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Pancreatic cancer has a poor prognosis and is associated with high
levels of psychological stress that may adversely affect clinical
outcomes. However, the potential influence of neuropsychological
factors on pancreatic cancer has not been investigated to date. Using
a mouse model of social stress, we have tested the hypothesis that
psychological stress promotes the progression of pancreatic cancer
xenografts via neurotransmitter-induced activation of multiple path-
ways and that the inhibitory neurotransmitter g-aminobutiric acid
(GABA) inhibits these responses. Sytemic and xenograft levels of
noradrenalin, adrenalin, GABA, cortisol, vascular endothelial
growth factor (VEGF) and cyclic adenosine 3#, 5#-monophosphate
(cAMP) were measured by immunoassays. Xenograft expression of
nicotinic acetylcholine receptors (nAChRs) a3, a4, a5, a6 and a7
and b-adrenergic receptors 1 and 2 were assessed by real-time PCR
and western blots. Expression of glutamate decarboxylases GAD65
and GAD67 and phosphorylated and unphosphorylated signaling
proteins of relevance to pancreatic cancer were determined in tumor
tissue by western blots. Psychological stress significantly promoted
xenograft growth and increased systemic and tumor levels of nor-
adrenalin, adrenalin, cortisol, VEGF and cAMP while GABA and
GAD were suppressed. Stress upregulated nAChR proteins but not
RNAs and induced phosphorylated ERK, CREB, Src and AKT in
xenografts. Reduction of cAMP by treatment with GABA prevented
tumor progression and activation of signaling proteins. Our findings
suggest that neurotransmitter responses to psychological stress
negatively impact clinical outcomes of pancreatic cancer via the
activation of multiple pathways and that replacement of the sup-
pressed inhibitory neurotransmitter GABA prevents these effects.

Introduction

Pancreatic cancer is the fourth leading cause of cancer deaths in
developed countries with a 5 year survival rate ,5% (1,2). The
introduction of targeted agents that block cellular regulatory path-
ways has failed to add significant survival benefits despite very
promising preclinical data (1). Novel strategies for the improvement
of pancreatic cancer intervention are therefore urgently needed.

One neglected area of cancer research is the influence of neuro-
psychological factors on disease progression and cancer intervention
outcomes. High levels of psychological stress have been associated
with increased cancer mortality (3) but the underlying mechanisms
are poorly understood. Pancreatic cancer patients demonstrated the
highest levels of psychological stress among 9000 investigated cancer
patients (4). In accord with these findings, the histochemical analysis
of 30 pancreatic cancer cases showed overexpression of the stress

neurotransmitter noradrenalin in all tumor tissues (5), suggesting
a potential influence on tumor regulation.

Stress responses are governed by the nicotinic acetylcholine re-
ceptor (nAChR) regulated release of the stress neurotransmitters
noradrenalin and adrenalin and of the stress hormone cortisol (6).
The effects of noradrenalin and adrenalin are mediated by adrener-
gic receptors (7). Human pancreatic cancer cell lines express b1- and
b2-adrenergic receptors, with b2 predominating (8). Treatment of
the cells with selective b-adrenergic ligands revealed that agonists
stimulated while antagonists inhibited DNA synthesis and cell
migration (5,8). These responses were cyclic adenosine 3#,5#-
monophosphate (cAMP) dependent and involved phosphorylation
of CREB and transactivation of the epidermal growth factor receptor
pathway (9). The inhibitory neurotransmitter c-aminobutyric acid
(GABA) reversed these effects (5). Gene knockdown of the Gai-
coupled GABA-B receptor blocked the effects of GABA, suggesting
Gai-mediated inhibition of adenylyl cyclase activation as the un-
derlying mechanism. These findings suggest that neurotransmitter
responses to psychological stress may significantly promote the
progression of pancreatic cancer and that inhibition of the resulting
hyperactive cAMP signaling by GABA may reverse this effect.
Using an established mouse model of chronic social stress (10),
we have tested this hypothesis in nude mice carrying xenografts
from two human pancreatic cancer cell lines.

Materials and methods

Cell lines

The human pancreatic cancer cell lines Panc-1 and BXPC-3 (American
Type Culture Collection, Rockville, MD) were cultured as suggested by
the vendor. Both the cell lines were authenticated by Research Animal
Diagnostic Laboratory (RADIL, Columbia, MO) immediately prior to the
start of the current experiments.

Animal experiment

The animal experiment was approved by the Institutional Animal Care and Use
Committee. Male, 6-week-old athymic nude mice (Harlan Sprague Dawley,
Indianapolis, IN) were housed under standard laboratory conditions with free
access to autoclaved food (Purina Rodent Chow) and water. The mice were
provided with numbered ear tags and were randomly assigned five mice per
cage to treatment groups (n 5 20). Mice in two groups were exposed to social
stress for 4 weeks according to published procedure (10) by changing the group
composition of each cage twice per week. One group of these animals was
subcutaneously inoculated in the flank with Panc-1 or BXPC-3 cells (3 � 106

in 0.2 ml of phosphate-buffered saline, viability .95%). Social stress was
continued in both the groups for another 30 days. Two additional groups of
mice that were not exposed to stress were inoculated with identical numbers of
cancer cells from each cell lines. Two additional groups of mice (one group
with and one group without social stress) inoculated with the more aggres-
sively growing BXPC-3 cells were treated by intraperitoneal injections of
GABA (Sigma, St Louis, MO; 10 mg/kg 5 days/week for 30 days). The dose
of GABA is within the recommended daily human dose (10–32 mg/kg). Two
perpendicular diameters (length and width) of each xenograft were measured
weekly and tumor volumes were calculated (length/2) � (width2). The animals
were euthanized by CO2 inhalation 30 days after tumor cell inoculation. Blood
samples and tumors were collected and snap frozen in liquid nitrogen.

Immunoassays for the detection of noradrenalin, adrenalin, cortisol, GABA,
VEGF and cAMP

Systemic and xenograft levels of noradrenalin, adrenalin, GABA, cortisol, vascular
endothelial growth factor (VEGF) and cAMP were measured by immunoassays
according to the manufacturer’s instruction (adrenalin and noradrenalin: 2-CAT
ELISA, GABA: GABA Elisa, Rocky Mountain Diagnostic, Colorado Spring, CO;
cortisol: EIA kit: Assay Designs, Ann Arbor, MI; VEGF: Enzo Life Sciences
International, Plymouth Meeting, PA; cAMP: direct cyclic AMP enzyme immu-
noassay, Assay Designs). Absorbance was read with an ELISA reader at 450 nm
for the neurotransmitters, cortisol and VEGF and at 405 nm for cAMP.

Abbreviations: GABA, c-aminobutiric acid; cAMP, cyclic adenosine 3#,5#-
monophosphate; mRNAs, messenger RNA; nAChR, nicotinic acetylcholine
receptor; VEGF, vascular endothelial growth factor.
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Protein analyses by semiquantitative western blotting

Western blots were performed as described (11) with the following primary
antibodies: nAChR subunits a3, a5, a7 (Abcam, Cambridge, MA), a4 and a6
(Millipore, Billerica, MA); b1- and b2-adrenergic receptor, GAD 65 and GAD
67 (Abcam), total CREB (Millipore), p-CREB, p-ERK1/2, ERK1/2, non-phos-
pho-Src, phospho-Src, pan AKT and phospho-AKT (Cell Signaling, Danvers,
MA); b-actin (Sigma). Densitometry (NIH Image Gel) was conducted on three
independent western blots. Following background subtraction, mean densities
of four rectangular areas of standard size per band were determined (n5 12 for
three Westerns). Values were adjusted for actin (nAChRs, b-adrenergic receptors
and GADs) or for unphosphorylated proteins (CREB, ERK, Src, AKT).

Real-time PCR

RNA isolation and quantitative analysis of messenger RNAs (mRNAs) were
done by real-time PCR as described (12). The primers for a5 subunit mRNA
were forward 5#-aaggcggaggagaccctatc-3# and reverse 5#-gctggcaggcaatctaaatt-
catc-3# (GenBank accession no. NM_000745), and the internal TaqMan probe
was 6-FAM-ttaatcgtaggcaggtgtttaatgcca-BHQ1 (Biosearch Technologies, Nova-
to, CA). The real-time PCR conditions for a5 were 95�C for 120 s, followed by
45 cycles of 95�C, 15 s; 56�C, 10 s and 72�C, 15 s. QuantiTect Primer assays
(Qiagen, Valencia, CA) were used along with the QuantiFast SYBR Green PCR
kit for mRNAs of nAChR subunits a3, a4, a6, a7 and the b1- and b2-adrenergic
receptors. 18S rRNA detection reagents (Eurogentec, San Diego, CA) served for
normalization. Real-time PCR data were analyzed using the 2-DDC

T method (13).

Statistical analysis of data

Statistical analysis was performed using Graphpad Instat software. Statistical
analysis of tumor volumes of the two treatment groups (n 5 20) with Panc-1
xenografts was by non-parametric Mann–Whitney test. Statistical analysis of
tumor volumes of the four treatment groups (n5 20) with BXPC-3 xenografts
was by non-parametric analysis of variance (Kruskal–Wallis) followed by
Dunn’s multiple comparison test.

Statistical evaluation of noradrenalin (n5 5), adrenalin (n5 5), GABA (n5
5), cortisol (n 5 5), VEGF (n 5 5) and cAMP (n 5 5) in blood and xenograft
tissues was assessed by Mann–Whitney test.

Statistical analysis of four densitometric readings per protein band from
three independent western blots prepared from three randomly selected
xenografts per treatment group (n 5 12) was by Mann–Whitney test.

Statistical evaluation of real-time PCR data (n 5 5) was by unpaired two-
tailed t-test.

Results

Xenograft growth

The growth of xenografts from both pancreatic cancer cell lines was
promoted by psychological stress as indicated by increased tumor
sizes (Figure 1). Tumor sizes from the four treatment groups with
BXPC-3 xenografts showed highly significant differences (P ,
0.001 weeks 1 through 4, analysis of variance). Dunn’s multiple com-
parison test additionally showed significant increases in tumor size in
stress-exposed versus unstressed mice (week 1: P , 0.01, week 2:
P , 0.001, weeks 3 and 4: P , 0.01). Sizes of the slower growing
Panc-1 xenografts were not significantly larger in stress-exposed mice
in the first week. However, social stress significantly increased the
size of xenografts from this cell line in all subsequent weeks (week 2:
P 5 0.0293, week 3: P 5 0.0387, week 4: P 5 0.0056). GABA
treatment completely reversed the stress-induced increases in tumor
sizes in BXPC-3 xenografts (week 1: P , 0.01, week 2: P , 0.05,
weeks 3 and 4: P, 0.05). GABA also reduced tumor sizes in mice not
exposed to stress (Figure 1), but these reductions were not significant.

Neurotransmitter and hormonal stress responses

Psychological stress significantly (P 5 0.0079) increased the serum
and xenograft levels of noradrenalin, adrenalin and cortisol (Table I).
In contrast, GABA was significantly (P 5 0.0079) reduced (Table I).

Effects of stress on neurotransmitter receptors

Noradrenalin and adrenalin are agonists for b1- and b2-adrenergic
receptors that regulate pancreatic cancer cells in vitro (5,8,9). As
reported in vitro (8), the b2-adrenergic receptor predominated over
b1 in xenografts from both cell lines (Figure 2). Psychological stress
did not significantly change the protein expression of either receptor

in xenograft tissues (Figure 2). However, the RNA expression of both
receptors was significantly downregulated in Panc-1 xenografts of
stress-exposed mice (b1: P 5 0.0151, b2: P 5 0.0150, Table II),

Fig. 1. Xenograft sizes over time from cell line Panc-1 (A) or BXPC-3 (B) in
groups of mice exposed to social stress (SS) or not exposed to stress (NS) in
the presence and absence of GABA treatment (G). Each group consisted of
20 mice. The photographs show representative examples of xenografts for
each treatment group.

Table I. Social stress-induced changes in systemic and xenograft levels of
neurotransmitters and cortisol

Stress response Fold change

Mean Standard deviation

Panc-1
Serum noradrenalin 2.2 0.005
Xenograft noradrenalin 2.7 0.009
Serum adrenalin 1.7 0.007
Xenograft adrenalin 2.0 0.004
Serum cortisol 2.5 0.120
Xenograft cortisol 2.1 0.100
Serum GABA 0.67 0.006
Xenograft GABA 0.74 0.084

BXPC-3
Serum noradrenalin 2.46 0.100
Xenograft noradrenalin 3.13 0.090
Serum adrenalin 2.20 0.140
Xenograft adrenalin 2.87 0.090
Serum cortisol 2.63 0.150
Xenograft cortisol 2.34 0.130
Serum GABA 0.65 0.030
Xenograft GABA 0.69 0.03

Data are mean values and standard deviations of five samples per treatment
group expressed as fold change over controls. All stress-induced changes in
neurotransmitter and cortisol levels were significant (P 5 0.0079, by Mann–
Whitney test).
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whereas b1 RNA remained unchanged and b2 was downregulated in
BXPC-3 xenografts (P 5 0.0458, Table II).

nAChRs containing subunits a3, a4, a5, a6 and a7 are expressed in
numerous cancers, regulating cell proliferation, migration, angiogene-
sis and apoptosis (14). In our study, receptor protein of all investigated
alpha subunits was significantly (P , 0.0001) increased in xenografts
from both cell lines by stress (Figure 2). In contrast, psychological
stress downregulated the mRNA expression of these nAChR subunits
in Panc-1 xenografts while in BXPC-3 xenografts a4, a5, a6 and a7
were downregulated and a3 was not significantly changed (Table II).

Effects of psychological stress on GABA synthesizing enzymes

Western blots showed protein expression of both GABA synthesizing
enzymes, GAD 65 and GAD 67, in pancreatic cancer xenografts from
either cell line (Figure 3), suggesting the ability of the cancer cells to
produce GABA. In accord with the stress-induced reduction in systemic
and tumor GABA levels, the protein expression of GAD 65 and GAD 67
was significantly reduced in xenografts by stress (P5 0.0079, Figure 3).

Effects of psychological stress on signal transduction and reversal by
GABA treatment

Binding of an agonist to the Gas-coupled b-adrenergic receptors acti-
vates adenylyl cyclase, increasing intracellular cAMP (15). Stress
significantly (P 5 0.0079) increased the levels of cAMP in blood
cells and tumors, a response significantly (P 5 0.0079) reduced by
GABA treatment (Figure 3). In contrast, GABA treatment signifi-
cantly (P 5 0.0079) reduced systemic and xenograft levels of cAMP
in mice not exposed to stress (Figure 3).

Fig. 2. The western blot (A) showing protein expression of b1-and b2-
adrenergic receptors is representative for three independent blots prepared
from three randomly selected xenografts per treatment group. The western
blot (B) exemplifies the protein expression of nAChR subunits a3–a7 in
xenograft tissues of unstressed (NS) and stress-exposed (SS) mice. Columns
in the graph (C) are mean values and standard deviations of four
densitometric readings per band adjusted for actin in independent blots
prepared from three randomly selected xenografts per treatment group.

Table II. Social stress-induced changes in the expression levels of nAChR
subunits and b-adrenergic receptors by real-time PCR

Xenograft type Gene Fold change
(mean ±SE)

P value

Panc-1 a3 nAChR 0.52 ± 0.06 0.0370
�

a4 nAChR 0.33 ± 0.04 0.0065
�

a5 nAChR 0.48 ± 0.09 0.0148
�

a6 nAChR 0.53 ± 0.05 0.0277
�

a7 nAChR 0.35 ±0.09 0.0001
�

b1-AR 0.58 ± 0.08 0.0151
�

b2-AR 0.50 ± 0.04 0.0150
�

BXPC-3 a3 nAChR 1.62 ± 0.52 0.5557
a4 nAChR 0.40 ± 0.08 0.0191

�

a5 nAChR 0.68 ± 0.07 0.0137
�

a6 nAChR 0.26 ± 0.07 0.0500
�

a7 nAChR 0.54 ± 0.04 0.0067
�

b1-AR 0.70 ± 0.12 0.0883
b2-AR 0.61 ± 0.13 0.0458

�

Data are mean values and standard errors of fold changes (n5 5). Significant
differences (by unpaired two-tailed t-test) are identified by asterix.

Fig. 3. Western blot (A) showing suppression of GAD65 and GAD67 by
social stress (SS) in xenografts from cell lines Panc-1 and BXPC-3. Columns
in the graph (B) are mean values and standard deviations of four
densitometric readings per band adjusted for actin in independent blots
prepared from three randomly selected xenografts per treatment group.
Graph (C) illustrates levels of intracellular cAMP in the cellular fraction of
blood and in xenograft tissues and levels of VEGF in serum and xenograft
tissues. Columns are mean values and standard deviations of five randomly
selected samples per treatment group.
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The phosphorylated forms of ERK1/2 are frequently overexpressed
in pancreatic cancer (1). In the current study, stress significantly (P,
0.0001) induced p-ERK and p-CREB in xenograft tissues from both
cell lines (Figure 4), a response completely inhibited by treatment
with GABA (P , 0.0001, Figure 4).

The phosphorylated forms of Src tyrosine kinases are frequently
overexpressed in pancreatic cancer (16). Stress significantly (P ,
0.0001) induced of p-Src in xenografts from both cell lines, a response
completely abrogated (P , 0.0001) by treatment with GABA
(Figure 4).

The serine/threonine protein kinase B, AKT, is frequently
activated in pancreatic cancer and thought to contribute to the
resistance of this malignancy to cancer therapy (17). Social stress
significantly (P , 0.0001) induced p-AKT (Ser 473) in xenografts
from both cell lines, a response completely reversed (P , 0.0001)
by treatment with GABA (Figure 4).

Psychological stress induces and GABA reverses VEGF

VEGF is a mediator of cancer angiogenesis. Social stress signifi-
cantly (P 5 0.0079) increased VEGF levels in both serum and
xenografts of mice carrying xenografts from either cell line. GABA
treatment completely blocked this response and additionally
reduced VEGF below base levels (P 5 0.0079) in unstressed mice
(Figure 3).

Discussion

Our data show, for the first time, that neurotransmitter responses to
psychological stress significantly induced multiple signaling pathways
that regulate the proliferation, migration, angiogenesis and apoptosis of
pancreatic cancer, resulting in a significant promotion of tumor growth
in mouse xenografts. Since most stressful stimuli in people are social in
nature (10), these findings suggest psychological stress as an important
factor that stimulates the progression of pancreatic cancer and nega-
tively impacts intervention outcomes. The translational relevance of our
findings is underlined by the reported excessively high levels of psy-
chological stress in pancreatic cancer patients (4). Moreover, our find-
ings imply that the disappointing clinical performance of anticancer
agents that have shown great promise in preclinical studies may, at least
in part, be caused by the absence of psychological stress in preclinical
test systems. The frequent overexpression in pancreatic cancer of phos-
phorylated signaling proteins significantly induced by stress (16–19)
identifies neuropsychological stress responses as important regulators
of this malignancy that should be targeted for cancer intervention.

GABA treatment completely prevented stress-induced tumor
growth and inhibited the associated activation of multiple signaling
proteins while also reducing VEGF. In conjunction with the reduction
in systemic and tumor cAMP below base levels by GABA, these
findings emphasize an important role of cAMP downstream of b-
adrenergic receptors in the observed tumor promoting effects of stress.
A major problem of current pancreatic cancer therapy is the fact that
this cancer expresses so many different signaling pathways. The in-
hibition of ERK, Src and AKT activity and angiogenic regulators are
thus current targets of pancreatic cancer therapy that require treatment
with multiple agents (17,20). In contrast, treatment of the mice with
a single agent, GABA, inhibited all of these targets in the current study.
The observed effects of GABA are in accord with its inhibitory function
on excitatory neurotransmitters in the brain via inhibition of adenylyl
cyclase by binding to the Gai-coupled GABA-B receptor (21). GABA
inhibited cell proliferation, migration and phosphorylation of CREB
and ERK induced by the b-adrenergic agonist isoproterenol in Panc-1
cells in vitro, effects blocked by gene knockdown of the GABA-B
receptor (5). The effects of psychological stress bear strong resem-
blance to nicotine-induced promotion of Panc-1 xenograft progression
that was also reversed by GABA (22). Our findings also indicate that
the stress-induced phosphorylations of CREB, ERK, Src and AKT and
the increase in VEGF were cAMP dependent. The stress-induced sup-
pression of GABA in our study is in accord with reported impairment of
the GABA system in the brain by stress (23).

The stress-induced increase in nAChR protein without accompany-
ing upregulation in mRNA in xenografts represents a typical reaction
of these receptors to chronic agonist (in this case acetylcholine that
initiates stress responses by binding to nAChRs) and is achieved by
posttranscriptional and posttranslational mechanisms (24). However,
the function of nAChRs in pancreatic cancer cells is poorly under-
stood. Nicotine induced osteopontin-dependent migration and angio-
genesis in pancreatic cancer cells, responses inhibited by the general
nAChR antagonist mecamylamine (25,26). But the subunit composi-
tion of the involved nAChR(s) was not investigated. It has been shown
that the a7nAChR regulates the synthesis and release of noradrenalin
and adrenalin in colon cancer (27) and small airway epithelial cells
(11), thereby stimulating the proliferation of these cells via b-adren-
ergic signaling. In contrast, analogous to its function in the brain, the
a4nAChR regulates the synthesis and release of GABA in small air-
way epithelial cells (11). Pancreatic cancers induced in hamsters by
the nicotine-derived nitrosamine 4-(methylnitrosamino)-1-(3-pyrid-
yl)-1-butanone (NNK), a high affinity nAChR agonist (28), overex-
pressed protein of both receptors and had increased levels of stress
neurotransmitters and a decrease in GABA (29). It hence appears that
some epithelial cells and the cancers derived from them express the
regulatory nAChRs and cellular machinery to produce their own stim-
ulatory and inhibitory neurotransmitters. These nAChRs undergo
changes in expression and function analogous to the nicotine-addicted
brain (14) upon chronic exposure to agonist. Receptors containing a3

Fig. 4. Western blots showing induction of p-ERK and p-CREB (A) or p-AKTand
p-Src (C) by social stress (SS) in Panc-1 and BXPC-3 xenografts and inhibition of
these responses by GABA (G) in BXPC-3 xenografts. Columns in the graphs (B
and D) are mean values and standard deviations of four densitometric readings per
band adjusted for the unphosphorylated proteins in independent blots prepared from
three randomly selected xenografts per treatment group.
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and a5 subunits can assemble together or with subunits a4 or a6 and
regulate stress neurotransmitters in the adrenal gland (6,30,31). Their
function in pancreatic cancer cells is unknown. It has been shown that
a3a5b2 nAChRs stimulate wound repair in airway epithelium (32).
Additional studies are needed to delineate the function of these re-
ceptors in pancreatic cancer cells.
b-Adrenergic cAMP-dependent signaling has been identified as an

important regulatory pathway for adenocarcinoma of the lungs (33–
37), pancreas (5,8,9,22,29), stomach (38), colon (27,39), prostate
(40), breast (41–43) and ovary (44). Neuropsychological stress re-
sponses may therefore significantly promote the progression of all
of these cancers and diminish intervention outcomes. A recent study
has shown that women receiving b-blocker therapy that inhibits bind-
ing of stress neurotransmitters to b-adrenergic receptors significantly
improved clinical outcomes (43). b-blocker usage has also been re-
ported to reduce the risk for prostate cancer (45). On the other hand,
a recent retrospective cohort study has reported poorer survival of
patients with pancreatic and prostate cancer who regularly received
primarily b1-adrenoreceptor blocker therapy (46). These apparent
discrepancies reflect the ability of some b-blockers to sensitize par-
ticularly b2-adrenergic receptors (47), which predominate in pancre-
atic and prostate cancer cells, while others have intrinsic agonist
activity (48). Utilization of GABA for the inhibition of cAMP-de-
pendent signaling offers a valuable alternative to beta blockers. This
can be achieved by a nutritional approach as GABA has been safely
used as a nutritional supplement for many years. However, it has been
shown that pancreatic cancers that overexpress the pi-subunit of the
GABA-A receptor react with increased proliferation to GABA in vitro
(49). The pathological overexpression of this receptor subunit may
reduce binding of GABA to the cAMP-inhibiting GABA-B receptor,
thus flipping the function of GABA from inhibitory to excitatory. On
the other hand, diabetes and pancreatitis are associated with reduced
pancreatic GABA levels (50,51), a factor that may contribute to the
increased pancreatic cancer risk of patients with these diseases.

Experiments with tumor xenografts are relatively short compared
with the development and progression of cancer in humans and addi-
tional studies in human cancer patients are needed to assess the effects
of psychological stress on pancreatic cancer. However, immunohisto-
chemistry of 30 pancreatic cancers has shown overexpression of nor-
adrenalin in all cases (5), suggesting that the cancer-stimulating
activities of stress identified in the current study are present in numer-
ous human pancreatic cancers. Collectively, these findings suggest
that neurotransmitter responses to psychological stress promote pan-
creatic cancer progression via the activation of multiple cAMP-
dependent pathways and simultaneous suppression of endogenous
GABA and identify the interruption of these stress responses as
a promising target for novel cancer intervention strategies.
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