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Affymetrix chips were used to perform a hypothesis-
free large-scale screening of transcripts in the hippo-
campus of olfactory bulbectomized mice, an estab-
lished animal model of depression. Because only 11
transcripts were significantly changed, the statistically
subsequent 25 transcripts below the significance level
were additionally included in a first round of qRT-PCR
evaluations. Furthermore, all 36 genes were then tested
for mutual interactions or interactions with other mole-
cules in a physiological context using PathwayArchitect
software. Thirty of them were displayed in a network
interacting with at least one partner molecule from the
list or with other partner molecules known from the lit-
erature. All partner molecules from the most prominent
10 molecules of this network were then identified and
put together into a new list. On those grounds, the hypo-
thesis was made that metabolic network components
of the insulin signaling pathway are perturbed in the
disease. This pathway was subsequently tested by a
second round of gRT-PCR, adding also a few additional
candidate molecules belonging to this pathway. It
turned out that the key target—FABP7—fell into the
group of transcripts not significantly regulated within
the chip data, and another key target—IRS1—did not
show up in the chip experiments at all. In conclusion,
our data reveal a problem with adhering to statistical
significances in microarray experiments, insofar as mol-
ecules important for the disease may fall into the range
of statistical noise. This approach may also be useful
to find new targets for pharmacotherapy in affective
disorders. © 2008 Wiley-Liss, Inc.
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Animal models for psychiatric disorders represent
valuable tools for studying molecular changes in tissues
from specific brain regions, something that usually
cannot be done in patients (Nestler et al., 2002; Licinio
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and Wong, 2004). A robust depression model in mice
and rats is the bilateral destruction of the olfactory bulbs,
which creates a chronically altered brain state with com-
plex changes of behavioral, neurochemical, neuroendoc-
rinological, and neuroimmunological parameters, many
of which are comparable to those seen in patients with
major depression (Willner, 1990; Harkin et al., 2003;
Cryan and Holmes, 2005; Song and Leonard, 2005).
Thus, the olfactory bulbectomy in rodents has been pro-
posed to represent a model for chronic psychomotor agi-
tated depression, which also has a high predictive validity
(Lumia et al., 1992; Kelly et al., 1997; Harkin et al,,
2003). The major behavioral change in this model is a
hyperactive response in a brightly illuminated open field
arena, which is reversed almost exclusively by chronic,
but not acute, antidepressant treatment (Leonard and
Tuite, 1981; Jesberger and Richardson, 1986; Kelly
et al.,, 1997; van Riezen and Leonard, 1999). Further-
more, olfactory bulbectomy leads to different signs of
anhedonia, combined with deficits in spatial learning,
avoidance learning, conditioned taste aversion, and food-
motivated behaviors (Kelly et al., 1997; Harkin et al.,
2003; Song and Leonard, 1994, 1995, 2005).

Structural consequences of this model apart from
the artificial removal of the olfactory bulbs and reminis-
cent of the human disease are changes in the limbic sys-
tem, in particular amygdala and hippocampus (Carlsen
et al., 1982; Duman et al., 1997). Similar to neuroimag-
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ing findings in depressed patients, a decrease in hippo-
campal volume and enlargements of lateral and third
ventricles have been reported after olfactory bulbectomy
in rodents, most likely resulting from reduced numbers
of synapses and dendritic spines in CAl and CA3
regions of hippocampus (Wrynn et al.,, 2000; Song and
Leonard, 2005). Recently, a decrease in hippocampal
neurogenesis—another cellular process that has been
associated with pathogenesis and therapy of depression—
has also been described as a consequence of olfactory
bulbectomy (Jaako-Movits and Zharkovsky, 2005;
Jaako-Movits et al., 2006).

So far, only very little is known about the molecu-
lar mechanisms underlying the changes of hippocampal
plasticity induced by olfactory bulbectomy (Hellweg
et al., 2007). Therefore, we wanted to study in a
hypothesis-free approach potential changes in hippo-
campal gene expression. We have used Aftymetrix chips
to reveal changes in transcriptional activity in the hippo-
campus of bulbectomized mice at 3 weeks postsurgery, a
time when the typical depression-like syndrome was
tully developed.

MATERIALS AND METHODS
Animal Experiments

Olfactory bulbectomy was essentially performed as
described earlier for adult male 10-12-week-old C57BL/6
mice (purchased from Charles River, Sulzfeld, Germany;
Zueger et al., 2005). Prior to the operation, animals were
allowed to acclimatize for 2 weeks to a reversed 12 hr dark/
light cycle and housed individually with access to food and
water ad libitum.

Olfactory bulbectomy was carried out under anesthesia
with xylazine (80 mg/kg bw, i.p.; Bayer, Leverkusen, Germany)
and ketamine (90 mg/kg bw, ip.; Aventis, Bad Soden,
Germany). Olfactory bulbs were removed bilaterally by
suction with a hypodermic needle. Sham operations were
performed leaving the bulbs intact. At day 21 after surgery,
locomotor activity was analyzed in the open field test as
described elsewhere (Kelly and Leonard, 1994; Zueger et al,,
2005). Only bulbectomized mice with significant hyperloco-
motion, the key behavioral feature of olfactory bulbectomy,
were used for transcriptional analyses. Moreover, only male
mice were used to avoid compounding factors resulting from
the more complex hormonal status of females. At day 23 after
surgery, mice were decapitated and the hippocampi were dis-
sected, frozen, and stored at —80°C until further use. Hippo-
campi from six bulbectomized mice and six sham-operated
controls were processed for chip experiments. All animal
experiments were in accordance with the regulations issued by
the German animal welfare office, Regierungsprisidium Karls-
ruhe, Germany.

Total RNA Isolation and Quality Control

Tissue was lysed in Trizol reagent (Invitrogen, Karls-
ruhe, Germany) and homogenized by passing the suspension
30 times through a 22-gauge needle. Total RINA was
extracted by adding chloroform. To achieve better separation
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of organic and aqueous phases, Phase Lock Gel Heavy tubes
(Eppendorf, Hamburg, Germany) were used. Upper phases
were carefully removed by pipetting, and total RNA was
purified by using a RNeasy Micro Kit (Qiagen, Hilden, Ger-
many). Total RNA quality was evaluated by optical density
(OD) measurements (260 nm/280 nm) in a GeneQuant
(Pharmacia, Freiburg, Germany) in 10 mM Tris-HCI, pH 7.6,
and its integrity was determined by measuring ribosomal 28S/
18S ratios using RNA 6000 Nano Assay RNA chips run in
an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
CA). Ratios of 1.9-2.2 (optical density 260/280) and >1.6
(285/18S rRNA) as well as an absence of a peak of DNA
contamination in electropherograms at 29S were chosen as
inclusion criteria.

Target Labeling, Murine Genome MG-U74Av2
GeneChip Hybridization, Scanning, and
Quality Control

Double-stranded (ds) cDNA synthesis and in vitro tran-
scription (IVT) of ds ¢cDNA into ¢cRNA and GeneChip MG-
U74Av2 (Affymetrix, Santa Clara, CA) hybridizations were
carried out according to the manufacturer’s protocol. Briefly,
5 pg total RNA was reverse transcribed using T7-oligo(dT)24
primer (GeneSet Oligos, Evry, France) and SuperScriptll
Reverse Transcriptase (Invitrogen, Karlsruhe, Germany). Sec-
ond-strand cDNA was synthesized by adding DNA polymer-
ase I (Escherichia coli), ribonuclease H, E. coli DNA ligase, and
T4 DNA polymerase. After ds cDNA precipitation and resus-
pension, IVT was performed using the BioArray HighYield
RNA Transcript Labeling Kit (Enzo, Farmingdale, NY). Bio-
tin-labeled c¢cRNA was purified with RNeasy Mini Kit
(Qiagen) and fragmented with RNA fragmentation buffer.
IVT and cRNA fragmentation quality controls were carried
out by running an mRNA Nano assay in the Agilent 2100
Bioanalyzer. cRNA electropherograms showed a single, broad
peak beginning at 22 sec and ending at 74 sec. Fragmented
cRNAs were resolved in a single peak starting at 19 sec and
declining at 26 sec. GeneChip MG-U74Av2 arrays were filled
with hybridization cocktails containing 10 pg fragmented
cRINAs (after correction for total RNA carryover). After 16
hr of hybridization in a GeneChip Hybridization Oven (Afty-
metrix), chips were stained with streptavidin/R-phycoerythrin
conjugate (Molecular Probes, Eugene, OR) in a GeneChip
Fluidics Station (Affymetrix) and immediately scanned in a
GeneArray Scanner (Agilent Technologies). Chips were
checked for performance using five evaluation criteria: 1)
comparable scaling factors among the chips; 2) single chip av-
erage background <100 and similar among the chips; 3) signal
(3'/5") of rat housekeeping genes GAPDH, hexokinase, and
B-actin <2; 4) increasing signals of hybridization controls
within a chip and similar intensities for each hybridization
control among the chips; and 5) visual assessment of scanned
image (DAT files) and grid alignment.

Data Mining

Micro Array Suite 5.0 (Affymetrix)-derived cell intensity
files (CEL) were processed in the R 2.1.1 language and envi-
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TABLE I. Differential Gene Expression Profiling by Affymetrix Chips With Fold Changes and P Values and Reevaluation by qRT
PCR (Right Column, Arrows Indicate Up- or Down Regulation, Respectively)

Probe set (Affymetrix) Gene name

# Fold change (array)

P value (array) Up/down (gRT-PCR)

160714 _at Gab 1
160911 _at SOS 1
94947_9_at Map3K3(MEK3)
94391 _at Gjp6

97017 _f_at SPARC
101753_s_at Lzp-s

104034 _at Shyc
160941_at cnPD8a
97381_s_at Tepll
161231_r_at Reelin
162152_r_at CRHR1
161923 _at Psmb1
160614 _at Plen
100526_f_at Adam3
102752 _at Shyc
161832_r_at CsfIR

97759 _at Kcenmal
94689 _at simPAFHydr
98967_at Fabp7
161614_r_at Tubb2
101787_f at intracistApart
98477 _s_at Ankyrin3
100947 _at Tcf20

95677 _at Prp8bind
98122_at Lmo4
103546_at Fosl2
161408_r_at dishev2
92945_at GluRB (AMPA)
104205_at Aggrecan1(AGC1)
98909_at LipAcSynth
92906_at EphrinR
98096_f_at VPSA4
97770_s_at LAMB-hom.
94781_at Hba-al
102431_at Mapt
104169_at Zicl

—1.2

—-1.2

—-1.3

—-1.2

1.19 0.000222 1
1.16 0.006021 *
—1.22 0.006542 !
1.18 0.007205 1
1.20 0.008493 1
1.15 0.010434 1
1.09 0.014072 1
1.13 0.014456 !
1.08 0.024196 1
—1.21 0.031748 +
-1.23 0.047832 1
—1.22 0.080042 1
-1.35 0.096322 +
—1.48 0.098158 !
~1.28 0.101713 1
—~1.31 0.106826 !
—-1.39 0.109817 1
-1.26 0.116811 !
—1.21 0.117498 !
—1.22 0.119298 !
-1.25 0.124835 !
—1.24 0.126957 -
~1.69 0.142622 !
0.152002 1

—1.22 0.157812 *
—1.25 0.157845 1
—1.29 0.179596 -
-1.35 0.192738 -
—1.24 0.245638 *
-1.25 0.258675 !
—1.22 0.260715 *
0.26604 *

—1.23 0.275752 !
0.37706 *

—1.22 0.386916 !
0.400869 1

ronment (R Development Core Team, 2005) by using Bio-
conductor 1.6 (Gentleman et al., 2004) packages. Among
them, package Affy 1.6.7 (Irizarry et al., 2005) for chip per-
formance quality control and for robust-multichip-average
(RMA) global normalization was used. Genes difterentially
expressed between olfactory bulbectomized and sham-oper-
ated groups were identified by the following series of filtering
steps: 1) a probability of differential expression of P < 0.05
from a t-test, 2) a 100% of “present” call in at least one
group, and 3) a -fold change (FC) in gene expression —1.3 >
FC > 1.3. No differentially expressed genes were identified
by Bonferroni correction.

Two lists of genes were obtained with up- or down-
regulated genes, respectively. At the threshold of statistical sig-
nificance there remained 11 genes, the majority of which
were up-regulated. At this point, it was decided to include
more genes of those that did not reach the P < 0.05 signifi-
cance level. The new cutoff was arbitrarily set to 36 genes,
which corresponded to a confidence level close to 60% (see
Table I and Results).

Quantification by Real-Time Polymerase
Chain Reaction

Relative quantification by real-time polymerase chain
reaction (QRT-PCR) was carried out for confirmation of the
36 differentially expressed genes found in hippocampal forma-
tion based on our gene expression profiling. qRT-PCR was
run in a total reaction volume of 20 pl using Power SYBR
Green PCR Master Mix (Applied Biosystems, Darmstadyt,
Germany) in an ABI 7900 HT RT-PCR System (Applied
Biosystems, Foster City, CA). B-Actin cDNA was used as an
internal standard, because it showed stable expression across
samples. Thermal profile was 95°C for 3 min, followed by 40
cycles of 15 sec at 95°C and 40 sec at 60°C. gRT-PCR data
were imported into Statistica 6.1 (StatSoft, Inc., Tulsa, OK).
Relative quantification was done according to the AACt
method. Differences in transcript abundance between bulbec-
tomized (“ob”) and control (‘sham’) groups were analyzed
using a t-test for independent samples and were considered
statistically significant at P < 0.05.

Journal of Neuroscience Research



Insulin-Related Genes in Olfactory Bulbectomy 3187

TABLE II. All Interactions of the 10 Most Prominent Target Molecules Displayed by Stratagene’s Pathway Architect With
Molecules Reported in the Literature (Targets Displayed in Boldface Gave Rise to the “‘Insulin Hypothesis®> Proposed Here)

SOS2 ACTB adaptor family ADRBK1 AKT1 AMP ARHGEF1 ¢cAMP EDN1 ERK glucose GNG2 GRAP2 GRB2 GTP ICAM1 IRS1 MAPK9
Myo15 PMA PRKCA PRL prot-tyr-kinase RAC1 rafarnily rectyrkinase RHO RHOA SHC SLC2A4 SOS1

GAB1 AKT1 ARHGEF1 CASP3 EDN1 EGFR EGR1 ERK GRAP2 GRB2 growth factor HNF4A IL-6 INPP5D JUN MAPK1 MAPK7 MAPK9
phosphatase PIK3C2A PIK3R1 PTK2B rectyrkinase RHOASHC1 SOS1 SRC TOLLIP

SPARC BMP6 CD36 growth factor ICAM1 IGF1 ILK INHBA JUN MAPK7 metalloproteinase MMP13 MMP2 proteoglycan silkis TGFbetal

VEGF

AGC1 BMP6 CD36 dopamine EtOH glycosaminoglycan IFN-gamma IGF1 IGF2 IL-1alpha IL-1beta lectin metalloprotetnase MMP13 MMP2

proteoglycan retin-A SPARC

PTEN adaptor family AKT1 AMP Amuno CASP3 DCX EGFR EGR1 EtOH glucose IGF1 IGF2 ILK INPP5D INS1 IRS1 IRS2 KEGG MAPK1
MMP2 NFKB1 PDGFbeta phosphatidylinos PIK3C2A PIK3R 1 prot-tyr-kinase PTK2B rafarnily ras SHC1 SLC2A4 SP1 SRC TGFbetal TNF

VEGF

RELN Adaptor family adenylyl cyclase AKT1 APOE CDK5 CSF1 DAB1 DCX FABP7 IL-2 INFgamma INHBA INS1 MAPT metalloproteinase

NFKB1 NOS p35 PI-3 kinase PRL TOLLIP

CSF1IR AKT1 Amuno APOE ATP CSF-1 EPO Extracell. Lig FOS FYN GRAP2 GRB2 Growth factor IL-1 alpha IL-2 IL-6 INPP5D Kinase
family MYC Myo15 PDGFbeta PIK3R1 PMA Ptdlns Retin-A SHC1 Silkis SRC TPIasmAct
MAPT AKT1 APOE ATP CASP3 EGFR FYN qlutamate IL-1beta Kinase family KNG1 MAPK1 MAPK7 Mtap2 MYC NMNDA Phosphatase

TNF TUBA1 TUBBI1

TUBB2 ACTB adenylyl cyclase ADRBK1 ATP CALM1 DCX glucose glutamate GNG2 GTP Histone INS1 KNG1 Lectin Mtap2 PRKCA SRC

RAC1 TUBA1 TUBB1
FOSL2 CAMP CRH FOS HNF4A JUN MAPK7 T-PlasmAct

Interactions of Differentially Expressed Genes

The set of 36 differentially regulated genes (see Table
I) was then fed into PathwayArchitect software (Stratagene,
La Jolla, CA) irrespective of being up- or down-regulated.
The resultant network of molecular connections reflects the
current status of scientific knowledge. When molecules
show many connections, it means that a lot is known from
the literature, likely because they are assumed to be impor-
tant. It does not mean that others with only a few connec-
tions are less important. Notwithstanding, the visual display
of a network by PathwayArchitect greatly helps to obtain
some hints regarding where ‘“‘nests of molecular dysregula-
tion”” may be located in the disease. The most prominently
connected transcripts (10 of them) were chosen for further
identification of their tentative interaction partners on the
protein level.

Each molecule known to interact with those 10 gene
products has been manually identified and put together (see
Table II). On the basis of this table, an educated guess has
been made for a working hypothesis that could be further
validated. On this hypothesis, in subsequent qRT-PCR
experiments, insulin receptor, IRS1 and 2, GSK3, AKT1, and
other genes were included in addition to the 36 genes of the
original list. Quantitative RT-PCR results were computed
using the AACt method with B-actin and additionally with
GAPDH or cyclophilin as standards (Vandesompele et al.,
2002). Under the assumption that those standards might also
be regulated, Cts alone were also compared between treated
and untreated animals.

Statistical Analysis

The statistics used in normalization of GeneChip data
and in data mining, and statistics used in qRT-PCR evalua-
tions of GeneChip data are described above.
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RESULTS
Affymetrix Chips

On examination of hippocampal total RNA
extracts from bulbectomized animals and sham-operated
controls from a time point when the typical bulbec-
tomy-induced hyperactivity syndrome had occurred, 11
differentially regulated transcripts were identified by
Aftymetrix chips at a significance level of P < 0.05 (Ta-
ble I). Three of them were down-regulated.

We included 25 more transcripts above P < 0.05
in rank order of statistical significance (Table I). All of
them were tentatively down-regulated. Next, all 36 tran-
scripts were evaluated by qRT-PCR. Among the eight
significantly up-regulated genes, six were confirmed, one
was not regulated, and one was down-regulated. Among
the three significantly down-regulated genes, one was
confirmed, one was not regulated, and one was up-regu-
lated. Among the 25 transcripts below statistical signifi-
cance, 10 were confirmed down-regulated, nine were
not regulated, and the residual six were up-regulated
(arrows or * in right column, Table I).

PathwayArchitect Software

Next, all genes were subjected to analysis by the
Stratagene software package PathwayArchitect to obtain
an overview of molecular interactions between these
genes and to find additional components of a tentative
molecular network (Fig. 1). PathwayArchitect relies on
the large source of data from PubMed and other litera-
ture databases. The 10 most strongly connected genes
were analyzed more closely in terms of their reaction
partners, which are summarized in Table II.

Upon a closer look, a few features become appa-
rent: 1) protein kinase B (PKB, PRKBA, or AKT1)
interacts with five of the nine nodal components; 2) ino-
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Fig. 1. Results from Stratagene’s PathwayArchitect after evaluation of the transcripts from Table I. The 10 most prominent were checked for
each of their interactions (with themselves and with any other molecule known from the literature), which gave rise to Table II.

sitol-3 kinases or -phosphatases (PIK3, INPP5D, Ptdlns)
are additional nodal components; 3) growth factors or
their (kinase-coupled) receptors (PDGF, TGF-8, EGFR,
IGF1, IGF1) are frequent nodal components; and 4) in
terms of IGFs, insulin-related components (INS1, IRS1,
IRS2, glucose, GAB1, SOS) often occur, too. Taken to-
gether, most of those genes can seamlessly be related to
the insulin-signaling pathway consisting of: INS1, INS2,
INSR, IRS1, IRS2, AKT1, GRB2, IGF1, IGF2,
IGF1R, IGF2R, GSK3-beta, GYS1, PIK3cb, PIK3rl,
SHC1, SOS1, and others. This led us to hypothesize
that insulin-related molecular subnetworks may be
affected in the hippocampus during the depressive-like
syndrome evoked by olfactory bulbectomy.

Analysis of the Insulin Signaling Pathway

Some of the reaction partners in the insulin signal-
ing pathway, such as AKT1, INSR, IRS1 and -2, PI3K

p110 and p85, and GSK3, had not been detected in chip
experiments. They were evaluated along with a second
round of qRT-PCR of the transcripts from Table I.

As expected, the majority were not significantly
regulated. The trends below the significance level, how-
ever, could be largely confirmed by qRT-PCR (arrows
in Table I). With respect to normalization to reference
genes in qRT-PCR  (B-actin, GAPDH, cyclophilin, or
just a t-test without reference gene), it turned out that
FABP7 was consistently and significantly down-regulated
upon this evaluation (No. 22 in the rank order in chip
experiments with a P value of 0.1175) in each test. Fur-
thermore, IRS1, IRS2, PI3K p85 and pl110 subunits,
PAF-hydroxylase-related protein, and MEK3 reached
significance level in at least two of those tests or were
very close to significance (Table III). The M values for
the three standards, as calculated in geNorm software
(Vandesompele et al., 2002), showed only little variation,
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TABLE III. QRT-PCR Results From Transcripts Selected Specifically with Respect to the Insulin Hypothesis*
Up down P value ACt Up/down P value ACt Up/down P value ACt Up/down
Transcript P value Ct regulation to B-actin regulation to cyclophylin regulation to Gapdh regulation
FABP7 0.0301 l 0.0031 l 0.0036 ! 0.0037 l
IRS1 0.0074 1 0.0410 l 0.1271 ! 0.2805 !
IRS2 0.0054 1 0.6931 - 0.5516 T 0.2306 T
PI3K cat 0.0602 1 0.1047 l 0.2662 ! 0.3125 !
PI3Kp85 0.0179 1 0.0496 l 0.0571 ! 0.0643 l
GSK3B 0.5330 - 0.4188 - 0.4628 i 0.8603 -
LPAsynth 0.4335 l 0.8026 - 0.8756 - 0.5021 l
Pten 0.7174 - 0.4725 - 0.5871 i 0.9161 -
REEL 0.9701 - 0.2886 1 0.4125 T 0.6177 -
Tubb2 0.2248 1 0.4165 1 0.3581 ! 0.1694 l
GluRB 0.2250 l 0.6679 - 0.7424 - 0.1345 l
MAPT 0.1841 l 0.7415 - 0.5913 - 0.0848 !
MEK3 0.1678 l 0.4960 l 0.5293 - 0.0320 l
cnPDE8a 0.1345 ! 0.6674 - 0.0915 i 0.9400 -
PAFHydr 0.0391 l 0.5078 l 0.8285 - 0.0318 l
AKT1 0.4395 l 0.1740 1 0.1173 T 0.2953 T
INSR 0.7611 l 0.7429 i 0.6896 1 0.8949 -
SOS1 0.6166 l 0.4518 1 0.4052 T 0.7420 -

*Three “housekeeping” transcripts were chosen as references (Vandesompele et al., 2002), and also f-tests were carried out without reference (left
column). Numbers in boldface, P < 0.05; numbers in italic, confidence intervals of approx. 88 %, ? questionable. M values for B-actin, 0.036:

cyclophylin, 0.026: for Gapdh, 0.027.

with cyclophilin (0.026) and GAPDH (0.027) almost
identical and B-actin (0.036) scoring worse. These results
strongly suggest disturbances in the insulin-signaling
pathway via lipid metabolism rather than directed to glu-
cose turnover.

DISCUSSION

Methodological Approach

The present analytical approach adds a new facet to
interpretations of biological data sets obtained from
expression profiling studies. It suggests that many dis-
ease-related molecular changes in biological systems of-
ten do not fall in the range of statistical significance.
Although there appears to be an overall agreement that
changes in biological systems on the transcript or protein
level do not necessarily adhere to statistical thresholds, it
is a generally held view that only statistically significant
results count in successful publications. This convention
is challenged in this report, because the authors do not
see good reasons why an 85% or 91% confidence inter-
val should not be sufficiently justified to search for a
biologically meaningful hypothesis of molecular pertur-
bations in a given disease. Admittedly, in doing so,
occurrence of false-positive results increases, but this
drawback may be overcome by qRT-PCR testing.

The extent to which any given mRNA is trans-
lated into protein depends on a variety of factors. The
rate of transcription and the rate of degradation are cer-
tainly important control mechanisms. The latter highly
depends on the stability of the mRNA. When mRNA
stability is low, a low production of gene product may
be expected despite high rates of transcription. Other
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possibilities are 1:1 translations or higher than 1:1 trans-
lation rates into protein with increasing longevity of
mRNAs. This would mean that, especially with short-
lived mRNAs, transcriptional changes (e.g., in disease)
would be more easily detected at the statistical signifi-
cance level of 95%. Very likely, those mRNAs also
encode proteins with functions distinct from proteins
encoded by more stable mRNAs. This would mean
that, by adherence to the generally accepted confidence
interval of at least 95%, a “‘technical” bias is introduced
into the data evaluation process. Especially long-lived
transcripts may not change in large quantities in disease,
but their more subtle changes might be also important.
Those changes, however, may easily fail to be revealed
during data mining. Because of mRNA stability, those
little changes may be grasped on the protein level rather
than on the transcript level if based on a translational
ratio of far more than 1:1 (Fig. 2). Taken together, this
means that changes in the transcript level in disease likely
translate into protein. However, the extent of this trans-
lation does not depend on the quantities of mRNAs
determined in microarray or qRT-PCR  examinations.
The ratio of amount of transcript to amount of translated
protein is unpredictable and, hence, can be assessed only
by direct measurements of each single mRNA species
and its translation product. Nevertheless, changes in the
transcript level can be used as qualitative indications of
changes in the protein level. In terms of confidence
intervals, there appears to be no reason not to lower
them below 95% when evaluating chip data.

Two important additional aspects have to be dis-
cussed at this point. Typically, data collection on the
transcript or protein level is restricted to the instant
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Fig. 2. Expression profilings on the mRNA level as performed here
harbor a number of problems. A major one likely resides in differen-
tial stabilities of mRINAs and subsequent differential translations. On
the transcript level (arrow) and with restriction to the statistical signif-
icance level of P < 0.05, one may detect transcripts with lower sta-
bility but that are more abundant. Up- or down-regulations on the
level of five- or tenfold possibly do not translate into comparable
amounts of protein. This technical bias requires reevaluation on the
protein level for each identified transcript.

when the tissue is disrupted for molecular analyses. It is
well known, however, that stability of any given RINA
or protein modifications or degradation can change
within short time intervals; i.e., there is always ongoing
disease progression, pause, or remission. The molecular
signatures obtained by expression profiling can only
reflect the individual status of the tissue under investiga-
tion. This means that time course studies would greatly
aid in elaborating better flow charts for expression
changes of individual molecules at distinct disease states.
The second aspect is the problem of regional specializa-
tions in brain. Expression patterns in other brain regions
may be distinct from hippocampal patterns. Moreover,
subregions of hippocampus, such as dentate gyrus, or py-
ramidal neurons as opposed to the pooled collection of
all cell types may display distinct gene expression. In this
study, both hippocampi have even been pooled to
obtain sufficient material for all experiments. This mea-
sure may have introduced an additional compounding
element into our statistical evaluations.

Moreover, it is obvious that only some of the
genes from the list belong to the insulin-signaling path-
way(s). This reveals a general problem with gene lists
from expression profiling studies: often the gene prod-
ucts belong to distinct molecular networks, which are
hard to identify by mere research experience or “‘edu-
cated guesses.” In this situation and with respect to the
dynamic behavior of a disturbed system, only powerful
computational software can help to develop clearer pic-
tures of disease-related molecular events. It could step
backward and reveal the true “culprits” hidden in statis-
tical noise that give rise to the expression changes of
others observed within statistical significance levels. This
situation emphasizes the point that targets showing up at
statistical significance often may not be the targets useful
for drug therapy.
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Fig. 3. Molecular network aftected in our animal model of depres-
sion. Expression changes identified by hypothesis-free, genome-wide
screenings gave rise to the hypothesis that insulin-related network
components are associated with the disease. This hypothesis has been
further supported by qRT-PCR measurements (red/green arrows:
well supported; dotted red/green arrows: tendency).

Currently, programs are not available that are able
to group a number of genes that show changed expres-
sion in a disease into a two- or three-dimensional image
of molecular networks. Such graphic representations
would greatly help the researcher to understand better
disease-specific events and to develop better hypotheses.
On the other hand, computational simulations heavily
rely on the information available on each component of
the network under investigation, which can be provided
only by laboratory research.

Fatty Acid Binding Protein 7 (Brain Type)

Nine tissue-specific FABPs have been identified
(Chmurzynska, 2006). FABPs serve as carriers for long-
chain fatty acids such as docosahexaenoic acid (DHA)
and arachidonic acid, but also cholesterol, across lipid
membrane layers (Owada et al., 2006). Those long-chain
fatty acids have been reported to be pivotal for brain de-
velopment and important for spatial learning, memory,
and emotional responses. Brain FABP (or FABP7),
which was first described by Bennett et al. (1994), is
strongly expressed in radial glia and immature astrocytes
during development. In adult brain, substantial expres-
sion has been observed in olfactory ensheathing cells, in
cerebellar Bergman glia, and in hippocampal radial glia
(Kurtz et al., 1994). Additionally, FABP7 expression has
been shown in astrocytes of the amygdala, septum, and
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medial habenula. Its expression seems to be primarily
regulated at the transcriptional level (Pelsers and Glatz,
2005). Apart from its function in fatty acid shuttling, it
appears to bind to and activate transcription factors, to
modify mRNA stability, and to influence transcription
factor expression. The PPAR family of transcription fac-
tors, in particular, which control transcription of various
genes involved in lipid metabolism, has been reported to
cooperate with FABPs (Chmurzynska, 2006). FABP has
also been shown to interact closely with the endogenous
inhibitor [diazepam-binding inhibitor (DBI) or endoze-
pine| of the peripheral benzodiazepine receptor. This re-
ceptor controls the entry of lipids into mitochondria and
the cholesterol, pregnenolone, steroid synthetic pathway
(Gavish et al., 1999). FABP’s own expression has been
found to be regulated by the transcription factor Pax6
(Arai et al., 2005) and by the Notch effector CBF1 (An-
thony et al., 2005). FABP7 knockout mice develop nor-
mally but display enhanced anxiety and increased fear
memory. Furthermore, isolated neurons from those ani-
mals showed reduced responses of DHA-stimulated N-
methyl-D-aspartate (NMDA) receptors (Owada et al.,
2006). Interestingly, FABP7 1is also inserted in the
reelin/apolipoprotein  E  receptor signaling pathway.
Reeler mice display reduced levels of FABP7 in cerebral
cortex, and reelin addition restores FABP7 (Hartfuss
et al., 2003). FABP7 has also been shown in an Affyme-
trix gene chip study to be rhythmically expressed, being
elevated during sleep phases (at ZT 6) in the SCN, in
the ventrolateral preoptic area (VLPO), and in the lateral
hypothalamus (LH; Gerstner et al., 2006). All in all, this
is evidence for a role of FABP7 in features typically
observed in affective disorders. However, so far, FABP7
had not been related to the pathogenesis of depressive
disorders in humans nor to animal models of depression.
Future studies will have to show in which cell types in
the hippocampus this protein is down-regulated follow-
ing bulbectomy. A direct functional role of FABP7 for
the behavioral alterations observed in the bulbectomy
model, such as hyperactivity or cognitive changes, could
be demonstrated by investigating FABP7 mutant mice in
behavioral tests. A functional role of FABP7 in depres-
sive disorders would be further supported if one could
identify a dysregulation of this gene/protein in other
depression models. Finally, it is an interesting question
whether FABP7 expression can be modulated be antide-
pressive treatments.

IRS and Insulin Receptor Scaffolding Proteins

The fine tuning of receptor activation largely
depends on scaffolding proteins. For the NMDA recep-
tor, there are presently 186 scaffolding proteins known
to be assembled in the NRC/MASC complex
(Pocklington et al., 2006). Much less is known about
the insulin receptor in this respect. Insulin signaling has
been investigated preferentially in view of glucose me-
tabolism. Its influence on lipid metabolism has somewhat
been neglected.
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The adaptor proteins GAB1 and SOS1 have been
indicative from the list of gene chip transcripts toward
growth factor-insulin receptor scaffolding proteins.
GAB1 is one of the initial signaling components of the
MAPK pathway (Meng et al., 2005). Another insulin re-
ceptor-f-associated adaptor protein is PSM-1. It binds
directly to and is activated by the phosphorylated kinase
domain of the receptor (Nelms et al., 1999). Those mol-
ecules are listed in Table I. Presumably, these kinds of
proteins can undergo larger changes of expression and,
hence, reach statistical significance, because those
changes may have less dramatic effects than comparable
changes with other types of molecules. Those cues to-
ward adaptor proteins of the insulin receptor have led to
the inclusion of IRS1 and IRS1 as additional targets,
which could be substantiated in qRT-PCR. Indeed,
more recent reports revealed pivotal functions of those
adaptor proteins in insulin receptor signaling. Appa-
rently, both cooperate to maintain total PI3-kinase activ-
ity by mutual compensation (Fig. 3). Reduction of IRS1
resulted in increased expression of gluconeogenic
enzymes, whereas reduced IRS2 increased MAPK-
induced SREB(F1) expression. This has led to the
notion that IRS1 is more closely linked to glucose and
IRS2 more to lipid metabolism (Taniguchi et al., 2005).
The present findings show increased expression of IRS2
and reduced expression of IRS1. This would be an indi-
cation of increased activity of the glucose metabolic
pathway and reduction of the lipid metabolic pathway.
For a clear key molecule in the latter, and as a confirma-
tion of this notion, we observed a down-regulation of
FABP7. Along those lines, there should also be changes
in glucose-related signaling. AKT1 might be not a very
suitable target, insofar as it is located exactly at another
branching point between lipid- and glucose-related
signaling. By contrast, GSK3B may be a better target.
Unfortunately, we did not observe any substantial
changes in the transcript level (see above under Meth-
odological Approach). It may, however, be rewarding to
check this target molecule on the protein level. In sum-
mary, IRS1 and IRS2 constitute important branching
points of insulin signaling at the insulin receptor. In
keeping with this, IRS2-induced signaling has also been
shown to be neuroprotective (Schubert et al., 2003). By
contrast, ethanol impaired insulin-mediated actions in
the developing brain (de la Monte et al., 2005); impaired
insulin-stimulated neuronal survival (Xu et al., 2003);
and reduced the levels of PI3-kinase, AKT1, and
GAPDH but increased GSK-33 and PTEN. In humans,
major depression is associated with various metabolic
complications similar to the metabolic syndrome: insulin
sensitivity is impaired, abdominal obesity is prevalent,
and the risk of incident diabetes mellitus is increased in
subjects suffering from major depression (Everson-Rose
et al.,, 2004; Carnethon et al., 2007). Insulin sensitivity
and glucose tolerance improve in patients responding to
pharmacological — antidepressant  treatment  (Weber-
Hamann et al, 2006). Although total cholesterol levels
appear to be lower in depressed patients (Aijanseppa
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et al., 2002), the composition of individual lipoproteins
exhibits adverse changes that are improved by phar-
macological antidepressant treatment (Kopf et al., 2004).
These clinical findings support the relevance of the
results of the present paper, which suggest an important
role of key enzymes in glucose and lipid metabolism for
the pathogenesis of depression. Various pathways of
interaction between brain function and peripheral energy
metabolism have been summarized in the “selfish brain
hypothesis” by Peters et al. (2004).

PAF-ApoE

The phospholipid PAF (1-O-alkyl-2-O-acetyl-sn-
glycero-3-phosphocholine) is the substrate of PAF-ace-
tylhydrolase (PAF-AH). PAF is degraded by PAF-AH, a
circulating enzyme having both pro- and antiinflamma-
tory activities. PAF activates GSK-3p (see above), one
of the key enzymes in glucose metabolism and an im-
portant target of lithium and valproate, which inhibit its
activity. PAF’s major action, however, is linked to lipid
metabolism. Elevated PAF levels (resulting from dimin-
ished activity of PAF-hydrolase) induce synaptic excito-
tosis tentatively mediated by NMDA receptors (Bellizzi
et al., 2005). It is produced in neurons in response to
NMDA receptor activation. Subsequently, it may
increase glutamate release from presynaptic terminals.
PAF-AH i1s an LDL- and HDL-bound enzyme that
hydrolyzes and inactivates PAF and prevents LDL-cho-
lesterol oxidation, thus delaying the onset of atheroscler-
otic disease (Campo et al., 2004). Accordingly, decreased
enzyme activities, as observed in this report, should
increase this kind of risk. However, there are also reports
claiming that increased PAF-AH activity is a risk factor
for coronary artery disease (CAD); however, whether
PAF-AH has a causal role or is simply a marker of risk is
unclear (Blankenberg et al., 2003).

CONCLUSIONS

Lowering the conventional statistical significance
limits in a classical microarray experiment on hippocam-
pal tissue of bulbectomized mice and analyzing the
results with the PathwayArchitect program led to the
identification of a metabolic network that is disturbed in
this model, i.e., the insulin signaling pathway affecting
lipid metabolism. This approach indicated that molecules
important for a disease state, here depression, may fall
into the range of statistical noise. Moreover, molecules
significantly changed may behave so as a consequence of
former, more subtle changes. Those subtle expression
changes can be identified by mathematical tools, such as
clustering, or by computer simulations using the net-
work components outlined. FABP7 and related mole-
cules of the insulin signaling pathway are altered in the
hippocampus, an important structure of the limbic sys-
tem that has been associated with depression-like behav-
ioral alterations in mice. This kind of approach not only
is suitable for computer simulations to predict molecular
responses within the network and/or with connected

networks but can also serve to find new targets for phar-
macotherapy in aftective disorders.
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