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Early-life endocrine intervention may programme hippocampal glucocorticoid receptor (GR) expression and
cause psychiatric disorders in later life. Glucagon-like peptide-1 (GLP-1) has been implicated in the regulation
of neuroendocrine and behavioural responses, but it is yet to be determined whether and how neonatal GLP-1
overexpression may modify hippocampal GR expression and thus programme adolescent behaviour in rats. Two-dayold pups were injected intramuscularly with vacant plasmid (VP) or plasmid DNA encoding secretory GLP-1 (GP).
Anxiety-related behaviour was assessed in the elevated plus maze (EPM) test at 8 weeks of age. Plasma corticosterone
levels were measured with enzyme immunoassay (EIA). Protein and mRNA levels were determined by western blot
and real-time polymerase chain reaction (PCR), respectively. The DNA methylation status of the GR exon 17 promoter
was determined by bisulphate sequencing PCR (BSP). GP rats exhibited anxiolytic behaviour compared with their
VP counterparts. Hippocampal GLP-1 receptor (GLP-1R) and GR mRNA expression were signiﬁcantly elevated in
GP rats without a signiﬁcant difference in plasma corticosterone. Signiﬁcant reduction in DNA methyltransferase 1
(DNMT1) expression was observed in GP rats disconnected with alterations in DNA methylation of the GR exon 17
promoter. Nevertheless, mRNA expression of nerve growth factor-inducible protein A (NGFI-A) was signiﬁcantly
elevated in GP rats. These results suggest that neonatal intramuscular injection of plasmid DNA encoding GLP-1
affects anxiety behaviour in adolescent rats, probably through NGFI-A-activated upregulation of hippocampal GR
expression.
[Fan H, Wang L, Guo F, Wei S and Zhao R 2010 Neonatal intramuscular injection of plasmid encoding glucagon-like peptide-1 affects anxiety
behaviour and expression of the hippocampal glucocorticoid receptor in adolescent rats; J. Biosci. 35 63–71] DOI 10.1007/s12038-010-0008-4

1.

Introduction

Anxiety is one of the most prevalent psychiatric disorders
in humans (Rouillon 1999; Krishnan 2003). Numerous
studies indicate that this disorder is commonly caused by
dysfunctions of the limbic–hypothalamic–pituitary–adrenal
(LHPA) axis (Weinstock 2007; Sterlemann et al. 2008),
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which is highly susceptible to environmental or endocrine
interventions during foetal and neonatal development
(Weinstock 2007; Matthews 2000).
The glucocorticoid receptor (GR) in the hippocampus
has been implicated as a major target for foetal/neonatal
programming of the LHPA axis (Matthews 2000). It is
also involved in a wide range of neural functions including
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Abbreviations used: AVP, arg-vasopressin; BSP, bisulphate sequencing PCR; cAMP-PKA, cyclic adenosine monophosphate-dependent
protein kinase A; CRF, corticotrophin-releasing factor; CRH, corticotrophin-releasing hormone; DNMT1, DNA methyltransferase 1;
ECL, enhanced chemiluminescence; EIA, enzyme immunoassay; EPM, elevated plus maze; GLP-1, glucagon-like peptide 1; GLP-1R,
GLP-1 receptor; GP, plasmid DNA encoding secretory GLP-1; GR, glucocorticoid receptor; ICV, intracerebroventricular; LHPA, limbic–
hypothalamic–pituitary–adrenal; NGFI-A, nerve growth factor-inducible protein A; NTC, no template control; OE%, percentage of entries
in open arms; OT%, percentage of time in open arms; PBS, phosphate-buffered saline; PCR, polymerase chain reaction; SDS, sodium
dodecyl sulphate; TTBS, Tween-Tris-buffer saline; VP, vacant plasmid
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suppression of the HPA axis (De Kloet et al. 1998), memory
(Fenoglio et al. 2005) and learning (Donley et al. 2005), as
well as the pathogenesis of anxiety (Korte 2001).
Glucagon-like peptide 1 (GLP-1) is a brain–gut peptide
involved in obesity and the stress response (Bojanowska
2005). Intracerebroventricular (ICV) injection of GLP1 stimulates corticosterone secretion by activation of
corticotrophin-releasing factor (CRF) neurons in the
chicken (Tachibana et al. 2006). Intravenous infusion
of GLP-1 or Exendin-4, a GLP-1 analogue, increases
cortisol secretion in human subjects (Vella et al. 2002).
Furthermore, GLP-1 induced HPA activation is found to be
associated with increased levels of anxiety in the rat (Kinzig
et al. 2003).
Glucagon-like peptide 1 receptor (GLP-1R) is expressed
in the brain (Alvarez et al. 1996; Nussdorfer et al. 2000)
and there is evidence suggesting a cross-talk between
GR and GLP-1R in the hippocampus. GLP-1R activation could lead to stimulation of cyclic adenosine
monophosphate-dependent protein kinase A (cAMPPKA) (Ranta et al. 2006; Doyle and Egan 2007), which
induces expression of nerve growth factor-inducible
protein A (NGFI-A) (Kang et al. 2007; Kim et al. 2008),
a transcription factor known to activate GR transcription
(Weaver et al. 2004).
NGFI-A exerts its positive regulatory effect on GR
gene transcription directly by interaction with the DNA
regulatory element and elicits transactivation of promoter
activity (Meaney et al. 2000; Weaver et al. 2007). It has
been shown that NGFI-A binding and GR expression can be
programmed by neonatal experiences through modiﬁcation
of the DNA methylation status of a GR gene promoter in the
hippocampus (Weaver et al. 2004).
The present study was aimed to answer the following
questions. First, would neonatal exposure to high GLP-1
programme anxiety behaviour in later life? Second, did
such programming effects, if any, involve alterations in
hippocampal GLP-1R and GR transcription? Third, did
alteration in GR transcription involve modiﬁcations in
NGFI-A expression or DNA methylation of the GR gene
promoter? We ﬁrst observed signiﬁcant behavioural alterations
in the elevated plus maze (EPM) test in 8-week-old adolescent
rats neonatally treated with plasmid DNA encoding GLP-1. We
then demonstrated, with real-time reverse transcription PCR
(RT-PCR), signiﬁcant upregulation of hippocampal GLP-1R
and GR mRNA expression in neonatally GLP-1 treated rats.
Furthermore, we found that the activation of GR transcription
is not associated with alterations in DNA methylation in the
GR exon 17 promoter region, despite signiﬁcant reduction
in DNA methyltransferase 1 (DNMT1) expression, but is
accompanied by increased NGFI-A transcription, suggesting
a trans-regulating mechanism in hippocampal GR activation
programmed by neonatal GLP-1 treatment.
J. Biosci. 35(1), March 2010

2.

Materials and methods
2.1 Animals

Adult male and female Wistar rats were purchased from
the Shanghai Laboratory Animal Center (SLAC) and bred
to produce offspring for the present experiment in which
only male pups were used. Rats were housed in a speciﬁc
pathogen-free (SPF) facility with food and water ad libitum.
The animal experiment protocol was approved by the Animal
Ethics Committee of Nanjing Agricultural University.
2.2

Plasmid construction and in vivo electroporation

The recombinant plasmid expressing secretory GLP-1,
sig-glp-1-pcDNA3, was constructed; it contained a signal
peptide-coding sequence and full-length cDNA of rat glp1. Plasmid DNA was extracted using EndoFree plasmid
Kits (DP117, Tiangen Biotech Co. Ltd., Beijing, China).
Newborn male pups of similar birth weight were divided
at random into two groups, with one group receiving
electroporation of vacant pcDNA3 plasmid (VP) and the
other sig-glp-1-pcDNA3 plasmid (GP). Electroporation
was performed on the second day after birth at four similar
points on the lateral side of the left thigh. Plasmid DNA
(120 μg in 120 μl phosphate-buffered saline [PBS] in total)
was injected, and four electric pulses of 100 V at 50 ms
followed by four more pulses of the opposite polarity were
immediately delivered to the muscle. The electric pulse was
delivered by an electric pulse generator (Ningbo Scienz
Bio-tech Co. Ltd, Ningbo, China). Plasmid expression of
GLP-1 mRNA in the gastrocnemius was veriﬁed 7 days after
electroporation with RT-PCR.
2.3

The elevated plus maze (EPM) test

The EPM test was conducted in the 8th week after birth.
The EPM was constructed of wood and had four arms (50
× 10 cm) shaped in the form of a plus, and was elevated
50 cm above the ﬂoor. Two opposing arms were enclosed
by side and end walls (40 cm high) and the other two arms
were open with only 1 cm high side and end walls. The
connecting central area measured 10 cm × 10 cm. Each
animal was placed in the centre of the EPM facing an open
arm and was permitted to explore the maze freely for a 5min period. The rat was videotaped and later scored by an
unbiased observer blinded to the experimental conditions.
Arm entry was deﬁned as entering an arm with all four paws.
The tapes were scored for the percentage of entries (OE%)
in the open arms relative to total entries, and time (OT%)
in open arms relative to total time and total entries in both
arms (OE + CE). The maze was cleaned with 70% alcohol
solution between animals.
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2.4

Tissue preparation

Rats were killed by decapitation and trunk blood was
collected, immediately placed on ice and subsequently
centrifuged at 2000 × g for 15 min. Plasma samples were
stored at –20°C until assayed. The hippocampus of each
rat was dissected and immediately frozen in liquid nitrogen
within 5 min of decapitation. Hippocampi were stored at
–80°C until RNA and protein isolation. The adrenal gland of
each rat was weighed and the index of adrenal weight was
calculated by the formula: adrenal weight index = adrenal
weight (mg)/body weight (100 g).
2.5

Plasma corticosterone determination

Plasma corticosterone levels were analysed using a
commercially available competitive enzyme immunoassay
(EIA) kit (Cayman Chemical Company, USA), following the
instructions of the supplier. Measurements were carried out
in duplicate with a microplate reader (Bio-Tek Instruments,
Inc., USA). The kit sensitivity was 40 pg/ml and intra-assay
variation was 9.5%.
2.6

mRNA quantiﬁcation

Real-time PCR was performed in an Mx3000P system
(Stratagene, USA). The cDNA amounts present in each
sample were determined using the SYBR Green Master
Mix (TOYOBO Ltd., Japan). Each RT-PCR quantiﬁcation
experiment was performed in duplicate. Mock RT and no
template controls (NTC) were set to monitor the possible
contamination of genomic DNA both at RT and PCR. The
pooled sample made by mixing equal quantities of total RT
products (cDNA) from all samples was used to optimize the
PCR conditions and tailor standard curves for each target
gene. Melting curves were performed to investigate the
speciﬁcity of the PCR reaction. Cyclophilin (Marini et al.
2006), GR (Marini et al. 2006), GLP-1R (Li et al. 2003),
DNMT1 (Desaulniers et al. 2005) and NGFI-A (Spessert
et al. 2006) primers were synthesized by Invitrogen
Biotechnology Co. Ltd. (Shanghai, China), according to
the sequences used in cited publications. Ampliﬁcation
conditions were as follows: 45 cycles of 15 s at 95°C, 15 s at
62°C and 45 s at 72°C. Real-time PCR data were analysed
using the 2-ΔΔCt method (Livak and Schmittgen 2006) with
cyclophilin as an endogenous reference (Marini et al. 2006).
The mRNA levels of target genes in GP rats were expressed
as the fold of change relative to the mean value of VP rats.
2.7

Western blot analysis

Forty micrograms of protein extract were diluted 4:1 with 5X
loading buffer (10% glycerol, 2% sodium dodecyl sulphate
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[SDS], 5% 2-mercaptoethanol, 1% bromophenol blue) and
denatured by boiling for 5 min before loading on a 12% SDSPAGE gel. After electrophoresis, proteins were transferred to
nitrocellulose membranes and the latter were then blocked
with 5% fat-free milk in Tween-Tris-buffer saline (TTBS)
for 2 h at room temperature. After repeated washing with
TTBS, the membranes were cut into three parts according
to protein marker and incubated with antibodies against GR
(rabbit [rb]; 1:200; Bioreagents, USA), DNMT1 (mouse [ms];
1 μg/ml; Imgenex, USA) and β-actin (Rb; 1:3000; Abcam,
UK) respectively, followed by horseradish peroxidase (HRP)conjugated secondary antibodies (goat anti-rabbit for GR and
β-actin, goat anti-mouse for DNMT1; 1:4000; Abcam, UK).
Finally, the membrane was washed and the speciﬁc signals
were detected by chemiluminescence using the LumiGlo
substrate (Super Signal West Pico Trial Kit, PIERCE,
Rockford, IL, USA). Enhanced chemiluminescence (ECL)
signals recorded on X-ray ﬁlm were scanned and analysed
with a Kodak 1D Electrophoresis Documentation and Analysis
System 120 (Kodak Photo Film Co. Ltd., Rochester, NY).
2.8

DNA methylation detection

Genomic DNA (1 μg) isolated from rat hippocampus was
subjected to bisulphite modiﬁcation using the CpGenome
DNA Modiﬁcation Kit (Chemicon, USA) according to the
manufacturer’s protocol. The GR exon 17 promoter region
was PCR ampliﬁed with nested primer pairs (Weaver et
al. 2004). The bands were puriﬁed with agarose Gel DNA
Puriﬁcation Kit (Promega, USA) and then subcloned into the
pGEM T-easy vector (Promega, USA). Twenty-two positive
clones from GP and fourteen positive clones from VP were
sequenced using M13 primer by Invitrogen Biotechnology Co.
Ltd., Shanghai. The ﬁnal sequence results were processed by
the online computer program: http://biq-analyzer.bioinf.mpisb.mpg.de/ (Bock et al. 2005). Sequences with a conversion
rate below 90% were excluded from analysis.
Data analysis

2.9

All data were presented as means ± SEM. Statistical
analyses were carried out with SPSS13.0 for Windows.
The differences were tested with ANOVA using the t-test
for independent samples. The level of signiﬁcance was set
at P<0.05.
3.
3.1

Results

Behavioural data

GP and VP rats demonstrated signiﬁcantly different
behaviour in the EPM test. Both the number of entries
J. Biosci. 35(1), March 2010
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(OE%, P=0.024) and the duration of stay (OT%, P=0.021)
in the open arms were signiﬁcantly increased in GP rats
compared with VP rats, implicating an anxiolytic effect of
neonatal GLP-1 exposure. It is noteworthy, however, that
the total entries to both arms (OE + CE, P=0.011) were
also signiﬁcantly decreased in GP rats (table 1), indicating
inhibited locomotor activity in GP rats.
3.2 Adrenal weight index and plasma level of
corticosterone
No signiﬁcant differences in adrenal weight index were
observed between the VP (19.21 ± 1.04) and GP (20.94 ±
1.12) groups. Although a numeric increase was detected in
plasma corticosterone concentration in GP rats compared
with VP rats, there was no statistical difference between the
two groups (P=0.42) (ﬁgure 1).
3.3

Figure 1. Plasma corticosterone levels in the group of rats
receiving electroporation of vacant pcDNA3 plasmid (VP, N = 5)
and those receiving electroporation of sig-glp-1-pcDNA3 plasmid
(GP, N = 5) rats. No statistical difference was observed between
two groups (P=0.42).

Expression of GLP-1R, NGFI-A, GR and DNMT1 in
the hippocampus

As shown in ﬁgure 2, mRNA expression of GLP-1R
(P=0.009) and NGFI-A (P=0.001) was signiﬁcantly
upregulated in hippocampi of GP rats, coinciding with
signiﬁcantly upregulated GR mRNA expression (ﬁgure 3A,
P=0.01) and a tendency for increase in GR protein content
(ﬁgure 3B and C, P=0.119). A signiﬁcant downregulation
in hippocampal expression of DNMT1 was observed in
hippocampi of GP rats at the levels of both transcription
(ﬁgure 4A, P=0.024) and translation (ﬁgure 4B and C,
P=0.009), compared with VP counterparts.
3.4

DNA methylation

Despite the signiﬁcant alterations in DNMT1 expression,
no difference was found in the level of methylation in the
exon 17 promoter sequence of the GR gene. Neither of the
two CpGs (Weaver et al. 2004) within the NGFI-A binding
site (CpG sites 16 and 17) was methylated in the 36 subjects
investigated. Additionally, all the remaining 15 CpG sites
in the examined exon 17 promoter sequence were rarely
methylated except some sporadic methylated sites (ﬁgure 5).
Table 1. Behaviour of VP and GP rats in the elevated plus
maze (EPM) test
OE%

OT%

OE + CE

VP

51.8 ± 5.5

56.4 ± 13.3

7.8 ± 1.9

GP

87.5 ± 12.5

98.3 ± 1.8

2.0 ± 0.7

Remarkable differences were seen between rats in the VP
(N = 5) and GP (N = 5) groups in OE% (P=0.024), OT%
(P=0.021) and (OE + CE) (P=0.011) in the EPM test.
J. Biosci. 35(1), March 2010

Figure 2. mRNA expression of glucagon-like peptide-1 receptor
(GLP-1R) and nerve growth factor-inducible protein A (NGFI-A)
of the hippocampus in VP (N = 5) and GP (N = 5) rats. GLP-1R
(P=0.009) and NGFI-A (P=0.001) gene mRNA expressions were
signiﬁcantly upregulated in the GP group when compared with the
VP group. **P<0.01.

4.

Discussion

In the present study, we have demonstrated that neonatal
GLP-1 exposure produces long-term behavioural alterations
in adolescent rats, which is associated with increased
hippocampal GLP-1R and GR mRNA expression. The
upregulation of GR transcription is not associated with cisactivation by modiﬁcation of GR exon 17 promoter DNA
methylation, but may be attributed to transactivation through
increased expression of NGFI-A.
It has been shown that anxiolytic compounds increase,
whereas anxiogenic compounds decrease, the number
of entries and the time of permanence in the open arms
of the EPM (Pellow et al. 1985; Cole et al. 1995).
We observed a signiﬁcant increase in the OE% and
OT% in GP rats, indicating an anxiolytic effect of neonatal
GLP-1 exposure. In keeping with our results, GLP-1R
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Figure 3. Determination of glucocorticoid receptor (GR) mRNA and protein levels in whole hippocampi. (A) mRNA expression in the
GR of the hippocampus in VP (N = 5) and GP (N = 5) rats (P=0.01). (B) Representative bands of the total levels of GR and β-actin protein
lysates of hippocampal tissue from VP or GP rats. (C) Ratio of relative protein levels of total GR expressed to β-actin in hippocampi of VP
(N = 5) or GP (N = 5) rats. No statistically signiﬁcant difference was found between the two groups (P=0.119). *P<0.05.

Figure 4. Determination of DNA methyltransferase 1 (DNMT1) mRNA and protein levels in whole hippocampi. (A) mRNA expression
of DNMT1 in hippocampi of VP (N = 5) and GP (N = 5) rats (P=0.024). (B) Representative immunoblots of the total levels of DNMT1 and
β-actin protein lysates in hippocampal tissues from VP or GP rats. (C) Ratio of relative protein levels of total DNMT1 expressed to β-actin
in hippocampi of VP (N = 5) or GP (N = 5) rats (P=0.009). *P<0.05.

knock-out (GLP-1R -/-) mice display increased anxietylike behaviour when placed in an EPM compared with
wild-type (GLP-1R +/+) mice (MacLusky et al. 2000).
Conversely, rats that were administered a GLP-1R
agonist (Exendin-4) into the third ventricle spent
signiﬁcantly more time in the open arms than control
animals. However, the effect of GLP-1 on anxiety seems
to be dependent on the site of administration in the brain.
When administered directly into the central nucleus of the
amygdala, GLP-1 actually increases the levels of anxiety in

the EPM accompanied by elevated levels of corticosterone
(Kinzig et al. 2003).
The discrepancy in the central action of GLP-1 on
anxiety might be attributed to the activity and reactivity of
the HPA axis. Adrenal hypertrophy and increase of plasma
corticosterone levels are associated with increased anxietylike behaviour in the EPM (Song et al. 2008; Sterlemann et
al. 2008). In the present experiment, ectopic overexpression
of GLP-1 was achieved by intramuscular transfection
of the plasmid expressing secretory GLP-1. Therefore,
J. Biosci. 35(1), March 2010
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Figure 5. Methylation proﬁles in the exon 17 promoter region of the hippocampal glucocorticoid receptor (GR). (A) Genomic sequence
with numbered CpG dinucleotides. Each CpG site is numbered in the rectangle. Nerve growth factor-inducible protein A (NGFI-A) response
element is indicated in grey shading. (B) Methylation proﬁles of the exon 17 promoter in 14 positive clones of the VP group (N = 5); (C)
Methylation proﬁles of the exon 17 promoter in 22 positive clones of the GP group (N = 5). Filled (black) circles correspond to methylated
Cs and unﬁlled (white) circles correspond to unmethylated Cs. Neither of the two CpGs within the NGFI-A binding site (CpG sites 16 and
17) was methylated in the 36 subjects investigated. In contrast, all the remaining 15 CpG sites of the corresponding exon 17 promoter were
sparsely methylated other than some sporadic methylated sites.

GLP-1 was temporally elevated systemically during the
neonatal period. It was not possible to determine the site of
action of systemically increased GLP-1. However, neither
plasma corticosterone level nor adrenal weight index was
signiﬁcantly different between the two groups, implying
unaltered or even blunted HPA activity in neonatally GLP1-exposed rats.
J. Biosci. 35(1), March 2010

Endocrine interventions during the foetal and neonatal
period could programme the ‘set point’ of the HPA axis.
Attenuated HPA responsiveness is often caused by an increase
in GR expression in the hippocampus (De Kloet et al. 1998).
In the present study, we found a signiﬁcant upregulation of
hippocampal GR expression in neonatally GLP-1-exposed
rats, suggesting increased negative feedback on the HPA
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axis. The increased sensitivity of the HPA axis to feedback
inhibition would thus permit normalization of the HPA axis
and a more efﬁcient termination of Arg-vasopressin (AVP)
and corticotrophin-releasing hormone (CRH) in various
regions of the brain postulated to be involved in the causality
of anxiety (Larsen et al. 1997; Sarkar et al. 2003).
Nevertheless, the correlations between hippocampal GR
expression and anxiety-related behaviour are inconsistent.
Enhanced hippocampal GR mRNA expression was found
in parallel with stress-induced anxiety (Jakovcevski et al.
2008), whereas other studies have suggested that impairment
of GR was concurrent with an increased anxiety-like state
(Sterlemann et al. 2008). Elevated as well as reduced GR can
lead to anxiety. The relationship between GR expression and
anxiety-related behaviour remains unclear. However, in the
present study, we have shown that increased hippocampal
GR expression was associated with anxiolytic behaviour.
The total number of entries (OE + CE) is a measure of
locomotor activity (Calfa et al. 2006). ICV administration of
GLP-1 has been shown to suppress locomotor activity (Moller
et al. 2002). Our results also indicate decreased locomotor
activity in GP rats. There is evidence that blunted HPA
reactivity is usually associated with inhibited exploratory
behaviour and decreased physical activity in chicken (Saito et
al. 2005) and rat (Darnaudery and Maccari 2008). Therefore,
the decreased locomotion observed in GP rats may represent
blunted HPA responsivity induced by augmented GRmediated negative feedback on the HPA axis.
The mechanism by which neonatal GLP-1 programmes
hippocampal GR expression has been explored in the
present study. As neonatal experience could programme
hippocampal GR expression through modiﬁcation of DNA
methylation status at a GR gene promoter (Weaver et al.
2004), we evaluated hippocampal DNMT1 expression and
DNA methylation status of the GR exon 17 promoter. GLP-1
programmed rats exhibited a robust reduction both in mRNA
and protein levels of hippocampal DNMT1, suggesting
decreased DNA methylation. However, in contrast to the
ﬁndings of Weaver et al. (2004), neither of the two CpGs
within the NGFI-A binding site was methylated in the 36
subjects investigated, which is in line with the observations
of Moser et al. (2007) that the hippocampal GR exon 1-F
promoter is not methylated at the NGFI-A binding site in
human (Moser et al. 2007). All the remaining 15 CpG sites
present in the promoter fragment investigated were sparsely
methylated, except some sporadic methylated sites in both
groups. These results suggest that GLP-1 programmed
activation of GR transcription in the hippocampi of GP
rats does not involve alterations of DNA methylation on
the GR exon 17 promotor. The downregulation of DNMT1
expression in the hippocampus could be the consequence,
rather than the cause, of enhanced GR expression. As a
matter of fact, DNMT1 establishes and maintains patterns of
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genomewide DNA methylation in mammalian cells, but not
in a locus-speciﬁc manner (Geiman et al. 2004; Tsumura et
al. 2006). Alterations in DNMT1 availability do not always
correlate with variations in DNA methylation levels (Eads
et al. 1999). The fact that GR could inhibit the activity
of the DNMT1 promoter decouples the cause-and-effect
relationship between GR and DNMT1 expression (Rouleau
et al. 1995).
It has been shown that GLP-1 present in the bloodstream
can enter the brain (Orskov et al. 1996) and we have
demonstrated a marked upregulation of hippocampal
GLP-1R expression in GP rats, indicating the presence of
functional GLP-1R. It has been shown that GLP-1R and
its potent agonist Exendin-4 could activate transcription
and induce expression of NGFI-A through the cAMP–PKA
pathway (Kang et al. 2007; Kim et al. 2008). NGFI-A could
exert its transcriptional regulatory effect directly on the GR
gene by interaction with the DNA regulatory element and
elicit transactivation of promoter activity (Meaney et al.
2000; Weaver et al. 2007). Indeed, we detected dramatically
upregulated NGFI-A mRNA expression in the hippocampi
of GP rats, indicating a transactivation of hippocampal GR
transcription in rats neonatally exposed to high levels of
GLP-1.
Taken together, our ﬁndings provide the ﬁrst
evidence that neonatal GLP-1 exposure exerts long-term
programming effects on hippocampal GR expression and
anxiety behaviour in adolescent rats which, if transferred to
the human situation, may lead to novel insights and clues
into the pathophysiology of and therapeutic approach to
the treatment of anxiety. However, further experiments are
required to clarify the exact signalling pathway for GR
transcriptional activation by GLP-1 exposure.
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