subjects with schizophrenia
and sex- and age-matched non-psychiatrically ill control subjects.

2. Materials and Methods
2.1. Tissue Acquisition and Preparation

ACC (Brodmann area 24/32) postmortem brain tissue was obtained from the Mount
Sinai NIH Brain and Tissue Repository (New York City, NY, USA). The cohort that was
assayed consisted of schizophrenia (n = 20) and non-psychiatrically ill control (n = 19) sub-
jects. DLPFC (Brodmann area 9) postmortem brain tissue was obtained from the Maryland
Brain Collection and was distributed by the Maryland and Alabama Brain Collections. The
cohort that was assayed consisted of schizophrenia (n = 15) and non-psychiatrically ill
control (n = 18) subjects. Cohorts of approximately 15–20 subjects are standard in the field
for postmortem brain studies [35–39]. The rationale for the choice of these brain regions is
provided in the supplement (References [40–47] are cited in the Supplementary Material).
All tissue was acquired with consent from next of kin with Institutional Review Board
approval protocols from the respective brain repositories. All subjects were diagnosed with
schizophrenia based on DSM-IV criteria. The subjects’ medical records were examined
using a blinded medical chart review instrument, as well as in-person interviews with each
subject and/or their primary caregiver, as previously described [48]. Medication status was
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deemed to be “on” if subjects were on antipsychotic medication in the last six weeks of life.
All subjects were matched for sex, age, pH, and postmortem interval (PMI) in the ACC and
the DLPFC (Table 1). Supplementary Tables S1 and S2 provide the demographics for all
subjects in the ACC and DLPFC cohorts, respectively.

Table 1. Demographics of anterior cingulate cortex (ACC) and dorsolateral prefrontal cortex (DLPFC)
subjects used in the study. Data presented as mean ± standard deviation. Data range in parentheses.
Abbreviations: N, number of subjects; F, female; M, male; PMI, postmortem interval; UNK, unknown;
N/A, not applicable.

N Sex Age PMI (hours) Medication
Status pH

Schizophrenia
(ACC) 20 9F/11M 75 ± 8 (61–90) 13.1 ± 5.8 (5.8–24) 12 ON/6

OFF/2 UNK
6.3 ± 0.2
(5.8–6.7)

Control
(ACC) 19 7F/12M 76 ± 7 (62–86) 13.2 ± 7.1 (3.3–24) N/A 6.5 ± 0.5

(5.7–7.3)

Schizophrenia
(DLPFC) 15 8F/7M 45 ± 11 (32–67) 14.9 ± 6.3 (6–27) 9 ON/1

OFF/5 UNK
6.6 ± 0.5
(6.1–7.8)

Control
(DLPFC) 18 9F/9M 42 ± 11 (23–60) 12.6 ± 5.3 (6–24) N/A 6.7 ± 0.3

(6.2–7.4)

2.2. PKA Assay Optimization and Activity Measurements

PKA kinase activity was measured in ACC and DLPFC tissue homogenates using the
commercially available colorimetric PKA kinase activity assay kit (Abcam, Cambridge,
United Kingdom; Cat#: ab139435), adapted to postmortem brain.

Protein concentration optimization: Serial dilutions (0.5 − 5.2 × 10−5 µg/µL) of
protein sample were performed to ensure linear readings and determine the appropriate
concentration (µg/µL) and amount (µg) of protein for the assay. Samples and 95 ◦C
heat inactivated samples were run in triplicate and read at the recommended wavelength
(450 nm) using the BioTek CytationTM 5 (Supplementary Table S3).

Inhibitor concentration optimization: The concentration of the potent H-89 PKA
inhibitor (IC50 = 50 nM) was optimized to demonstrate the specificity of our assay (Abcam,
Cat#: ab143787). Briefly, 5 mg of H-89 was reconstituted in 385 µL of water and diluted 1:5
again to allow for full dissolution. A final working concentration of 5 mM was achieved.
A 10-fold serial dilution was performed to determine the optimal concentration (mM) of
H-89 to use for the assay. Each H-89 concentration was tested in duplicate and read at
the recommended wavelength (450 nm) using the BioTek CytationTM 5 (Supplementary
Table S4).

Sample preparation and bicinchoninic acid (BCA) assay: To determine the amount
of protein present in each sample for our PKA activity assay, we performed a BCA assay,
according to the manufacturer’s protocol (ThermoFisher Scientific, Cat#: 23227), with
the following specifications. Five 14 µm sections per subject were scraped from glass
slides and resuspended in approximately 100–150 µL of MPER protein extraction reagent
(ThermoFisher Scientific, Cat#: 78501) + 1X HALT protease and phosphate inhibitor (Ther-
moFisher Scientific, Cat#: 78429). Protein samples were diluted 1:10 in the same reagent
mixture prior to being loaded onto the plate. The standard curve was prepared according
to the manufacturer’s guide. The assay was incubated for 30 min at 60 ◦C. Samples and
BCA standards were run in duplicate and read at the recommended wavelength (562 nm)
using the BioTek CytationTM 5.

PKA activity assay in ACC and DLPFC tissue homogenates: A total of 1.875 µg
of protein sample was assayed for PKA kinase activity according to the manufacturer’s
protocol (Abcam, Cat#: ab139435) with the following changes. For the kinase reaction, the
samples were incubated at 30 ◦C for 35 min. For the incubation step, the samples were
incubated at room temperature for 25 min. To serve as a positive control and normalize
our data, a pool of all samples was prepared and assayed for protein content for each brain
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region. Sample, sample + inhibitor (H-89), blank (kinase buffer and water), and pooled
wells were run in duplicate and read at 450 nm and 540 nm using the BioTek CytationTM

5. The 540 nm values were subtracted from the 450 nm values as background noise. The
absolute value of the difference between two absorbance readings for each sample was
considered. For subjects that had technical variability in absorbance readings between
duplicate values, defined as a difference in absorbance reading greater than one, the lower
reading was removed. Any subject with a final negative activity value was also removed.
The relative activity of PKA was quantified as the ratio of the active PKA content to the
total protein content in the pooled sample for each brain region. The raw and adjusted
absorbance readings as well as final PKA activity values are reported in Supplementary
Table S5 and Supplementary Table S6, respectively.

2.3. Data Analysis

The data were analyzed using GraphPad Prism 10.0.2 (GraphPad Software Inc.,
La Jolla, CA, USA) and Statistica 13.0 (Statsoft Inc., Tulsa, OK, USA). The sample and
inhibitor concentration data were log-transformed. Dependent measures were tested for
normal distribution (D’Agostino and Pearson omnibus normality test) and homogeneity
of variance (F-test). Final activity values were calculated and normalized according to the
manufacturer’s protocol. Correlation analyses were performed to probe for associations
between the expression of our dependent measure (PKA Activity) and subject age, tissue
pH, and tissue PMI in the ACC and DLPFC. Analysis of covariance (ANCOVA) was per-
formed if significant associations were found. If no associations were present, the data
were analyzed using an unpaired two-tailed Student’s t-test. Slopes of the best fit lines for
PKA activity were analyzed using regression analyses. α = 0.05 for all statistical tests.

3. Results

In this study, PKA activity in the ACC and DLPFC from schizophrenia and matched
non-psychiatrically ill comparison subjects was assayed.

3.1. Protein and Inhibitor Concentration Optimization

The optimal protein concentration (0.0625 µg/µL) (Figure 1A) and associated protein
amount (1.875 µg) (Supplementary Table S3) was determined following serial dilution to
ensure a linear dynamic range of protein concentrations for the PKA activity assay. The
optimal concentration of the potent H-89 PKA inhibitor was determined as 0.5 mM, a
concentration at which H-89 achieved a near complete inhibition of PKA (0.0625 µg/µL
protein), similar to the 95 ◦C heat inactivation of the protein sample (Figure 1B). The 450 nm
absorbance readings (without correction) of the PKA activity in the schizophrenia and
control groups as well as the effect of H-89 treatment on PKA activity in these groups in
the ACC and DLPFC are reported in Supplementary Figure S1.

3.2. PKA Activity Assays and Correlation Analyses in the ACC and DLPFC

The optimized PKA activity assay was performed with ACC and DLPFC tissue ho-
mogenate samples. The PKA activity was not significantly different between the schizophre-
nia and control groups in the ACC (ANCOVA: F(1,24) = 2.680, p = 0.115, after controlling for
the effect of pH, Figure 2A) or in the DLPFC (t(28) = 1.598, p = 0.121, Figure 2E).

The correlation analyses showed no significant associations in the schizophrenia and
control groups between PKA activity and age (Spearman’s r = 0.034, p = 0.259) or PMI
(Spearman’s r = 0.005, p = 0.681) in the ACC; however, a significant association was found
between PKA activity and pH (Spearman’s r = 0.309, p = 0.003) in the ACC (Figure 2B–D).
The correlation analyses showed no significant associations in the schizophrenia and control
groups between PKA activity and age (Spearman’s r = 0.008, p = 0.664), pH (Spearman’s
r = 0.043, p = 0.367), or PMI (Spearman’s r = 0.026, p = 0.397) in the DLPFC (Figure 2F–H).
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Figure 2. Protein kinase A (PKA) activity and correlation analyses in the anterior cingulate cortex
(ACC) and dorsolateral prefrontal cortex (DLPFC) in schizophrenia (SCZ) and control (CTL) subjects.
(A) PKA activity in SCZ (n = 20) and CTL (n = 19) groups was not significantly different in the
ACC. (B) Correlation of PKA activity and age in SCZ and CTL subjects was not significant in the
ACC. (C) Correlation of PKA activity and pH in SCZ and CTL subjects was significant in the ACC.
(D) Correlation of PKA activity and PMI (hours) in SCZ and CTL subjects was not significant in the
DLPFC. (E) PKA activity in SCZ (n = 14) and CTL (n = 16) groups was not significantly different in
the DLPFC. (F–H) Correlation of PKA activity and age, PH, and PMI in SCZ and CTL subjects was
not significant in the DLPFC. Data presented as mean ± standard error of the mean (SEM). * p < 0.05.

In the ACC, PKA activity was not significantly different between the male schizophre-
nia and male control groups (t(21) = 0.714, p = 0.483, Supplementary Figure S2A). PKA
activity was also not significantly different between the female schizophrenia and fe-
male control groups (ANCOVA: F(1,10) = 2.822, p = 0.124, after controlling for the ef-
fect of pH, Supplementary Figure S2E). In the DLPFC, PKA activity was not signifi-
cantly different between the male schizophrenia and male control groups (t(13) = 1.272,
p = 0.226, Supplementary Figure S3A) or female schizophrenia and female control groups
(t(13) = 0.909, p = 0.380, Supplementary Figure S3E).
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Correlation plots are presented showing associations between PKA activity and
age, pH, and PMI in the ACC in male subjects (Supplementary Figure S2B–D) and fe-
male subjects (Supplementary Figure S2F–H) as well as in the DLPFC in male subjects
(Supplementary Figure S3B–D) and female subjects (Supplementary Figure S3F–H). In the
ACC, there was a significant association in the female subjects between PKA activity and
age (Spearman’s r = 0.311, p = 0.025) and pH (Spearman’s r = 0.632, p = 0.001), but not PMI.
In the DLPFC, no significant associations were found in either the male or female groups.

3.3. Antipsychotic Effects on PKA Activity

PKA activity was analyzed in schizophrenia subjects who were “on” compared to
“off” medication at time of death. “Off” medication indicates subjects who were off an-
tipsychotics for at least 6 weeks prior to death. Subjects whose medication status was
unknown were excluded from the analysis. PKA activity was not significantly impacted by
medication status in the ACC (p > 0.05). This analysis was not performed for schizophrenia
subjects in the DLPFC, as not enough subjects were off antipsychotic medication at time of
death to perform a meaningful statistical comparison.

4. Discussion

The dysregulation of several kinase-mediated signaling events is implicated in the
pathophysiology of schizophrenia [29,49]; however, the functional changes in PKA in the
brain in this disorder are still poorly understood, with few studies examining the activity of
this enzyme. Here, we assayed PKA activity in the ACC and DLPFC to determine whether
the enzyme activity was significantly altered in subjects with schizophrenia. Contrary to
our initial hypothesis, we did not observe significant differences in PKA activity between
the schizophrenia and non-psychiatrically ill control subjects in either the ACC or DLPFC.
We also did not observe significant sex differences in PKA activity in either brain region.
Our previous studies examining dysregulated kinase-mediated events in the brain in
schizophrenia implicated changes in PKA activity in the ACC [31,32]. The inability to
replicate this finding may be due to differences in the methods applied, as the former
studies utilized an array-based technology for analyzing several active kinases [50], while
the present study used a specific kinase activity assay.

To accurately interpret our findings, the underlying mechanism of PKA activation
in the brain must be considered. PKA is a key downstream signaling molecule of the G-
protein-coupled receptor (GPCR) pathway and may be activated by both neurotransmitter-
controlled and neuropeptide-controlled GPCRs [51,52]. Heterotrimeric G-proteins are
composed of the Gα, Gβ, and Gγ subunits, and Gα subunits are further classified into four
categories, Gαs, Gαi, Gαq, and Gα12–13, all of which modulate adenylyl cyclase, cAMP,
and protein kinases implicated in schizophrenia such as PKA, protein kinase C (PKC), and
protein kinase G (PKG) to various degrees [53–55]. Although these are distinct families of
protein kinases that typically function independently, instances of crosstalk and interactions
between these signaling pathways often occur [49]. The overall mechanisms underlying
changes in PKA activity in schizophrenia are therefore extremely complex. While our
study did not find changes in PKA activity between schizophrenia and control subjects in
the ACC or DLPFC, significant changes may exist in PKA mRNA and/or protein levels.
Additionally, significant changes may exist in the mRNA expression, protein levels, and/or
activity of other protein kinases such as PKC or PKG in human postmortem brain tissue
between schizophrenia and control subjects and should be further explored to gain a
broader understanding of kinase signaling perturbations in this disorder.

The factors leading to changes in PKA activity in schizophrenia are also multifacto-
rial. The overactivity of the dopamine D2 receptors, which are also GPCRs, contributes
to the positive symptoms observed in schizophrenia and is correlated with PKA dysreg-
ulation [56]. Alterd glutamatergic signaling, which leads to the dysregulation of NMDA
and AMPA receptors, also affects PKA activity [27,57]. The dysfunction of neuropeptide
signaling pathways acting through GPCRs, such as neuropeptide Y or substance P, has
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also been implicated in schizophrenia and PKA signaling abnormalities [58]. Additionally,
the antipsychotic medications commonly used to treat schizophrenia alter the balance of
neurotransmitters, GPCR signaling, and PKA function [59]. Our work contributes to the
growing body of literature assessing the mechanisms and implications of altered PKA
activity in this illness by exploring some of these factors.

Previous studies investigating the protein abundance of the catalytic form of PKA
found no significant changes in protein levels in the DLPFC in schizophrenia [49], although
this study, and others [60], identified changes in other cAMP-related signaling molecules.
Interestingly, increased phospho-PKA levels were reported in endothelial cells in the pre-
frontal cortex, but not the visual cortex, in schizophrenia subjects [61]. This suggests that
alterations in PKA activity in schizophrenia may be brain-region- and cell-subtype-specific.
Since we assessed PKA activity at the region level, our results are a measure of enzyme activ-
ity in all cells in the tissues and may not capture activity changes in specific cell types [31,62],
as the increased activity in one cell type may be negated by the decreased activity in another
cell type. Furthermore, underlying changes in the structure of brain tissue [63] and the
morphology of specific cell types, such as neurons [64], between schizophrenia and control
subjects may impact communication between cells and PKA activity; however, our study
did not detect a change in PKA activity between the schizophrenia and control subjects in
the ACC or DLPFC. One plausible explanation is that that these nuances may have been
masked at the region level. Future studies exploring different cell subtypes in the frontal
cortex, or other implicated brain regions, may provide additional insight into changes in
PKA or other protein kinase activity in schizophrenia.

Another important consideration is the selection of brain regions in our study. Al-
though we assessed changes in PKA activity in the ACC and DLPFC due to their structural
and functional involvement in schizophrenia pathology, other regions of the brain are also
implicated in this disorder such as the temporal lobe, hippocampus, and striatum [65–67].
Tissue from these brain regions was not readily available for analysis in our study; however,
PKA activity in these brain regions may be significantly altered, and future studies should
focus on understanding these variations to gain a more robust insight into PKA function in
schizophrenia. Furthermore, while our study focused on PKA function via activity assays,
PKA may also be altered at the mRNA and/or protein level, and these changes may not
be correlated with each other or with activity changes. Therefore, although we did not
observe PKA activity changes in the ACC or DLPFC, significant changes in PKA mRNA
and/or protein levels are possible and should be considered not only in the frontal cortex,
but also in any brain region implicated in schizophrenia, utilizing RT-qPCR and Western
blot techniques in future studies.

The potential confounding variables on PKA enzyme activity include age, tissue pH,
and PMI, as they influence the molecular and biochemical properties of tissue; however,
studies have reported the relative stability of enzyme activity in postmortem tissue [68,69],
providing further support for measuring PKA activity in postmortem tissue. Still, we
accounted for these variables via covariate analyses for each comparison group of interest.
In the DLPFC, the enzyme activity findings did not appear to be due to an age, pH, or
PMI effect. In the ACC, PKA activity was significantly correlated with pH in all subjects
and with both age and pH in female subjects. After controlling for these variables, we did
not observe significant differences in PKA activity in either group; however, we cannot
exclude the possibility that these variables may have had confounding effects on the
assay. The significant correlations found in our analysis support the broader notion of
sexual dimorphism that has been well documented in the presentation and course of
schizophrenia [70] and warrant future studies exploring the impact of metabolic factors
on PKA activity or studies focused on PKA activity across various neurodevelopmental
stages in both sexes to better understand the effects of pH and age on PKA activity. One
limitation of this analysis is that it may not accurately detect the nuances of how covariates
affect specific cell populations. The complexity of the tissue (e.g., different cell types and
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tissue layers) may have varying responses to covariates. Techniques that may provide such
specificity have not yet been adapted to postmortem tissue [71].

An additional variable that may impact PKA enzyme activity is chronic physiolog-
ical stress. Several studies have demonstrated elevated cortisol levels in subjects with
schizophrenia, typically due to lower socioeconomic status, higher rates of drug use, and
greater cognitive impairment compared to healthy control subjects [72–74]. A limitation of
our study is that assays have not yet been adapted to measure cortisol levels using brain
homogenate. Future studies may focus on developing such assays or utilizing alternative
statistical techniques to examine the correlations between other stress-related biomarkers
in schizophrenia, such as brain-derived neurotrophic factor (BDNF) and PKA activity [75],
depending on the availability of this information from the brain bank(s) utilized.

We also studied the effect of antipsychotic treatment on PKA activity and found no
significant changes in activity due to medication. This analysis was only conducted in
one brain region, the ACC, due to the relatively small number of subjects who were “off”
medication in the DLPFC cohort, which is not surprising given the severity of this disorder.
An important consideration of this analysis is that information regarding the use of over
the counter (OTC) medications (e.g., medication type and duration of use) by all subjects
prior to death may have had an impact on PKA activity; however, information regarding
OTC medication prescriptions were not readily available to us for use in this study. Further
studies with larger subject numbers and consideration of non-antipsychotic medications,
when possible, are warranted to determine the potential effects of antipsychotics on PKA
activity more accurately.

PKA is a ubiquitously expressed protein kinase with dynamic changes in activity. Cell-
and compartment-specific patterns of protein kinase expression exist in the brain [76]. A
limitation of this study is that we used blended brain homogenate samples for our assays;
however, this was carried out to ensure representative sampling across different regions
of the brain to provide a comprehensive overview of molecular tissue characteristics. An
inherent limitation of postmortem studies is that the primary endpoint is death. Thus, when
considering changes in activity over time, we are limited to only assessing the correlations
between age at death and our dependent measures. To gain an understanding of PKA
activity in schizophrenia across several time points in postmortem studies using our assay,
investigators should aim to collect and analyze tissue across various age groups.

Although the present assay is a gold-standard confirmatory technique employed
to assess whether we could confirm our previous finding of changes in PKA activity in
schizophrenia and has been validated for accurately detecting PKA activity levels across sev-
eral research domains including neurotherapeutics, cardiovascular, and cancer [77–79], we
spent considerable time optimizing the assay. We optimized the concentration of the potent
H-89 PKA inhibitor to demonstrate the specificity of our assay and included appropriate
positive and negative controls. Overall, we performed every experiment following best
practices for rigor and reproducibility to minimize the impact of false results.

Lastly, our study utilized cohorts of approximately 15–20 subjects. The sex-specific
and antipsychotic medication analyses used fewer subjects in each brain region. In the
present study, we did not detect a difference between the schizophrenia and control subject
groups. We are not asserting that there is, in fact, no difference, only that we did not detect a
difference. Future studies should incorporate larger sample sizes when possible, to enhance
the generalizability of the insights provided by this study on altered PKA activity in the
frontal cortex in schizophrenia.

5. Conclusions

PKA is implicated in the pathophysiology of neuropsychiatric disorders [80–82], but
few studies have explored PKA activity in the brain in schizophrenia. This study is the first
to investigate PKA enzyme activity in the DLPFC and ACC in subjects diagnosed with this
disorder. Our findings highlight the need for future cell-subtype, sex-specific studies to
continue to explore altered kinase networks in schizophrenia. Postmortem studies should
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focus on isolating neurons, as PKA is the most abundant in these cell types [83] from the
ACC and DLPFC, as well as other brain regions highly implicated in this disorder, such as
the hippocampus and striatum. Given that sexual dimorphism has been well documented
in the presentation and course of schizophrenia, future research with larger sample sizes
should continue to explore sex-specific alterations in PKA activity, considering the effects
of potential confounding variables such as age, tissue pH, PMI, chronic physiological stress,
and OTC medications. Lastly, this work should be expanded upon to investigate the mRNA
expression, protein abundance, and activity of other kinase targets in schizophrenia, as
they may impact intracellular calcium levels, neurotransmitter receptors, crosstalk between
signaling pathways, and other biological functions critical for neuroplasticity, ultimately
building upon the insights provided by our investigation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/brainsci14010013/s1, Supplementary Methods: Rationale
for studying the ACC and DLPFC; Table S1: Demographics of anterior cingulate cortex (ACC) subjects
from the Mount Sinai NIH Brain and Tissue Repository used in study. Table S2: Demographics of
dorsolateral prefrontal cortex (DLPFC) subjects from the Maryland Brain Collection used in study.
Table S3: Protein concentrations, associated amounts, and associated raw absorbance values. Table
S4: Inhibitor (H-89) concentration and associated raw absorbance values. Table S5: Raw and adjusted
absorbance readings as well as final activity from protein kinase A (PKA) activity assay for anterior
cingulate cortex (ACC) subjects. Table S6: Raw and adjusted absorbance readings as well as final
activity from protein kinase A (PKA) activity assay for dorsolateral prefrontal cortex (DLPFC) subjects.
Figure S1: Protein kinase A (PKA) activity in the anterior cingulate cortex (ACC) and dorsolateral
prefrontal cortex (DLPFC) in schizophrenia (SCZ) and control (CTL) subjects with inhibitor (H-89)
and vehicle (blank). Figure S2: Protein kinase A (PKA) activity and correlation analyses in the anterior
cingulate cortex (ACC) in schizophrenia (SCZ) and control (CTL) subjects based on sex. Figure S3:
Protein kinase A (PKA) activity and correlation analyses in the dorsolateral prefrontal cortex (DLPFC)
in schizophrenia (SCZ) and control (CTL) subjects based on sex. Supplementary References.

Author Contributions: Conceptualization, S.S., N.D.H., R.E.M. and S.M.O.; data curation, S.S., N.D.H.
and C.F.-A.V.; formal analysis, S.S.; funding acquisition, R.E.M.; methodology, S.S., N.D.H. and C.F.-
A.V.; project administration, R.E.M. and S.M.O.; resources, R.E.M. and S.M.O.; supervision, R.E.M.
and S.M.O.; validation, S.S., N.D.H. and S.M.O.; writing—original draft, S.S.; writing—review and
editing, S.S. and S.M.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institute of Mental Health, grant number
MH107487.

Institutional Review Board Statement: The IRB approval protocol number for the Maryland tissue
used in our study is HP-00042077. Ethical approval committee: University of Maryland, Baltimore
Institutional Review Board.

Informed Consent Statement: All tissue was acquired with consent from next of kin with Institu-
tional Review Board approval protocols from the respective brain repositories.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fatemi, S.H.; Folsom, T.D. The neurodevelopmental hypothesis of schizophrenia, revisited. Schizophr. Bull. 2009, 35, 528–548.

[CrossRef] [PubMed]
2. MacDonald, A.W.; Schulz, S.C. What we know: Findings that every theory of schizophrenia should explain. Schizophr. Bull. 2009,

35, 493–508. [CrossRef] [PubMed]
3. Stahl, S.M. Beyond the dopamine hypothesis of schizophrenia to three neural networks of psychosis: Dopamine, serotonin, and

glutamate. CNS Spectr. 2018, 23, 187–191. [CrossRef] [PubMed]
4. Greengard, P. The neurobiology of slow synaptic transmission. Science 2001, 294, 1024–1030. [CrossRef] [PubMed]
5. Roberson, E.D.; English, J.D.; Adams, J.P.; Selcher, J.C.; Kondratick, C.; Sweatt, J.D. The mitogen-activated protein kinase cascade

couples PKA and PKC to cAMP response element binding protein phosphorylation in area CA1 of hippocampus. J. Neurosci.
1999, 19, 4337–4348. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/brainsci14010013/s1
https://doi.org/10.1093/schbul/sbn187
https://www.ncbi.nlm.nih.gov/pubmed/19223657
https://doi.org/10.1093/schbul/sbp017
https://www.ncbi.nlm.nih.gov/pubmed/19329559
https://doi.org/10.1017/S1092852918001013
https://www.ncbi.nlm.nih.gov/pubmed/29954475
https://doi.org/10.1126/science.294.5544.1024
https://www.ncbi.nlm.nih.gov/pubmed/11691979
https://doi.org/10.1523/JNEUROSCI.19-11-04337.1999
https://www.ncbi.nlm.nih.gov/pubmed/10341237


Brain Sci. 2024, 14, 13 10 of 13

6. Sands, W.A.; Palmer, T.M. Regulating gene transcription in response to cyclic AMP elevation. Cell. Signal. 2008, 20, 460–466.
[CrossRef] [PubMed]

7. Cheng, X.; Ma, Y.; Moore, M.; Hemmings, B.A.; Taylor, S.S. Phosphorylation and activation of cAMP-dependent protein kinase by
phosphoinositide-dependent protein kinase. Proc. Natl. Acad. Sci. USA 1998, 95, 9849–9854. [CrossRef] [PubMed]

8. Pandey, G.N.; Dwivedi, Y.; Ren, X.; Rizavi, H.S.; Roberts, R.C.; Conley, R.R. Cyclic AMP response element-binding protein
in post-mortem brain of teenage suicide victims: Specific decrease in the prefrontal cortex but not the hippocampus. Int. J.
Neuropsychopharmacol. 2007, 10, 621–629. [CrossRef]

9. Shelton, R.C.; Sanders-Bush, E.; Manier, D.H.; Lewis, D.A. Elevated 5-HT 2A receptors in postmortem prefrontal cortex in major
depression is associated with reduced activity of protein kinase A. Neuroscience 2009, 158, 1406–1415. [CrossRef]

10. Shelton, R.C.; Hal Manier, D.; Lewis, D.A. Protein kinases A and C in post-mortem prefrontal cortex from persons with major
depression and normal controls. Int. J. Neuropsychopharmacol. 2009, 12, 1223–1232. [CrossRef]

11. Chang, A.; Li, P.P.; Warsh, J.J. cAMP-Dependent protein kinase (PKA) subunit mRNA levels in postmortem brain from patients
with bipolar affective disorder (BD). Brain Res. Mol. Brain Res. 2003, 116, 27–37. [CrossRef] [PubMed]

12. Jensen, J.B.; Shimon, H.; Mørk, A. Abnormal protein phosphorylation in post-mortem brain tissue from bipolar patients. J. Neural
Transm. 2000, 107, 501–509. [CrossRef] [PubMed]

13. Ji, L.; Chauhan, V.; Flory, M.J.; Chauhan, A. Brain region-specific decrease in the activity and expression of protein kinase A in the
frontal cortex of regressive autism. PLoS ONE 2011, 6, e23751. [CrossRef] [PubMed]

14. Jicha, G.A.; Weaver, C.; Lane, E.; Vianna, C.; Kress, Y.; Rockwood, J.; Davies, P. cAMP-dependent protein kinase phosphorylations
on tau in Alzheimer’s disease. J. Neurosci. 1999, 19, 7486–7494. [CrossRef] [PubMed]

15. Dwivedi, Y.; Rizavi, H.S.; Pandey, G.N. Differential effects of haloperidol and clozapine on [(3)H]cAMP binding, protein kinase
A (PKA) activity, and mRNA and protein expression of selective regulatory and catalytic subunit isoforms of PKA in rat brain.
J. Pharmacol. Exp. Ther. 2002, 301, 197–209. [CrossRef] [PubMed]

16. Pan, B.; Lian, J.; Huang, X.F.; Deng, C. Aripiprazole Increases the PKA Signalling and Expression of the GABAA Receptor and
CREB1 in the Nucleus Accumbens of Rats. J. Mol. Neurosci. 2016, 59, 36–47. [CrossRef]

17. Howes, O.; McCutcheon, R.; Stone, J. Glutamate and dopamine in schizophrenia: An update for the 21st century. J. Psychopharmacol.
2015, 29, 97–115. [CrossRef] [PubMed]

18. McCutcheon, R.A.; Krystal, J.H.; Howes, O.D. Dopamine and glutamate in schizophrenia: Biology, symptoms and treatment.
World Psychiatry 2020, 19, 15–33. [CrossRef]

19. Stone, J.M.; Morrison, P.D.; Pilowsky, L.S. Glutamate and dopamine dysregulation in schizophrenia--a synthesis and selective
review. J. Psychopharmacol. 2007, 21, 440–452. [CrossRef]

20. Yan, Z.; Surmeier, D.J. D5 dopamine receptors enhance Zn2+-sensitive GABA(A) currents in striatal cholinergic interneurons
through a PKA/PP1 cascade. Neuron 1997, 19, 1115–1126. [CrossRef]

21. Esteban, J.A.; Shi, S.H.; Wilson, C.; Nuriya, M.; Huganir, R.L.; Malinow, R. PKA phosphorylation of AMPA receptor subunits
controls synaptic trafficking underlying plasticity. Nat. Neurosci. 2003, 6, 136–143. [CrossRef] [PubMed]

22. Murphy, J.A.; Stein, I.S.; Lau, C.G.; Peixoto, R.T.; Aman, T.K.; Kaneko, N.; Aromolaran, K.; Saulnier, J.L.; Popescu, G.K.; Sabatini,
B.L.; et al. Phosphorylation of Ser1166 on GluN2B by PKA is critical to synaptic NMDA receptor function and Ca2+ signaling in
spines. J. Neurosci. 2014, 34, 869–879. [CrossRef] [PubMed]

23. Man, H.Y.; Sekine-Aizawa, Y.; Huganir, R.L. Regulation of {alpha}-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
trafficking through PKA phosphorylation of the Glu receptor 1 subunit. Proc. Natl. Acad. Sci. USA 2007, 104, 3579–3584.
[CrossRef] [PubMed]

24. Benesh, J.L.; Mueller, T.M.; Meador-Woodruff, J.H. AMPA receptor subunit localization in schizophrenia anterior cingulate cortex.
Schizophr. Res. 2022, 249, 16–24. [CrossRef] [PubMed]

25. Beneyto, M.; Meador-Woodruff, J.H. Lamina-specific abnormalities of AMPA receptor trafficking and signaling molecule
transcripts in the prefrontal cortex in schizophrenia. Synapse 2006, 60, 585–598. [CrossRef]

26. Hammond, J.C.; McCullumsmith, R.E.; Funk, A.J.; Haroutunian, V.; Meador-Woodruff, J.H. Evidence for abnormal forward
trafficking of AMPA receptors in frontal cortex of elderly patients with schizophrenia. Neuropsychopharmacology 2010, 35,
2110–2119. [CrossRef]

27. Konradi, C.; Heckers, S. Molecular aspects of glutamate dysregulation: Implications for schizophrenia and its treatment. Pharmacol.
Ther. 2003, 97, 153–179. [CrossRef]

28. Sepp, M.; Vihma, H.; Nurm, K.; Urb, M.; Page, S.C.; Roots, K.; Hark, A.; Maher, B.J.; Pruunsild, P.; Timmusk, T. The Intellectual
Disability and Schizophrenia Associated Transcription Factor TCF4 Is Regulated by Neuronal Activity and Protein Kinase A.
J. Neurosci. 2017, 37, 10516–10527. [CrossRef]

29. Fjodorova, M.; Noakes, Z.; De La Fuente, D.C.; Errington, A.C.; Li, M. Dysfunction of cAMP-Protein Kinase A-Calcium Signaling
Axis in Striatal Medium Spiny Neurons: A Role in Schizophrenia and Huntington’s Disease Neuropathology. Biol. Psychiatry
Glob. Open Sci. 2023, 3, 418–429. [CrossRef]

30. McCutcheon, R.A.; Abi-Dargham, A.; Howes, O.D. Schizophrenia, Dopamine and the Striatum: From Biology to Symptoms.
Trends Neurosci. 2019, 42, 205–220. [CrossRef]

https://doi.org/10.1016/j.cellsig.2007.10.005
https://www.ncbi.nlm.nih.gov/pubmed/17993258
https://doi.org/10.1073/pnas.95.17.9849
https://www.ncbi.nlm.nih.gov/pubmed/9707564
https://doi.org/10.1017/S1461145706007231
https://doi.org/10.1016/j.neuroscience.2008.11.036
https://doi.org/10.1017/S1461145709000285
https://doi.org/10.1016/S0169-328X(03)00211-0
https://www.ncbi.nlm.nih.gov/pubmed/12941458
https://doi.org/10.1007/s007020070091
https://www.ncbi.nlm.nih.gov/pubmed/11215760
https://doi.org/10.1371/journal.pone.0023751
https://www.ncbi.nlm.nih.gov/pubmed/21909354
https://doi.org/10.1523/JNEUROSCI.19-17-07486.1999
https://www.ncbi.nlm.nih.gov/pubmed/10460255
https://doi.org/10.1124/jpet.301.1.197
https://www.ncbi.nlm.nih.gov/pubmed/11907174
https://doi.org/10.1007/s12031-016-0730-y
https://doi.org/10.1177/0269881114563634
https://www.ncbi.nlm.nih.gov/pubmed/25586400
https://doi.org/10.1002/wps.20693
https://doi.org/10.1177/0269881106073126
https://doi.org/10.1016/S0896-6273(00)80402-X
https://doi.org/10.1038/nn997
https://www.ncbi.nlm.nih.gov/pubmed/12536214
https://doi.org/10.1523/JNEUROSCI.4538-13.2014
https://www.ncbi.nlm.nih.gov/pubmed/24431445
https://doi.org/10.1073/pnas.0611698104
https://www.ncbi.nlm.nih.gov/pubmed/17360685
https://doi.org/10.1016/j.schres.2020.01.025
https://www.ncbi.nlm.nih.gov/pubmed/32014361
https://doi.org/10.1002/syn.20329
https://doi.org/10.1038/npp.2010.87
https://doi.org/10.1016/S0163-7258(02)00328-5
https://doi.org/10.1523/JNEUROSCI.1151-17.2017
https://doi.org/10.1016/j.bpsgos.2022.03.010
https://doi.org/10.1016/j.tins.2018.12.004


Brain Sci. 2024, 14, 13 11 of 13

31. McGuire, J.L.; Depasquale, E.A.; Funk, A.J.; O’Donnovan, S.M.; Hasselfeld, K.; Marwaha, S.; Hammond, J.H.; Hartounian, V.;
Meador-Woodruff, J.H.; Meller, J.; et al. Abnormalities of signal transduction networks in chronic schizophrenia. NPJ Schizophr.
2017, 3, 30. [CrossRef] [PubMed]

32. McGuire, J.L.; Hammond, J.H.; Yates, S.D.; Chen, D.; Haroutunian, V.; Meador-Woodruff, J.H.; McCullumsmith, R.E. Altered
serine/threonine kinase activity in schizophrenia. Brain Res. 2014, 1568, 42–54. [CrossRef] [PubMed]

33. Eggers, A.E. A serotonin hypothesis of schizophrenia. Med. Hypotheses 2013, 80, 791–794. [CrossRef] [PubMed]
34. Green, M.F.; Horan, W.P.; Lee, J. Social cognition in schizophrenia. Nat. Rev. Neurosci. 2015, 16, 620–631. [CrossRef] [PubMed]
35. Hwang, Y.; Kim, J.; Shin, J.Y.; Kim, J.I.; Seo, J.S.; Webster, M.J.; Lee, D.; Kim, S. Gene expression profiling by mRNA sequencing

reveals increased expression of immune/inflammation-related genes in the hippocampus of individuals with schizophrenia.
Transl. Psychiatry 2013, 3, e321. [CrossRef] [PubMed]

36. Kim, A.H.; Reimers, M.; Maher, B.; Williamson, V.; McMichael, O.; McClay, J.L.; van den Oord, E.J.; Riley, B.P.; Kendler, K.S.;
Vladimirov, V.I. MicroRNA expression profiling in the prefrontal cortex of individuals affected with schizophrenia and bipolar
disorders. Schizophr. Res. 2010, 124, 183–191. [CrossRef]

37. O’Donovan, S.M.; Sullivan, C.; Koene, R.; Devine, E.; Hasselfeld, K.; Moody, C.L.; McCullumsmith, R.E. Cell-subtype-specific
changes in adenosine pathways in schizophrenia. Neuropsychopharmacology 2018, 43, 1667–1674. [CrossRef]

38. Ramaker, R.C.; Bowling, K.M.; Lasseigne, B.N.; Hagenauer, M.H.; Hardigan, A.A.; Davis, N.S.; Gertz, J.; Cartagena, P.M.; Walsh,
D.M.; Vawter, M.P.; et al. Post-mortem molecular profiling of three psychiatric disorders. Genome Med. 2017, 9, 72. [CrossRef]

39. Schmitt, A.; Koschel, J.; Zink, M.; Bauer, M.; Sommer, C.; Frank, J.; Treutlein, J.; Schulze, T.; Schneider-Axmann, T.; Parlapani, E.;
et al. Gene expression of NMDA receptor subunits in the cerebellum of elderly patients with schizophrenia. Eur. Arch. Psychiatry
Clin. Neurosci. 2010, 260, 101–111. [CrossRef]

40. Henry, J.D.; von Hippel, W.; Molenberghs, P.; Lee, T.; Sachdev, P.S. Clinical assessment of social cognitive function in neurological
disorders. Nat. Rev. Neurol. 2016, 12, 28–39. [CrossRef]

41. Benes, F.M.; Todtenkopf, M.S.; Taylor, J.B. Differential distribution of tyrosine hydroxylase fibers on small and large neurons in
layer II of anterior cingulate cortex of schizophrenic brain. Synapse 1997, 25, 80–92. [CrossRef]

42. Glahn, D.C.; Ragland, J.D.; Abramoff, A.; Barrett, J.; Laird, A.R.; Bearden, C.E.; Velligan, D.I. Beyond hypofrontality: A quantitative
meta-analysis of functional neuroimaging studies of working memory in schizophrenia. Hum. Brain Mapp. 2005, 25, 60–69.
[CrossRef] [PubMed]

43. Taylor, S.F.; Kang, J.; Brege, I.S.; Tso, I.F.; Hosanagar, A.; Johnson, T.D. Meta-analysis of functional neuroimaging studies of
emotion perception and experience in schizophrenia. Biol. Psychiatry 2012, 71, 136–145. [CrossRef] [PubMed]

44. Furman, D.J.; Hamilton, J.P.; Gotlib, I.H. Frontostriatal functional connectivity in major depressive disorder. Biol. Mood Anxiety
Disord. 2011, 1, 11. [CrossRef] [PubMed]

45. Lesh, T.A.; Niendam, T.A.; Minzenberg, M.J.; Carter, C.S. Cognitive control deficits in schizophrenia: Mechanisms and meaning.
Neuropsychopharmacology 2011, 36, 316–338. [CrossRef] [PubMed]

46. Glantz, L.A.; Lewis, D.A. Reduction of synaptophysin immunoreactivity in the prefrontal cortex of subjects with schizophrenia.
Regional and diagnostic specificity. Arch. Gen. Psychiatry 1997, 54, 943–952. [CrossRef] [PubMed]

47. Sullivan, C.R.; O’Donovan, S.M.; McCullumsmith, R.E.; Ramsey, A. Defects in Bioenergetic Coupling in Schizophrenia. Biol.
Psychiatry 2018, 83, 739–750. [CrossRef] [PubMed]

48. Roberts, R.C.; Roche, J.K.; Conley, R.R.; Lahti, A.C. Dopaminergic synapses in the caudate of subjects with schizophrenia:
Relationship to treatment response. Synapse 2009, 63, 520–530. [CrossRef]

49. Funk, A.J.; McCullumsmith, R.E.; Haroutunian, V.; Meador-Woodruff, J.H. Abnormal activity of the MAPK- and cAMP-associated
signaling pathways in frontal cortical areas in postmortem brain in schizophrenia. Neuropsychopharmacology 2012, 37, 896–905.
[CrossRef]

50. DePasquale, E.A.K.; Alganem, K.; Bentea, E.; Nawreen, N.; McGuire, J.L.; Tomar, T.; Naji, F.; Hilhorst, R.; Meller, J.; McCullum-
smith, R.E. KRSA: An R package and R Shiny web application for an end-to-end upstream kinase analysis of kinome array data.
PLoS ONE 2021, 16, e0260440. [CrossRef]

51. Fukuchi, M.; Tabuchi, A.; Kuwana, Y.; Watanabe, S.; Inoue, M.; Takasaki, I.; Izumi, H.; Tanaka, A.; Inoue, R.; Mori, H.; et al.
Neuromodulatory effect of Gαs- or Gαq-coupled G-protein-coupled receptor on NMDA receptor selectively activates the
NMDA receptor/Ca2+/calcineurin/cAMP response element-binding protein-regulated transcriptional coactivator 1 pathway to
effectively induce brain-derived neurotrophic factor expression in neurons. J. Neurosci. 2015, 35, 5606–5624. [CrossRef] [PubMed]

52. Yim, Y.Y.; Zurawski, Z.; Hamm, H. GPCR regulation of secretion. Pharmacol. Ther. 2018, 192, 124–140. [CrossRef] [PubMed]
53. Liu, N.; Wang, Y.; Li, T.; Feng, X. G-Protein Coupled Receptors (GPCRs): Signaling Pathways, Characterization, and Functions in

Insect Physiology and Toxicology. Int. J. Mol. Sci. 2021, 22, 5260. [CrossRef] [PubMed]
54. Kehler, J.; Nielsen, J. PDE10A inhibitors: Novel therapeutic drugs for schizophrenia. Curr. Pharm. Des. 2011, 17, 137–150.

[CrossRef] [PubMed]
55. Wang, H.; Xu, J.; Lazarovici, P.; Quirion, R.; Zheng, W. cAMP Response Element-Binding Protein (CREB): A Possible Signaling

Molecule Link in the Pathophysiology of Schizophrenia. Front. Mol. Neurosci. 2018, 11, 255. [CrossRef] [PubMed]
56. Martel, J.C.; Gatti McArthur, S. Dopamine Receptor Subtypes, Physiology and Pharmacology: New Ligands and Concepts in

Schizophrenia. Front. Pharmacol. 2020, 11, 1003. [CrossRef] [PubMed]

https://doi.org/10.1038/s41537-017-0032-6
https://www.ncbi.nlm.nih.gov/pubmed/28900113
https://doi.org/10.1016/j.brainres.2014.04.029
https://www.ncbi.nlm.nih.gov/pubmed/24780530
https://doi.org/10.1016/j.mehy.2013.03.013
https://www.ncbi.nlm.nih.gov/pubmed/23557849
https://doi.org/10.1038/nrn4005
https://www.ncbi.nlm.nih.gov/pubmed/26373471
https://doi.org/10.1038/tp.2013.94
https://www.ncbi.nlm.nih.gov/pubmed/24169640
https://doi.org/10.1016/j.schres.2010.07.002
https://doi.org/10.1038/s41386-018-0028-6
https://doi.org/10.1186/s13073-017-0458-5
https://doi.org/10.1007/s00406-009-0017-1
https://doi.org/10.1038/nrneurol.2015.229
https://doi.org/10.1002/(SICI)1098-2396(199701)25:1%3C80::AID-SYN10%3E3.0.CO;2-2
https://doi.org/10.1002/hbm.20138
https://www.ncbi.nlm.nih.gov/pubmed/15846819
https://doi.org/10.1016/j.biopsych.2011.09.007
https://www.ncbi.nlm.nih.gov/pubmed/21993193
https://doi.org/10.1186/2045-5380-1-11
https://www.ncbi.nlm.nih.gov/pubmed/22737995
https://doi.org/10.1038/npp.2010.156
https://www.ncbi.nlm.nih.gov/pubmed/20844478
https://doi.org/10.1001/archpsyc.1997.01830220065010
https://www.ncbi.nlm.nih.gov/pubmed/9337775
https://doi.org/10.1016/j.biopsych.2017.10.014
https://www.ncbi.nlm.nih.gov/pubmed/29217297
https://doi.org/10.1002/syn.20623
https://doi.org/10.1038/npp.2011.267
https://doi.org/10.1371/journal.pone.0260440
https://doi.org/10.1523/JNEUROSCI.3650-14.2015
https://www.ncbi.nlm.nih.gov/pubmed/25855176
https://doi.org/10.1016/j.pharmthera.2018.07.005
https://www.ncbi.nlm.nih.gov/pubmed/30056056
https://doi.org/10.3390/ijms22105260
https://www.ncbi.nlm.nih.gov/pubmed/34067660
https://doi.org/10.2174/138161211795049624
https://www.ncbi.nlm.nih.gov/pubmed/21355834
https://doi.org/10.3389/fnmol.2018.00255
https://www.ncbi.nlm.nih.gov/pubmed/30214393
https://doi.org/10.3389/fphar.2020.01003
https://www.ncbi.nlm.nih.gov/pubmed/32765257


Brain Sci. 2024, 14, 13 12 of 13

57. Snyder, M.A.; Gao, W.J. NMDA hypofunction as a convergence point for progression and symptoms of schizophrenia. Front. Cell.
Neurosci. 2013, 7, 31. [CrossRef]

58. LaCrosse, A.L.; Olive, M.F. Neuropeptide systems and schizophrenia. CNS Neurol. Disord. Drug Targets 2013, 12, 619–632.
[CrossRef]

59. Urs, N.M.; Nicholls, P.J.; Caron, M.G. Integrated approaches to understanding antipsychotic drug action at GPCRs. Curr. Opin.
Cell Biol. 2014, 27, 56–62. [CrossRef]

60. Yuan, P.; Zhou, R.; Wang, Y.; Li, X.; Li, J.; Chen, G.; Guitart, X.; Manji, H.K. Altered levels of extracellular signal-regulated kinase
signaling proteins in postmortem frontal cortex of individuals with mood disorders and schizophrenia. J. Affect. Disord. 2010, 124,
164–169. [CrossRef]

61. Nishiura, K.; Ichikawa-Tomikawa, N.; Sugimoto, K.; Kunii, Y.; Kashiwagi, K.; Tanaka, M.; Yokoyama, Y.; Hino, M.; Sugino, T.;
Yabe, H.; et al. PKA activation and endothelial claudin-5 breakdown in the schizophrenic prefrontal cortex. Oncotarget 2017, 8,
93382–93391. [CrossRef] [PubMed]

62. McCullumsmith, R.E.; Hammond, J.H.; Shan, D.; Meador-Woodruff, J.H. Postmortem brain: An underutilized substrate for
studying severe mental illness. Neuropsychopharmacology 2015, 40, 1307. [CrossRef] [PubMed]

63. Dietsche, B.; Kircher, T.; Falkenberg, I. Structural brain changes in schizophrenia at different stages of the illness: A selective
review of longitudinal magnetic resonance imaging studies. Aust. N. Z. J. Psychiatry 2017, 51, 500–508. [CrossRef] [PubMed]

64. Flores, G.; Morales-Medina, J.C.; Diaz, A. Neuronal and brain morphological changes in animal models of schizophrenia. Behav.
Brain Res. 2016, 301, 190–203. [CrossRef] [PubMed]

65. Bobilev, A.M.; Perez, J.M.; Tamminga, C.A. Molecular alterations in the medial temporal lobe in schizophrenia. Schizophr. Res.
2020, 217, 71–85. [CrossRef] [PubMed]

66. Reinhart, V.; Bove, S.E.; Volfson, D.; Lewis, D.A.; Kleiman, R.J.; Lanz, T.A. Evaluation of TrkB and BDNF transcripts in prefrontal
cortex, hippocampus, and striatum from subjects with schizophrenia, bipolar disorder, and major depressive disorder. Neurobiol.
Dis. 2015, 77, 220–227. [CrossRef] [PubMed]

67. Simpson, E.H.; Kellendonk, C.; Kandel, E. A possible role for the striatum in the pathogenesis of the cognitive symptoms of
schizophrenia. Neuron 2010, 65, 585–596. [CrossRef] [PubMed]

68. Hynd, M.R.; Lewohl, J.M.; Scott, H.L.; Dodd, P.R. Biochemical and molecular studies using human autopsy brain tissue.
J. Neurochem. 2003, 85, 543–562. [CrossRef]

69. Stan, A.D.; Ghose, S.; Gao, X.M.; Roberts, R.C.; Lewis-Amezcua, K.; Hatanpaa, K.J.; Tamminga, C.A. Human postmortem tissue:
What quality markers matter? Brain Res. 2006, 1123, 1–11. [CrossRef]

70. Abel, K.M.; Drake, R.; Goldstein, J.M. Sex differences in schizophrenia. Int. Rev. Psychiatry 2010, 22, 417–428. [CrossRef]
71. Sullivan, C.R.; Koene, R.H.; Hasselfeld, K.; O’Donovan, S.M.; Ramsey, A.; McCullumsmith, R.E. Neuron-specific deficits of

bioenergetic processes in the dorsolateral prefrontal cortex in schizophrenia. Mol. Psychiatry 2019, 24, 1319–1328. [CrossRef]
[PubMed]

72. Cherian, K.; Schatzberg, A.F.; Keller, J. HPA axis in psychotic major depression and schizophrenia spectrum disorders: Cortisol,
clinical symptomatology, and cognition. Schizophr. Res. 2019, 213, 72–79. [CrossRef]

73. Yilmaz, N.; Herken, H.; Cicek, H.K.; Celik, A.; Yürekli, M.; Akyol, O. Increased levels of nitric oxide, cortisol and adrenomedullin
in patients with chronic schizophrenia. Med. Princ. Pract. 2007, 16, 137–141. [CrossRef] [PubMed]

74. Zhang, X.Y.; Zhou, D.F.; Cao, L.Y.; Wu, G.Y.; Shen, Y.C. Cortisol and cytokines in chronic and treatment-resistant patients with
schizophrenia: Association with psychopathology and response to antipsychotics. Neuropsychopharmacology 2005, 30, 1532–1538.
[CrossRef] [PubMed]

75. Chen, B.; Dowlatshahi, D.; MacQueen, G.M.; Wang, J.F.; Young, L.T. Increased hippocampal BDNF immunoreactivity in subjects
treated with antidepressant medication. Biol. Psychiatry 2001, 50, 260–265. [CrossRef] [PubMed]

76. Ilouz, R.; Lev-Ram, V.; Bushong, E.A.; Stiles, T.L.; Friedmann-Morvinski, D.; Douglas, C.; Goldberg, J.L.; Ellisman, M.H.; Taylor,
S.S. Isoform-specific subcellular localization and function of protein kinase A identified by mosaic imaging of mouse brain. eLife
2017, 6, e17681. [CrossRef] [PubMed]

77. Bott, A.; Erdem, N.; Lerrer, S.; Hotz-Wagenblatt, A.; Breunig, C.; Abnaof, K.; Wörner, A.; Wilhelm, H.; Münstermann, E.;
Ben-Baruch, A.; et al. miRNA-1246 induces pro-inflammatory responses in mesenchymal stem/stromal cells by regulating PKA
and PP2A. Oncotarget 2017, 8, 43897–43914. [CrossRef]

78. Mougenot, N.; Mika, D.; Czibik, G.; Marcos, E.; Abid, S.; Houssaini, A.; Vallin, B.; Guellich, A.; Mehel, H.; Sawaki, D.; et al.
Cardiac adenylyl cyclase overexpression precipitates and aggravates age-related myocardial dysfunction. Cardiovasc. Res. 2019,
115, 1778–1790. [CrossRef]

79. Sayed, N.H.; Fathy, N.; Kortam, M.A.; Rabie, M.A.; Mohamed, A.F.; Kamel, A.S. Correction to: Vildagliptin Attenuates
Huntington’s Disease Through Activation of GLP-1 Receptor/PI3K/Akt/BDNF Pathway in 3-Nitropropionic Acid Rat Model.
Neurotherapeutics 2022, 19, 686. [CrossRef]

80. Gao, F.; Yang, S.; Wang, J.; Zhu, G. cAMP-PKA cascade: An outdated topic for depression? Biomed. Pharmacother. 2022, 150, 113030.
[CrossRef]

81. Hu, Y.; Pan, S.; Zhang, H.T. Interaction of Cdk5 and cAMP/PKA Signaling in the Mediation of Neuropsychiatric and Neurode-
generative Diseases. Adv. Neurobiol. 2017, 17, 45–61. [CrossRef] [PubMed]

https://doi.org/10.3389/fncel.2013.00031
https://doi.org/10.2174/1871527311312050010
https://doi.org/10.1016/j.ceb.2013.11.002
https://doi.org/10.1016/j.jad.2009.10.017
https://doi.org/10.18632/oncotarget.21850
https://www.ncbi.nlm.nih.gov/pubmed/29212157
https://doi.org/10.1038/npp.2014.337
https://www.ncbi.nlm.nih.gov/pubmed/25767083
https://doi.org/10.1177/0004867417699473
https://www.ncbi.nlm.nih.gov/pubmed/28415873
https://doi.org/10.1016/j.bbr.2015.12.034
https://www.ncbi.nlm.nih.gov/pubmed/26738967
https://doi.org/10.1016/j.schres.2019.06.001
https://www.ncbi.nlm.nih.gov/pubmed/31227207
https://doi.org/10.1016/j.nbd.2015.03.011
https://www.ncbi.nlm.nih.gov/pubmed/25796564
https://doi.org/10.1016/j.neuron.2010.02.014
https://www.ncbi.nlm.nih.gov/pubmed/20223196
https://doi.org/10.1046/j.1471-4159.2003.01747.x
https://doi.org/10.1016/j.brainres.2006.09.025
https://doi.org/10.3109/09540261.2010.515205
https://doi.org/10.1038/s41380-018-0035-3
https://www.ncbi.nlm.nih.gov/pubmed/29497148
https://doi.org/10.1016/j.schres.2019.07.003
https://doi.org/10.1159/000098367
https://www.ncbi.nlm.nih.gov/pubmed/17303950
https://doi.org/10.1038/sj.npp.1300756
https://www.ncbi.nlm.nih.gov/pubmed/15886721
https://doi.org/10.1016/S0006-3223(01)01083-6
https://www.ncbi.nlm.nih.gov/pubmed/11522260
https://doi.org/10.7554/eLife.17681
https://www.ncbi.nlm.nih.gov/pubmed/28079521
https://doi.org/10.18632/oncotarget.14915
https://doi.org/10.1093/cvr/cvy306
https://doi.org/10.1007/s13311-022-01227-6
https://doi.org/10.1016/j.biopha.2022.113030
https://doi.org/10.1007/978-3-319-58811-7_3
https://www.ncbi.nlm.nih.gov/pubmed/28956329


Brain Sci. 2024, 14, 13 13 of 13

82. Keil, M.F.; Briassoulis, G.; Stratakis, C.A.; Wu, T.J. Protein Kinase A and Anxiety-Related Behaviors: A Mini-Review.
Front. Endocrinol. 2016, 7, 83. [CrossRef] [PubMed]

83. Gervasi, N.; Hepp, R.; Tricoire, L.; Zhang, J.; Lambolez, B.; Paupardin-Tritsch, D.; Vincent, P. Dynamics of protein kinase A
signaling at the membrane, in the cytosol, and in the nucleus of neurons in mouse brain slices. J. Neurosci. 2007, 27, 2744–2750.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fendo.2016.00083
https://www.ncbi.nlm.nih.gov/pubmed/27445986
https://doi.org/10.1523/JNEUROSCI.5352-06.2007
https://www.ncbi.nlm.nih.gov/pubmed/17360896

	Introduction 
	Materials and Methods 
	Tissue Acquisition and Preparation 
	PKA Assay Optimization and Activity Measurements 
	Data Analysis 

	Results 
	Protein and Inhibitor Concentration Optimization 
	PKA Activity Assays and Correlation Analyses in the ACC and DLPFC 
	Antipsychotic Effects on PKA Activity 

	Discussion 
	Conclusions 
	References

