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Abstract
Cyclic adenosine monophosphpate (cAMP) signaling is thought to be involved in the
pathophysiology of major depressive disorder and antidepressant action; however, relatively little is
known about the possible role of cyclic guanosine monophosphate (cGMP) signaling. Accumulating
evidence suggests that crosstalk occurs between cAMP and cGMP pathways. There is a need to
clarify the trajectory of cAMP and cGMP concentrations, their synthesis by cyclases, and degradation
by phosphodiesterases (PDEs) to understand the role of cyclic mononucleotide signaling in the effect
of chronic antidepressant therapy. We used quantitative real-time PCR and enzyme immunoassay to
systematically investigate the expression of intracellular signaling cascade elements in the
hippocampus of rats chronically treated with the antidepressants fluoxetine and amitriptyline. We
found increased cGMP levels, which were consistent with our findings of decreased PDE gene
expression. Immunoassay results showed unchanged cAMP levels. We conclude that increased
cGMP signaling might underlie the efficacy of chronic antidepressant treatment.
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Introduction
Several intracellular signaling pathways have been implicated in the pathophysiology of major
depressive disorder (MDD) including two intracellular messaging systems related to cyclic
mononucleotides [7,24]. These signaling cascade elements therefore represent potential targets
for the study of how antidepressants operate to relieve the clinical symptoms of MDD. Cyclic
adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) are second
messengers that send membrane signals to the nucleus to affect gene expression. Cyclic
nucleotides are compartmentalized within cells and their levels are subject to temporal and
spatial regulation via the activity of cyclase synthetic enzymes and phosphodiesterase (PDE)
degradative enzymes.
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Cyclic AMP is produced by adenylate cyclase (AC) and cGMP by guanylyl cyclase (GC).
Whereas AC is activated by membrane bound G-protein complexes, GC exists in both
membrane bound (pGC) and soluble (sGC) forms. There are 9 isoforms of adenylate cyclases
(AC) classified into 4 groups based on sensitivities to calcium/calmodulin, βγ subunit, and
PKC phosphorylation [8]. All AC isoforms are expressed in the brain, but their distribution is
variable. Both AC1 and AC2 isoforms are expressed in the rodent hippocampus [12]. Soluble
guanylyl cyclase (sGC) is a heterodimer consisting of α and β subunits, with two isoforms for
each subunit (α1, α2, β1, and β2). The α2, β1 sGC heterodimer is expressed in the hippocampus
[14].

By degrading cyclic mononucleotides, PDE enzymes play an essential regulatory function in
these complex intracellular messaging systems. Recently, the role of PDEs in psychiatric
disorders including MDD has attracted more attention as PDEs are expressed throughout the
brain and as commercially available PDE inhibitor drugs have shown some potential as
cognitive enhancers [1,21,22]. PDE genes are categorized based on their specificity to degrade
cAMP (PDE4, PDE7, PDE8), cGMP (PDE5, PDE6, PDE9) or both (PDE1, PDE2, PDE3,
PDE10, and PDE11). Each PDE gene may be subdivided into isoforms designated with
different letters (PDE4A, PDE4B, PDE4C, and PDE4D) with further division of these isoforms
into splice variants (PDE4A1, PDE4A5, PDE4A8, and PDE4A10) [13]. There are 11 different
PDE families with 21 genes and 50 functional enzymes via alternative splicing.

As second messengers, cAMP and cGMP regulate the activity of several downstream effectors,
including protein kinase A (PKA) and protein kinase G (PKG), respectively, as well as PDEs,
cyclic nucleotide gated channels, and guanine exchange factors to impact various central
nervous system functions such as learning, memory, and mood. Cyclic AMP and cGMP
possibly regulate each other’s concentrations via crosstalk signaling [17]. Hormone and
neurotransmitter signaling is mediated by cAMP and nitric oxide (NO) signaling is mediated
by cGMP, as sGC is activated by NO. The cAMP signaling cascade is thought to play a critical
role in MDD pathophysiology and antidepressant mediated improvement [16,24]. Specifically,
cAMP binds to and activates PKA and then PKA phosphorylates the transcription factor cAMP
response-element binding protein (CREB) to activate CREB and initiate the expression of
many genes such as brain-derived neurotrophic factor (BDNF).

The therapeutic actions of antidepressants have been related to increased cAMP signaling as
BDNF and CREB expression has been found to increase following antidepressant
administration. These findings have led to indirect assumptions of increased cAMP levels
following chronic antidepressant administration [16]. In a recent study, we unexpectedly found
that 8 weeks of imipramine treatment resulted in a significant 46% decrease in cAMP levels
with increased expression of several PDE genes and guanylyl cyclase subunits, and decreased
expression of adenylate cyclase, consistent with the hypothesis that chronic antidepressants
desensitize the beta-adrenergic receptor/adenylate cyclase system beyond the receptor level
[11,20]. To test the hypothesis that common intracellular signaling cascades, such as the cAMP
and cGMP signaling pathways, are altered by antidepressant treatment, we chose to study the
effects of two other prototypic antidepressants, fluoxetine (selective serotonin reuptake
inhibitor) and amitriptyline (tricyclic antidepressant). We analyzed changes in gene expression
in the PDE and cyclase gene families and assayed cAMP and cGMP levels in rat hippocampi
to understand the alterations that occur in the cyclic mononucleotide messenger systems as a
result of sustained antidepressant treatment.
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Materials and Methods
Animals and drug treatment

Virus- and antibody-free adult, male Sprague Dawley rats (150–200 g, Harlan, Indianapolis,
IN) were housed 2/cage 24°C with lights on from 06:00 to 18:00 h in a stress free environment
for at least 5 days before the initiation of experimental procedures. Ten rats were randomly
assigned to each experimental group: 1) control (0.9% saline), 2) fluoxetine (FLX, selective
serotonin reuptake inhibitor), and 3) amitriptyline (AMI, tricyclic). All animals received daily
0.5 mL intraperitoneal (i.p.) injections of either 0.9% saline (Hospira Inc., Lake Forest, IL),
5.0 mg/kg of fluoxetine (generously provided by Eli Lilly, Indianapolis, IN) or 10.0 mg/kg
amitriptyline (Sigma-Aldrich, St Louis, MO) dissolved in 0.9% saline for eight weeks. The 5.0
mg/kg dose for fluoxetine and 10 mg/kg dose for amitriptyline is based on previous reports
[3,29]. We chose the rigorous duration of eight weeks antidepressant treatment as the time
course of administration to be sure that any results we observed in the rat brain would accurately
reflect the effect of long-term, repeated antidepressant treatment. Recent evidence from the
Sequenced Treatment Alternatives to Relieve Depression (STAR*D) clinical trials indicates
that at least 8 weeks of continuous therapy is required for antidepressant efficacy in patients
that will respond to therapy [26]. Furthermore, maintenance antidepressant therapy is
prescribed for months to years to prevent relapse.

Animals received their last treatment 24 hours before termination of experiments. Animals
were euthanized by decapitation and the hippocampus was dissected, snapfrozen, and stored
at −80°C. All animals were sacrificed between 10:00–12:00 h to avoid confounding effects of
circadian rhythms. This experimental protocol was approved by The University of Miami
Institutional Animal Care and Use Committee.

Quantitative real-time RT-PCR
Total RNA was isolated from hippocampi using RNeasy Lipid Mini Kit including optional
DNase digestion (Qiagen, Germantown, MD), quantified using a Nanodrop ND-1000
spectrophotometer (Thermo-Fisher Scientific, Waltham, MA) and reverse transcribed to
cDNA using OMNISCRIPT RT Kit (Qiagen), random hexamer primers, and 1 µg RNA. We
selected to study the expression of isoforms of the PDE3, PDE4, and PDE5 genes as they are
expressed in the hippocampus and currently pharmacologic inhibitors selective for these 3
PDEs are available for use clinically. We selected to study AC1, AC2, GCα2, and GCβ1
isoforms as these cyclase genes are expressed in the hippocampus. PDE, cyclase, β-Actin
(housekeeping gene) primers were designed in different exons to amplify cDNA using Primer
Express Software (Applied Biosystems, Foster City, CA) as previously described [20]. PDE4A
(NM_013101) primers were: forward (5'-GAAGTCTCAGGTGGGCTTCATC-3') and reverse
(5'-CAGTCCCGGTTGTCTTCCA-3'). PDE4D (NM_017032) primers were: forward (5'-
CCTCCAGAATATGGTGCACTGT-3') and reverse (5'-TATCTCCATGCCACGCTCA-3')
[28]. AC2 (NM_031007) primers were: forward (5'-CGCCTTGCAAGCGATTG-3') and
reverse (5'-TGCATTCATTCTCCTTTGCTATTT-3'). A standard curve of pooled, serially
diluted cDNA was run for each PDE or cyclase gene and for a housekeeping gene, rat β-Actin,
using the 7900HT Fast Real-Time PCR System (Applied Biosystems). cDNA samples were
diluted 1:500 and run in triplicate for both rat β-Actin and the PDE or cyclase gene of interest.
The three SYBR cycle threshold (Ct) values were averaged for each sample, and the RNA
input for the target gene was calculated from the standard curve. Fold change in hippocampal
target gene expression was expressed as a ratio to β-Actin expression for each sample. We
confirmed that the expression of β-Actin was stable across treatment groups by comparing Ct
values of the β-Actin housekeeping gene among the different experimental conditions (SAL,
FLX, AMI) and found no significant variations (p= 0.6327).
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Enzyme immunoassay (EIA)
Cyclic nucleotide (cAMP and cGMP) levels in the hippocampus were determined using direct,
competitive enzyme immunoassay kits (Assay Designs, Ann Arbor, MI). Hippocampi were
homogenized in 10 volumes of 0.1 M HCl and centrifuged ≥ 600 × g at room temperature. The
supernatant was acetylated to improve signal detection and samples were run in duplicate. The
concentration of cAMP or cGMP is expressed as pmol/mL.

Statistical Analysis
The data were analyzed using one-way analysis of variance with Neuman-Keuls post hoc tests
with the significance level set at p<0.05.

Results
Quantitative real-time RT-PCR

Chronic treatment with FLX and AMI decreased the expression of PDE genes studied. Both
antidepressants decreased the dual substrate gene, PDE3B (−18%, p<0.01, FLX; −27%,
p<0.001, AMI). Chronic AMI decreased the cAMP specific PDE genes, PDE4A (−10%,
p<0.01) and PDE4D (−24%, p<0.001) and the cGMP specific PDE gene, PDE5A (−21%,
p<0.001). The expression of PDE4B was not affected by these antidepressant treatments. The
transcription of the AC1 gene was decreased by FLX (−18%, p<0.01). The AC2 gene was also
decreased by FLX (−23%, p<0.001), whereas it was increased by AMI (+26%, p<0.001).
GCα2 was increased by AMI (+32%, p<0.001), but not by FLX. The expression of GCβ1 was
not affected by the antidepressant treatments (Fig. 1).

Cyclic Nucleotide Enzyme immunoassays
Hippocampal cGMP levels were increased following chronic FLX and AMI (Fig. 2b). In
contrast, hippocampal cAMP levels were unchanged following chronic antidepressant
treatment (Fig. 2a).

Discussion
In the present study, we have found that chronic, 8 week treatment with fluoxetine and
amitriptyline resulted in decreased PDE gene expression, increased cGMP levels, and did not
change cAMP levels in the rat hippocampus. These antidepressants displayed differential
effects on cyclase gene expression. Fluoxetine decreased expression of two adenylate cyclase
isoforms, AC1 and AC2, whereas amitriptyline increased expression of the AC2 isoform.
Amitriptyline also increased expression of one of the subunits for the guanylyl cyclase gene,
GCα2. These results are in contrast with our previous findings of increased PDE, decreased
AC, decreased cAMP levels, and unchanged cGMP levels in the hippocampus of rats
chronically treated with imipramine [20]. We hypothesized that if the regulation of cyclic
nucleotide levels is relevant to the therapeutic antidepressant effect, then different prototypic
antidepressants should cause similar changes after chronic treatment. However, we have
showed this may not appear to be the case. It is possible that different mechanisms of actions
of these drugs at the synapse might account for these results. Imipramine and amitriptyline are
both tricyclic antidepressants that non-selectively block monoamine transporters at the synapse
and both have a greater binding affinity for the serotonin transporter (imipramine, K i=7.7 nM;
amitriptyline, K i=14.7 nM) than for the norepinephrine transporter (imipramine, K i= 67 nM;
amitriptyline, K i=100 nM). However, desipramine, the active metabolite of imipramine, has
a much higher binding affinity for the norepinephrine transporter (K i = 4 nM) than for the
serotonin transporter (K i = 61 nM). Therefore, amitriptyline may have mainly serotonin effects
while imipramine has mainly norepinephrine effects.
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The PDE and cyclase gene expression results are congruent with our findings of increased
cGMP levels for fluoxetine (+47%, p<0.01) and amitriptyline (+46%, p<0.01). Amitriptyline
treatment decreased two cGMP degradative enzymes, the cGMP specific PDE5A and the dual
substrate PDE3B and increased one of the subunits of the cGMP synthetic enzyme, GCα2 to
increase cGMP levels. Although fluoxetine treatment did not affect the expression of the
guanylyl cyclase genes, it did decrease a cGMP degradative enzyme, the dual substrate PDE3B
to increase cGMP levels. The PDE and cyclase gene expression results for fluoxetine are
congruent with our finding of unchanged cAMP for fluoxetine, but not for amitriptyline.
Fluoxetine treatment decreased cAMP degradative enzyme, the dual substrate PDE3B, and
decreased two isoforms of the cAMP synthetic enzyme, AC1 and AC2; therefore, synthesis
and degradation of cAMP are balanced and cAMP is unchanged with chronic fluoxetine.
Amitriptyline decreased two isoforms of cAMP degradative enzymes, the cAMP specific
PDE4A and PDE4D, and increased one isoform of the cAMP synthetic enzyme, AC2. These
PDE and cyclase changes we would suggest that cAMP levels would be increased; however,
we found cAMP levels unchanged with chronic amitriptyline. It is important to note that the
gene expression results we observed might not be reflected in changes in PDE and cyclase
protein expression. Instead of using western blotting to determine PDE and cyclase protein
levels, we used cyclic nucleotide enzyme immunoassay as an indirect measure of PDE enzyme
activity. Future studies will be necessary to determine whether changes in PDE and cyclase
gene expression following chronic antidepressant treatment are directly related to changes in
the expression and activity of these proteins. Although we limited our analysis to the expression
of PDE3, PDE4, and PDE5 because of the clinical availability of selective inhibitor drugs, it
is possible that the expression of other PDEs that are present in the hippocampus, such as PDE2,
could have been altered with chronic antidepressant treatment.

The effects of chronic antidepressant treatment have been presumed to occur through increased
cAMP signaling via increased intracellular cAMP, but most studies have not directly measured
cyclic nucleotides. We quantified hippocampal cAMP and cGMP content and unexpectedly
found increased cGMP and unchanged cAMP with fluoxetine and amitriptyline. These results
suggest that increased hippocampal cGMP might underlie the efficacy of chronic
antidepressant treatment. A role for the NO/cGMP signaling pathway in MDD and
antidepressant action is just beginning to be understood. Previous studies have shown that
drugs that increase NO/cGMP signaling are anxiogenic whereas drugs that decrease NO/cGMP
signaling display antidepressant effects in behavioral tests of anxiety and depression in rodents
following acute administration [9,10,27]. However, drugs that increase NO demonstrate
neuroprotective effects in cultured hippocampal cells in vitro and enhance long-term
potentiation following low frequency stimulation in rat hippocampal slices [2,5]. The cGMP
specific PDE5 inhibitor sildenafil displays antidepressant effects in a behavioral test of
depression in rodents only when combined with atropine, a muscarinic acetylcholine receptor
(mAchR) antagonist [4]. Sildenafil also decreases scopolamine-induced deficits in memory in
a T-maze passive avoidance task and has been shown to improve object recognition memory
in rats, suggesting a cognitive enhancing effect of PDE5 inhibition [6,19]. Clinically used for
the treatment of erectile dysfunction (ED), sildenafil is safe and effective in male patients in
remission from MDD and self-reports suggest a lowering of depressive symptoms with
sildenafil treatment in ED patients [15,25]. These studies point to the possibility that the NO/
cGMP cascade might be dysregulated in MDD, and that antidepressant efficacy could be related
to the normalization of dysfunctional NO/cGMP signaling in the brain.

We have measured global levels of cAMP and cGMP representative of several sub
compartments using enzyme immunoassay in the hippocampus of rats euthanized by
decapitation. A previous study comparing the effects of two different methods of euthanasia,
microwave irradiation (MWI) of the brain versus decapitation, found that in some brain areas,
such as the striatum, a rapid decrease in cAMP occurs following decapitation but not following
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MWI [23]. In other brain areas, such as the cortex, cAMP levels did not differ following
decapitation versus MWI. This study did not evaluate differences in hippocampal cAMP levels
comparing decapitation versus MWI. Our data was collected from the hippocampi of rats
euthanized by decapitation and therefore the cyclic nucleotide level changes we observed might
differ from those using the microwave irradiation technique. Although we have chosen to focus
on antidepressant-mediated changes in the hippocampus in the present study, it is known that
other brain areas, such as the cortex, have been implicated in the pathophysiology of MDD
and antidepressant response. Therefore, future studies should address whether chronic
antidepressants also alter cGMP signaling in the frontal cortex. The activity of cyclases and
PDEs in time and space compartmentalizes cyclic nucleotides within cells. We have measured
the global content of cAMP and cGMP in the hippocampus, and these relative levels do not
necessarily reflect localized changes in cAMP and cGMP in specific hippocampal cell types
or areas such as Cornu Ammonis (CA) fields.

Based on our PDE, cyclase, and cGMP findings, we suggest that these results may support a
role for increased activation of cGMP signaling pathways relative to cAMP signaling pathways
in the action of antidepressants. This hypothesis would also be compatible with our recent
report on decreased cAMP levels after chronic imipramine treatment [20]. Further studies
utilizing animal models of depression are necessary to determine whether an overall increase
in hippocampal cGMP content following chronic fluoxetine and amitriptyline has an impact
on antidepressant treatment response. While cAMP is present in much higher concentrations
(~1000×) in the hippocampus, cGMP is thought to serve important roles in memory and
cognition [18]. There is also evidence of crosstalk between the cAMP and cGMP signaling
cascades [17]. In summary, these results indicate a possible role for intracellular cGMP
signaling in MDD and antidepressant action.
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Fig. 1.
Effect of chronic fluoxetine (FLX) and amitriptyline (AMI) treatment on PDE and cyclase
gene expression in the rat hippocampus. Results are expressed as mean + s.e.m. for FLX and
AMI as percentage of saline-treated control (SAL) (n=9–10 animals/group). Asterisks indicate
significant differences versus SAL (* p<0.05, ** p<0.01, *** p<0.001 one-way analysis of
variance with Neuman-Keuls post hoc analyses).
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Fig. 2.
Mean + s.e.m. concentrations of cAMP (Fig. 2a) and cGMP (Fig. 2b) (expressed as pmol/mL)
in the hippocampus of rats treated chronically with saline (SAL), fluoxetine (FLX) and
amitriptyline (AMI) (n=9–10 animals/group). Asterisks indicate significant differences versus
SAL (** p<0.01 one-way analysis of variance with Neuman-Keuls post- hoc analyses).
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