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Evidence suggests that nerve growth factor (NGF) may have antidepressant properties but the pharma-
cological mechanisms remain unknown. Previously, we found that NGF improved performance in the
forced swim test in Flinders Sensitive Line rats, but did not appear to have similar biochemical actions
with the antidepressant fluoxetine. Gene expression profiles for neurotransmitter receptors and regula-
tor-related genes in the amygdala/hippocampus were determined in rats treated for 14 days with NGF,
fluoxetine, amitriptyline, or saline. Gene expression was measured using an RT2 profiler PCR Array Sys-
tem to determine the basis for this effect. Compared with saline, there were numerous genes with signif-
icantly altered mRNA levels in the amygdala/hippocampal region. Overlap was found between the mRNA
levels of genes altered by NGF and the two antidepressant medications including genes related to the
cholinergic and dopaminergic systems. However, decreased mRNA levels of Drd5, Sstr3, Htr3a, and Cckar
genes in the amygdala/hippocampus were uniquely regulated by NGF. The results of this study are con-
sistent with a previous conclusion that the antidepressant effects of NGF are mediated through non-tra-
ditional receptors for traditionally considered neurotransmitters and may suggest a particular utility of
NGF in treating comorbid depression and addiction.

Published by Elsevier Ltd.
1. Introduction neurotrophin in the context of depression is Brain Derived Neuro-
Unipolar depression has been identified as one of the largest
public health problems worldwide, accounting for almost 5% of
the global health burden (Chisholm et al., 2004). The past half cen-
tury has seen a number of antidepressant medications become
common treatment for this disorder. These medications typically
increase synaptic serotonin and norepinephrine and the traditional
view (i.e., the ‘monoamine hypothesis of depression’) of their effi-
cacy has been through their ability to alter these monoamine neu-
rotransmitter levels. Despite the widespread use of these existing
medications, investigation of novel antidepressant treatments are
warranted as meta-analyses of antidepressant medication efficacy
suggest only 14–18% improvement over placebo (Moncrieff and
Kirsch, 2005).

There is growing interest in neurotrophic compounds as poten-
tial antidepressant treatments. The most frequently studied
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trophic Factor (BDNF). The ‘neurotrophic hypothesis of depression’
is supported by stress-induced decreases in hippocampal BDNF
and the evidence that antidepressant medications increase hippo-
campal BDNF (Dwivedi, 2009). Critical review of the literature sug-
gests that BDNF dysfunction may not be sufficient to cause
depression, but that BDNF may be an important mediator of the
effects of antidepressant medications possibly through its synaptic
plasticity actions on hippocampal long term potentiation (LTP) and
long term depression (LTD) (Martinowich et al., 2007).

Despite the field’s primary focus on BDNF, other neurotrophins
may also have efficacy as antidepressant treatments. One emerging
candidate is nerve growth factor (NGF); however, to date NGF has
been investigated primarily as an Alzheimer’s treatment due to its
neuroprotective effects on cholinergic neurons that are critical to
the development of Alzheimer’s disease (Covaceuszach et al.,
2009; Tuszynski et al., 2005). Preclinical models of depression sug-
gest that NGF may have antidepressant effects (i.e., use of the
forced swim test in Overstreet et al., 2010) although not all studies
come to this conclusion (Shirayama et al., 2002). Additional
evidence suggests that antidepressant effects seen after NGF
administration are realized through an alternative neurobiological
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pathway as compared with established antidepressants. This evi-
dence includes: a lack of differential c-fos expression for either
chronic or acute NGF treatment, desipramine-induced blunting of
the corticosterone response in fluoxetine – but not NGF-treated
rats, and a lack of blunted serotonergic responses (indexed by
headshakes following DOI treatment and hypothermia following
8-OH-DPAT treatment) compared with fluoxetine-treated rats
(Overstreet et al., 2010). Another intriguing study suggests that
intranasally administered NGF may have antidepressant properties
in preclinical models as evidenced by behavior in the forced swim
test, tail suspension test, and after unpredictable chronic mild
stress. Additional evidence for antidepressant properties in this
study included increased monoamine levels and c-fos changes in
the hippocampus (Shi et al., 2010). Given that the pharmacological
actions of existing antidepressants may in fact be most efficacious
in severely depressed patients (Fournier et al., 2010) it is important
to identify novel antidepressant medications with unique pharma-
cologies that might have utility in treating a wider range of depres-
sion severity.

Considering the promising antidepressant effects of NGF and
presumably its novel biochemical actions, a broad-based screen
of gene products related to neurotransmitter biosynthesis, uptake,
transport, and signaling to understand NGFs actions is warranted.
Accordingly, a pathway focused gene expression profiling system
(Rat Neurotransmitter Receptors and Regulators RT2 Profiler™
PCR Array; SABiosciences, Qiagen, Frederick, MD) that surveys 84
genes involved in these processes was utilized to examine differen-
tial gene expression in the amygdala/hippocampus of juvenile rats
treated for 14 days with NGF, fluoxetine, amitriptyline, or saline as
juvenile rats are known to exhibit antidepressant responses to
selective serotonin reuptake inhibitors (Reed et al. 2008, 2009).

2. Method

2.1. Animals and drugs

Sprague Dawley rats weighing 100–120 g were purchased from
Harlan Laboratories. The animals were housed individually in ven-
tilated cages at a constant temperature of 23.5 ± 2 �C, humidity of
30–70%, and a 12 h light cycle. Water and food were provided ad
libitum. The rats were divided into four treatment groups of the
same average weight. Each group of five rats received once daily
treatments by subcutaneous injection of 0.2 ml of 0.995% saline
containing 64 ng/kg NGF (Sigma–Aldrich; St. Louis MO), 5 mg/kg
fluoxetine (Eli Lilly and Co.; Indianapolis, IN), or 5 mg/kg amitripty-
line (Astra Zeneca Pharmaceuticals LP; Wilmington, DE) for
14 days. The control group received 0.2 ml of the saline alone. Ani-
mals were weighed and their health and behavior were recorded
daily. At the end of the 14 days of treatment, 24 h after the last
application of drugs, rats were euthanized by decapitation, brains
were removed and immersed into ice cold saline. Samples of the
amygdala/hippocampus were taken from each brain. The samples
were immediately placed in individual tubes containing RNAlater
(Sigma–Aldrich, St. Louis, MO) and held at 4 �C for four days before
transferring to �80 �C freezer. All procedures involving animals
were performed in accordance with the guidelines of the Institu-
tional Animal Care and Use Committee of Louisiana Tech Univer-
sity in compliance with the guidelines established by the
National Institute of Health.

2.2. RNA extraction and RNA quality control

Brain sections preserved in RNAlater were removed from the
original tubes and placed into fresh RNAase-free eppendorff tubes.
Tissue samples were mechanically homogenized by using pellet
pestles in TRIZOL reagent (1 ml TRIZOL for 200 mg tissue) (Sig-
ma–Alrich, Saint Louis, MO). An additional isolation step was per-
formed according to the supplier’s instructions due to relatively
high fat, protein and polysaccharide content of the brain samples.
Briefly, following homogenization, the homogenate was centri-
fuged at 12,000g for 10 min at 2–8 �C. The supernatant was trans-
ferred to a new RNAase-free tube and the pellet was discarded. For
the phase separation step, 200 ll of chloroform were added into
each tube and vigorously vortexed for 15 s. Samples were incu-
bated at room temperature for three minutes before centrifugation
at 12,000g for 15 min at 2 to 8 �C. The aqueous phase of each sam-
ple was transferred to a fresh tube. RNA was precipitated by adding
0.5 ml isopropyl alcohol per 1 ml TRIZOL. Samples were incubated
at 15–30 �C for ten minutes and centrifuged at no more than
12,000g for 10 minutes at 2 to 8 �C. RNA pellets were washed twice
with 1 ml 75% ethanol by successive mixing and centrifugation at
7500g for 5 minutes at 2 to 8 �C. At the end of the procedure,
RNA pellets were air-dried for 5–10 minutes and dissolved in RNA-
ase-free water.

Assessment of RNA integrity was done using an RNA LabChips�

kit and Agilent 2100 bioanalyzer (Agilent Technologies, Santa
Clara, CA). This analysis yielded results that indicated RNA ex-
tracted from the brain samples was in good quality and suitable
for PCR Array technology.
2.3. RT-PCR and PCR

Prior to the RT PCR step, 1 lg total RNA was treated by gDNA
elimination buffer and incubated in a 42 �C water-bath for five
minutes in order to digest possible gDNA contamination. Following
the elimination step, complementary DNA was synthesized using a
RT2 First Strand Kit (C-03) in accordance with the protocol pro-
vided by the manufacturer (SABiosciences, Frederick, MD). Then,
cDNA synthesized from 1 lg total RNA was combined with RT2

Real-Time SYBR Green/ROX PCR master mix (PA-012) provided
by the supplier and loaded onto a 96 well RT2 Profiler PCR stan-
dard-Array (PARN-060). PCR reactions were executed by utilizing
the ABI 7900 Real-Time machine at the Brown University Center
for Genomics and Proteomics Core Facility.
2.4. Analysis

PCR Array data analysis was performed on five rats per treat-
ment group and Ct (Cycle threshold) values greater than 35 were
excluded from the data analysis. The PCR array data were analyzed
using an online analysis tool provided by the supplier of the PCR
arrays (SABiosciences, Frederick, MD) (http://www.sabioscienc-
es.com/pcrarraydataanalysis.php). Briefly, the data were normal-
ized by subtracting the average Ct value of four housekeeping
genes from the Ct values of drug treated and saline only samples
within the same brain region. Housekeeping genes used for nor-
malization were Actb (Actin, beta), Ldha (Lactate dehydrogenase
A), Rplp1 (Ribosomal protein, large, P1) and Hprt (Hypoxanthine–
guanine phosphoribosyl transferase). Normalized values were des-
ignated as DCt values for each gene and DDCt values were obtained
by subtracting DCt values of saline treated samples from the DCt

values of drug treated samples for each gene. In order to calculate
the relative fold change in mRNA level of each gene, the formula
2�DDCt was utilized, representing the amount of the expression of
each gene in the drug treated sample to the saline control sample.
If the values of relative fold change were less than one, �1/2�DDCt

formula was applied to the value for better comparison purposes.
Genes that yielded a p-value of <0.05 were considered to display
statistical significance for the study.

http://www.sabiosciences.com/pcrarraydataanalysis.php
http://www.sabiosciences.com/pcrarraydataanalysis.php
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3. Results

3.1. Changes in gene expression in NGF-treated rats compared with
saline controls

Compared to saline-only treated rats, expression of eight genes
were significantly changed (p 6 0.05) in amygdala/hippocampus
following treatment with NGF (Table 1). Interestingly, out of the
84 genes we have screened in the amygdala/hippocampus brain re-
gion, NGF uniquely depressed the expression of eight genes,
including Drd5, Prokr1, Htr3a, Chrna5, Maoa, Chrnb4, Sstr3, Cckar.
Table 4
Changes in overall neurotransmitter receptors and regulators gene expression in
amygdala/hippocampus brain region in rat p-value <0.1.

Gene NGF p-
Value

Fluoxetine p-
Value

Amitriptyline p-
Value

Cckar �1.14 0.05
Drd5 �1.49 0.02
3.2. GABAergic gene expression

Although not meeting a p 6 0.05 threshold in each case, there
was a tendency for all three study medications, more significantly
seen in amitriptyline, to alter GABAergic gene expression relative
to levels in saline-treated controls (Table 2). NGF down-regulated
the levels of Gabra3 and Glra2 while amitriptyline up-regulated
Table 1
Changes in gene expression as a result of NGF treatment compared with saline-
treated rats, p-value <0.1.

Gene
symbol

p-
Value

Fold
change

Gene description

Drd5* 0.02 �1.49 Dopamine receptor D5
Prokr1 0.02 �1.44 Prokineticin receptor 1
Htr3a* 0.02 �1.36 5-hydroxytryptamine (serotonin) receptor

3a
Chrna5 0.0009 �1.25 Cholinergic receptor, nicotinic, alpha

polypeptide 5
Maoa 0.004 �1.13 Monoamine oxidase A
Chrnb4 0.05 �1.37 Cholinergic receptor, nicotinic, beta

polypeptide 4
Sstr3* 0.05 �1.33 Somatostatin receptor 3
Cckar* 0.05 �1.14 Cholecystokinin A receptor
Gabra3* 0.07 �1.23 Gamma-aminobutyric acid (GABA) A

receptor, alpha 3
Glra2* 0.10 �1.49 Glycine receptor, alpha 2 unit
Drd3 0.07 2.11 Dopamine receptor D3

* Genes uniquely regulated by NGF but not Fluoxetine or Amitriptyline.

Table 3
Genes regulated by NGF and the two antidepressant medications, p-value <0.1.

Genes symbol NGF p-Value Fluoxeti

Prokr1 �1.44 0.02 –
Chrna5 �1.25 0.0009 �1.19
Maoa �1.13 0.004 –
Chrnb4 �1.37 0.05 �1.39
Drd3 2.11 0.07 –

Prokr1 – Prokineticin receptor 1; Chrna5 – Cholinergic receptor, nicotinic, alp
receptor, nicotinic, beta polypeptide 4, Drd3 – Dopamine receptor D3.

Table 2
Changes in GABAergic gene expression by medication, p-value <0.1.

Treatment Gene symbol p-Value Fold change G

NGF Glra2 0.10 �1.49 G
Gabra3 0.07 �1.23 G

Fluoxetine Gabrd 0.08 1.23 G
Gabrg1 0.07 �1.11 G

Amitriptyline Gabra1 0.02 1.30 G
Gabra4 0.0094 1.24 G
Gabra2 0.002 1.22 Si
Gabrb3 0.05 1.11 G
the expression levels of Gabra1, Gabra4, Gabra2. Fluoxetine low-
ered the expression of Gabrg1 and up-regulated Gabrd expression.

3.3. Similarities between three drugs

There were commonalities in gene expression between NGF and
the two antidepressant medications: NGF and amitriptyline both
down-regulated the level of Prokr1 in amygdala/hippocampus
while Chrna5 was down-regulated by NGF and fluoxetine. The
direction of the change in gene expression was the same in each
case (Table 3).
ne p-Value Amitriptyline p-Value

– �1.34 0.037
0.027 – –
– �1.08 0.06
0.07 – –
– 2.46 0.002

ha polypeptide 5; Maoa – Monoamine oxidase A; Chrnb4 – Cholinergic

ene description

lycine receptor, alpha 2 subunit
ama-aminobutyric acid (GABA-A) receptor, subunit alpha 3

ama-aminobutyric acid A receptor, delta
ama-aminobutyric acid A receptor, gamma 1

ama-aminobutyric acid A receptor, alpha 1
ama-aminobutyric acid (GABA-A) receptor, subunit alpha 4
milar to Gama-aminobutyric acid receptor alpha-2 subunit precursor (GABA(A))
ama-aminobutyric acid (GABA-A) receptor, subunit beta 3

Prokr1 �1.44 0.02 �1.34 0.03
Htr3a �1.37 0.02
Maoa �1.13 0.004 1.08 0.06
Sstr3 �1.33 0.05
Drd3 2.11 0.07 2.46 0.002
Gabra3 �1.23 0.07
Glra2 �1.49 0.10
Chrna5 �1.25 0.0009 �1.19 0.02
Chrnb4 �1.37 0.05 �1.39 0.07
Brs3 �1.50 0.02
Gpr103 �1.39 0.04
Gabrg1 �1.11 0.07
Gabrd 1.2 0.08
Abat �1.15 0.005
Ache �1.21 0.02
Chrnb2 �1.15 0.04
Nmur1 �1.67 0.03
Sstr1 �1.26 0.001
Chat 1.73 0.01
Gabra1 1.30 0.02
Gabra4 1.24 0.009
Gabra2 1.22 0.002
Npy5r 1.36 0.003
Gabrb3 1.11 0.05
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3.4. Gene expression changes unique to NGF

Four out of the 84 genes we screened were specifically regu-
lated by NGF but not the two well known antidepressant drugs
as compared with saline-treated controls. The four genes with sig-
nificant (p 6 0.05) decreases in gene expression by NGF include:
Drd5, Htr3a, Sstr3 and Cckar (see those genes marked with an
asterisk in Table 1).
3.5. Changes in gene expression induced by three medications in
amygdala/hippocampus

This study screened a total of 84 genes involved in rat neuro-
transmitter receptors and regulators. Among the three medica-
tions, amitriptyline caused the most activity by changing the
levels of thirteen genes in the amygdala/hippocampus region of
rat brain. With eight genes regulated, NGF followed amitriptyline.
Treatment with fluoxetine changed the expression of three genes.
A comprehensive list of genes with significantly (p 6 0.05) altered
expression across the three study medications is listed in Table 4
along with the direction of change in gene expression relative to
saline controls.
4. Discussion

Expression of neurotransmitter regulator and receptor genes
was assessed in the brain regions most frequently implicated in
the neurobiology of depression. Numerous genes were identified
as having altered transcription when comparing NGF-treated rat
brains to saline-treated rat brains. Given the intent of this study
to understand the differences and similarities between NGF and
two antidepressant medications, the focus of this discussion will
be on the data presented above comparing and contrasting these
medications to saline-treated controls. The results of this study
suggest that NGF does share some pharmacological properties with
fluoxetine and amitriptyline albeit not the targets usually associ-
ated with antidepressant efficacy. The congruence of NGF treat-
ment with the two antidepressant medication’s effects on
GABAergic gene expression is consistent with the evidence that
GABA may be a critical substrate for the hippocampal neurogenesis
critical to depression treatments (Luscher et al., 2011). Although all
three treatments altered the expression of GABAergic receptor sub-
units, there was no consistent pattern in these changes that might
suggest a common pathway. NGF had a similar effect as fluoxetine
on reducing the expression of the cholinergic gene CHRNA5. NGF
was similar to amitriptyline with regard to the impact on decreas-
ing prokineticin receptor 1 (PROKR1) expression.

By contrast, NGF did have actions unique to the two medica-
tions in the amygdala/hippocampus. Significant decreased expres-
sion of dopamine D5 receptor (DRD5), serotonin receptor 3A
(HTR3A), Somatostatin receptor 3 (SSTR3) and Cholecystokinin A
receptor (CCKAR) was found relative to saline-treated controls.
The lack of a selective ligand for Dopamine D5 receptors has ham-
pered study of this aspect of the dopaminergic system; however, it
is noteworthy that dopamine D5 receptors couple with GABA A
receptors (Liu et al., 2000) and the altered gene expression may re-
flect NGF’s impact on the GABAergic system. The 5HT3 receptor is a
common target of antiemesis drugs (e.g., ondansetron), although
there is also preclinical evidence that manipulating this system
may impact anxiety, learning and attention (Bhatnagar et al.,
2004; Harrell and Allan, 2003). Possibly consistent with these find-
ings is the report that the 5HT3 antagonist ondansetron has antide-
pressant effects in the forced swim and tail suspension tasks
(Ramamoorthy et al., 2008). Moreover, variation in the 5HT3A gene
predicts antidepressant response in depressed Japanese patients
(Kato et al., 2006) and different classes of antidepressants act as
antagonists at 5-HT3A receptors (Eisensamer et al., 2003) suggest-
ing an alternative mechanism for these medications than the tradi-
tional view of serotonin transporter involvement.

SSTR3 is implicated in a number of functions but has been
found to inhibit dopamine D1-stimulated cAMP in a manner that
suggests that it is coupled with adenylyl cyclase (Yamada et al.,
1992). It is possible that alterations in second messenger systems
related to dopaminergic tone may impact major depression but
there is no evidence of differential expression of D1 receptors in
post mortem studies of suicide victims and controls (Dunlop and
Nemeroff, 2007). The relationship between this system and depres-
sion is not unknown as somatostatin 2 and 3 receptor agonists re-
sult in antidepressant-like effects in the forced swim test (Engin
and Treit, 2009). CCKAR, on the other hand, has primarily been a
target for understanding obesity (Inoue et al., 1997). Despite often
suggestive findings, none of the four genes significantly altered by
NGF (but not by the two established antidepressants) as compared
with the saline controls is presently considered a primary candi-
date for depression etiology or antidepressant action. Potential
interpretations of these results include the possibility that these
represent novel pathways for NGF’s antidepressant properties.
Such findings may also signify true effects of chronic NGF adminis-
tration that are unrelated to depressive pathology.

It is notable that all but two genes (i.e., PROKR1 and SSTR3) with
significantly altered NGF-induced expression in this study are
either primary targets of medications for alcohol and other drug
dependence (see Kenna et al., 2004a,b for reviews related to
5HT3 and GABA-A receptors) or genes related to addiction etiology
(e.g., CHRNA5 and CHRNB4 in Wang et al., 2009; DRD3 and DRD5
in Le Foll et al., 2009; CCKAR in Pommier et al., 2002; MAO-A in
Saraceno et al., 2009; and GLRA2 in Yevenes et al., 2010) raising
the possibility that NGF might be investigated as a potential treat-
ment for alcohol dependence or other addictions especially in the
case of co-morbid addiction and depression. Indeed, reduced levels
of serum NGF have been reported in alcohol dependent individuals
(Yoon et al., 2006) and those who abuse other drugs of abuse
(Angelucci et al., 2007, 2008). The homology between the CHRNA5
and 5HT3 receptors and resultant overlapping pharmacology fur-
ther support this possibility as nicotine has known antidepressant
properties and odansetron (5HT3 antagonist) is under active inves-
tigation for the treatment of alcohol dependence. Finally, it re-
mains a possibility that these findings are false positive results
due to the large number of tests conducted especially given the rel-
atively small changes in gene expression.

NGF is a large molecule that does not appear to readily cross the
blood brain barrier. However, there is experimental evidence for
transport of NGF between the peripheral and central compart-
ments (Poduslo & Curran, 1996). The present study was conducted
to determine whether chronic subcutaneous NGF administration
might result in altered gene expression in brain. We are unable
to attribute any such changes in brain gene expression to either
transported NGF or as an end result of a peripheral NGF action that
has downstream central effects through a yet-to-be-determined
mechanism. Interestingly, Lewin et al. (1994) provide evidence of
both a peripheral and central hyperalgesic effect after a single sys-
temic NGF injection—thereby providing some support for a cross-
compartment effect of peripheral NGF administration as suggested
by the data presented here.

Future extensions of the present study might include empiri-
cally testing whether NGF shows antidepressant properties in
juvenile rats such as those used in this study although other anti-
depressant medications such as serotonin reuptake inhibitors and
tricyclic antidepressants do not have acute effects on the forced
swim test (see Pucilowski and Overstreet, 1993). Other directions
might include the use of an inert peptide as a control instead of sal-
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ine to address the possibility of a non-specific immune reaction,
validating the array-identified gene expression changes with fol-
low-up qPCR assays of the individual genes, and the use of micro-
dissection techniques to separate the brain structures in order to
provide more specific gene expression changes in the respective
regions.

Additionally, the nature of this investigation focused on a mech-
anism of NGF’s antidepressant action as being related to typical
neurotransmitters implicated in psychiatric neurobiology. As such,
this screen of gene expression products was not an exhaustive ef-
fort and may not have identified additional differences in expres-
sion of genes unrelated to the neurotransmitter regulator and
receptor genes surveyed using this technology. It is notable that
the genes identified as having differential expression in this study
are not necessarily the same as those in other studies using similar
medications, dosing, and brain regions (e.g., Drigues et al. 2003),
this may relate to medication-induced gene expression changes
that are specific to immature cells and obscured when whole brain
regions are examined together (Yamada et al., 2005). Indeed this
initial endeavor should be followed up with a more focused inves-
tigation of much more narrowly defined sub-regions of the gross
anatomy examined here. Also the age of the rats utilized in this
study may have resulted in differential findings than if adult rats
had been studied. The administration of NGF in the developing
brain may have markedly different effects in adult rats and this
possibility should be tested empirically. Moreover, consistent with
all gene expression research, the changes in gene products re-
ported here may or may not be reflected in changes in protein lev-
els. Nevertheless, the findings reported here represent an
important and critical first step in identifying a potential mecha-
nism for the observed antidepressant effects of NGF.
Author note

John E. McGeary, Providence Veterans Affairs Medical Center,
Division of Behavioral Genetics, Department of Psychiatry, Rhode
Island Hospital, Center for Alcohol and Addiction Studies, Brown
University; Volkan Gurel, Beech Tree Labs; Valerie S. Knopik, Divi-
sion of Behavioral Genetics, Department of Psychiatry, Rhode Is-
land Hospital; James Spaulding, Louisiana Tech University; John
McMichael, Beech Tree Labs. The authors thank Christoph Schorl,
Ph.D and Hilary E. Hartlaub at the Genomics and Proteomics Core
Facility of Brown University for providing access to real time PCR
machine, analysis software and for other technical support.

References

Angelucci, F., Ricci, V., Pomponi, M., Conte, G., Mathé, A.A., Attilio Tonali, P., Bria, P.,
2007. Chronic heroin and cocaine abuse is associated with decreased serum
concentrations of the nerve growth factor and brain-derived neurotrophic
factor. J Psychopharmacol 21 (8), 820–825 (Epub 2007 Aug 22. PubMed PMID:
17715210.).

Angelucci, F., Ricci, V., Spalletta, G., Pomponi, M., Tonioni, F., Caltagirone, C., Bria, P.,
2008. Reduced serum concentrations of nerve growth factor, but not brain-
derived neurotrophic factor, in chronic cannabis abusers. Eur.
Neuropsychopharmacol. 18 (12), 882–887 (Epub 2008 Sep 6. PubMed PMID:
18774699.).

Bhatnagar, S., Nowak, N., Babich, L., Bok, L., 2004. Deletion of the 5-HT3 receptor
differentially affects behavior of males and females in the Porsolt forced swim
and defensive withdrawal tests. Behav. Brain Res. 153 (2), 527–535.

Chisholm, D., Sanderson, K., Ayuso-Mateos, J.L., Saxena, S., 2004. Reducing the global
burden of depression: population-level analysis of intervention cost-
effectiveness in 14 world regions. Br. J. Psychiatry 184, 393–403.

Covaceuszach, S., Capsoni, S., Ugolini, G., Spirito, F., Vignone, D., Cattaneo, A., 2009.
Development of a non invasive NGF-based therapy for Alzheimer’s disease.
Curr. Alzheimer Res. 6 (2), 158–170.

Drigues, N., Poltyrev, T., Bejar, C., Weinstock, M., Youdim, M.B., 2003. CDNA gene
expression profile of rat hippocampus after chronic treatment with
antidepressant drugs. J Neural Transm 110 (12), 1413–1436.

Dunlop, B.W., Nemeroff, C.B., 2007. The role of dopamine in the pathophysiology of
depression. Arch. Gen. Psychiatry 64 (3), 327–337 (Review).
Dwivedi, Y., 2009. Brain-derived neurotrophic factor: role in depression and suicide.
Neuropsychiatr Dis Treat. 5, 433–449 (Epub 2009 Aug 20.).

Eisensamer, B., Rammes, G., Gimpl, G., Shapa, M., Ferrari, U., Hapfelmeier, G., Bondy,
B., Parsons, C., Gilling, K., Zieglgänsberger, W., Holsboer, F., Rupprecht, R., 2003.
Antidepressants are functional antagonists at the serotonin type 3 (5-HT3)
receptor. Mol Psychiatry 8 (12), 994–1007 (PubMed PMID: 14647397).

Engin, E., Treit, D., 2009. Anxiolytic and antidepressant actions of somatostatin: the
role of sst2 and sst3 receptors. Psychopharmacology (Berl) 206 (2), 281–289
(Epub 2009 Jul 17. PubMed PMID: 19609508).

Fournier, J.C., DeRubeis, R.J., Hollon, S.D., Dimidjian, S., Amsterdam, J.D., Shelton,
R.C., Fawcett, J., 2010. Antidepressant drug effects and depression severity: a
patient-level meta-analysis. JAMA 303 (1), 47–53.

Harrell, A.V., Allan, A.M., 2003. Improvements in hippocampal-dependent learning
and decremental attention in 5-HT(3) receptor overexpressing mice. Learn
Mem 10 (5), 410–419.

Inoue, H., Iannotti, C.A., Welling, C.M., Veile, R., Donis-Keller, H., Permutt, M.A.,
1997. Human cholecystokinin type A receptor gene: cytogenetic localization,
physical mapping, and identification of two missense variants in patients with
obesity and non-insulin-dependent diabetes mellitus (NIDDM). Genomics 42
(2), 331–335.

Kato, M., Fukuda, T., Wakeno, M., Fukuda, K., Okugawa, G., Ikenaga, Y., Yamashita,
M., Takekita, Y., Nobuhara, K., Azuma, J., Kinoshita, T., 2006. Effects of the
serotonin type 2A, 3A and 3B receptor and the serotonin transporter genes on
paroxetine and fluvoxamine efficacy and adverse drug reactions in depressed
Japanese patients. Neuropsychobiology 53 (4), 186–195, Epub 2006 Jul 26.
PubMed PMID: 16874005..

Kenna, G.A., McGeary, J.E., Swift, R.M., 2004a. Pharmacotherapy, pharmaco-
genomics, and the future of alcohol dependence treatment, part 1. Am. J.
Health Syst. Pharm. 61 (21), 2272–2279 (Review. PubMed PMID: 15552634).

Kenna, G.A., McGeary, J.E., Swift, R.M., 2004b. Pharmacotherapy,
pharmacogenomics, and the future of alcohol dependence treatment, Part 2.
Am. J. Health Syst. Pharm. 61 (22), 2380–2388 (Review. PubMed PMID:
15581261.).

Le Foll, B., Gallo, A., Le Strat, Y., Lu, L., Gorwood, P., 2009. Genetics of dopamine
receptors and drug addiction: a comprehensive review. Behav. Pharmacol. 20
(1), 1–17 (Review. PubMed PMID: 19179847).

Lewin, G.R., Rueff, A., Mendell, L.M., 1994. Peripheral and Central Mechanisms of
NGF-induced Hyperalgesia. Eur. J. NeuroSci. 6 (12), 1903–1912.

Liu, F., Wan, Q., Pristupa, Z.B., Yu, X.M., Wang, Y.T., Niznik, H.B., 2000. Direct protein-
protein coupling enables cross-talk between dopamine D5 and gamma-
aminobutyric acid A receptors. Nature 403 (6767), 274–280.

Luscher, B., Shen, Q., Sahir, N., 2011. The GABAergic deficit hypothesis of major
depressive disorder. Mol Psychiatry 16 (4), 383–406 (Epub 2010 Nov 16.
PubMed PMID: 21079608).

Martinowich, K., Manji, H., Lu, B., 2007. New insights into BDNF function in
depression and anxiety. Nat. Neurosci. 10 (9), 1089–1093 (Review).

Moncrieff, J., Kirsch, I., 2005. Efficacy of antidepressants in adults. BMJ 331 (7509),
155–157 (Review).

Overstreet, D.H., Fredericks, K., Knapp, D., Breese, G., McMichael, J., 2010. Nerve
growth factor (NGF) has novel antidepressant-like properties in rats.
Pharmacol. Biochem. Behav. 94 (4), 553–560.

Poduslo, J.F., Curran, G.L., 1996. Permeability at the blood-brain and blood-nerve
barriers of the eurotrophic factors: NGF, CNTF, NT-3, BDNF. Mol. Brain Res. 36,
280–286.

Pommier, B., Beslot, F., Simon, A., Pophillat, M., Matsui, T., Dauge, V., Roques, B.P.,
Noble, F., 2002. Deletion of CCK2 receptor in mice results in an upregulation of
the endogenous opioid system. J. Neurosci. 22 (5), 2005–2011 (PubMed PMID:
11880531).

Pucilowski, O., Overstreet, D.H., 1993. Effect of chronic antidepressant treatment on
responses to apomorphine in selectively bred rat strains. Brain Res. Bull. 32 (5),
471–475, PubMed PMID: 8221139.

Ramamoorthy, R., Radhakrishnan, M., Borah, M., 2008. Antidepressant-like effects of
serotonin type-3 antagonist, ondansetron: an investigation in behaviour-based
rodent models. Behav. Pharmacol. 19 (1), 29–40 (PubMed PMID: 18195592).

Reed, A.L., Anderson, J.C., Bylund, D.B., Petty, F., El Refaey, H., Happe, H.K., 2009.
Treatment with escitalopram but not desipramine decreases escape latency
times in a learned helplessness model using juvenile rats. Psychopharmacology
(Berl) 205 (2), 249–259 (Epub 2009 Apr 22. PubMed PMID: 19387616).

Reed, A.L., Happe, H.K., Petty, F., Bylund, D.B., 2008. Juvenile rats in the forced-swim
test model the human response to antidepressant treatment for pediatric
depression. Psychopharmacology (Berl) 197 (3), 433–441 (Epub 2008 Jan 8.
PubMed PMID: 18180907).

Saraceno, L., Munafó, M., Heron, J., Craddock, N., van den Bree, M.B., 2009. Genetic
and non-genetic influences on the development of co-occurring alcohol
problem use and internalizing symptomatology in adolescence. A review.
Addiction 104 (7), 1100–1121 (Epub 2009 May 11. Review. PubMed PMID:
19438423.).

Shi, C.G., Wang, L.M., Wu, Y., Wang, P., Gan, Z.J., Lin, K., Jiang, L.X., Xu, Z.Q., Fan, M.,
2010. Intranasal administration of nerve growth factor produces
antidepressant-like effects in animals. Neurochem. Res. 35 (9), 1302–1314
(Epub 2010 Jun 3. PubMed PMID: 20521102).

Shirayama, Y., Chen, A.C., Nakagawa, S., Russell, D.S., Duman, R.S., 2002. Brain-
derived neurotrophic factor produces antidepressant effects in behavioral
models of depression. J. Neurosci. 22 (8), 3251–3261.

Tuszynski, M.H., Thal, L., Pay, M., Salmon DP, U.H.S., Bakay, R., Patel, P., Blesch, A.,
Vahlsing, H.L., Ho, G., Tong, G., Potkin, S.G., Fallon, J., Hansen, L., Mufson, E.J.,



322 J.E. McGeary et al. / Neuropeptides 45 (2011) 317–322
Kordower, Gall, C., Conner, J., 2006. A phase 1 clinical trial of nerve growth
factor gene therapy for Alzheimer disease. Nat. Med. 11 (5), 551–555.

Wang, J.C., Grucza, R., Cruchaga, C., Hinrichs, A.L., Bertelsen, S., Budde, J.P., Fox, L.,
Goldstein, E., Reyes, O., Saccone, N., Saccone, S., Xuei, X., Bucholz, K., Kuperman,
S., Nurnberger Jr, J., Rice, J.P., Schuckit, M., Tischfield, J., Hesselbrock, V., Porjesz,
B., Edenberg, H.J., Bierut, L.J., Goate, A.M., 2009. Genetic variation in the CHRNA5
gene affects mRNA levels and is associated with risk for alcohol dependence.
Mol Psychiatry 14 (5), 501–510 (Epub 2008 Apr 15. PubMed PMID: 18414406).

Yamada, Y., Reisine, T., Law, S.F., Ihara, Y., Kubota, A., Kagimoto, S., Seino, M., Seino,
Y., Bell, G.I., Seino, S., 1992. Somatostatin receptors, an expanding gene family:
cloning and functional characterization of human SSTR3, a protein coupled to
adenylyl cyclase. Mol. Endocrinol. 6 (12), 2136–2142.
Yamada, M., Yamada, M., Higuchi, T., 2005. Antidepressant-elicited changes in gene
expression: remodeling of neuronal circuits as a new hypothesis for drug
efficacy. Prog. Neuropsychopharmacol. Biol. Psychiatry 29 (6), 999–1009.

Yevenes, G.E., Moraga-Cid, G., Avila, A., Guzmán, L., Figueroa, M., Peoples, R.W.,
Aguayo, L.G., 2010. Molecular requirements for ethanol differential allosteric
modulation of glycine receptors based on selective Gbetagamma modulation. J.
Biol. Chem. 285 (39), 30203–30213 (Epub 2010 Jul 20. PubMed PMID:
20647311; PubMed Central PMCID: PMC2943258.).

Yoon, S.J., Roh, S., Lee, H., Lee, J.Y., Lee, B.H., Kim, Y.K., Kim, D.J., 2006. Possible role of
nerve growth factor in the pathogenesis of alcohol dependence. Alcohol. Clin.
Exp. Res. 30 (6), 1060–1065 (PubMed PMID: 16737466).


	Effects of nerve growth factor (NGF), fluoxetine, and amitriptyline on gene  expression profiles in rat brain
	1 Introduction
	2 Method
	2.1 Animals and drugs
	2.2 RNA extraction and RNA quality control
	2.3 RT-PCR and PCR
	2.4 Analysis

	3 Results
	3.1 Changes in gene expression in NGF-treated rats compared with saline controls
	3.2 GABAergic gene expression
	3.3 Similarities between three drugs
	3.4 Gene expression changes unique to NGF
	3.5 Changes in gene expression induced by three medications in amygdala/hippocampus

	4 Discussion
	Author note
	References


