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Abstract

Background/Aims: Changes in the glucocorticoid milieu
contribute to alterations in neurotropic factor expression
across multiple brain regions. Insulin-resistant diabetes is of-
ten accompanied by dysregulation of adrenal steroid pro-
duction in humans and animal models. Leptin receptor-de-
ficient mice (db/db) show reduced expression of brain-de-
rived neurotropic factor (BDNF) in the hippocampus and
increases in circulating corticosterone levels, but the extent
to which elevated corticosterone levels mediate deficits in
BDNF expression has not been determined. Methods: Using
in situ hybridization, we measured the expression of BDNF,
its receptor TrkB, and neurotropin-3 (NT-3) in the hippocam-
pus and hypothalamus of db/db mice and wild-type controls
following adrenalectomy and low-dose corticosterone re-
placement (ADX+CORT) or sham operation. Results: Lower-
ing corticosterone levels restored BDNF and TrkB expression
in the hippocampus of db/db mice. However, deficits in hy-
pothalamic BDNF expression were not reversed following
ADX+CORT. There was no effect of genotype or adrenalec-

tomy on NT-3 expression in any brain region examined. Con-
clusion: Leptin receptor-deficient mice exhibit reduced
BDNF expression in the hippocampus and hypothalamus. In
the db/db mouse hippocampus, suppression of BDNF occurs
in a glucocorticoid-dependent fashion, while hypothalamic
BDNF expression is reduced via glucocorticoid-independent
mechanisms. Region-specific signals therefore play a role in
the interaction between corticosteroids and neurotropic
factor expression. Copyright © 2010 S. Karger AG, Basel

Diabetes is associated with synaptic rearrangement
across multiple brain regions [1-3]. One commonly used
animal model of insulin-resistant diabetes is the db/db
mouse, which lacks functional leptin receptors. db/db
mice are obese, with elevated glucose and insulin levels
and reduced insulin sensitivity [4]. db/db mice also ex-
hibit increased levels of corticosterone, the primary
stress-responsive hormone in rodents [1]. In nondiabetic
rodents, exposure to elevated corticosterone levels reduc-
es the expression of neurotropic factors that support syn-
aptic plasticity, such as brain-derived neurotropic factor
(BDNF) [4]. db/db mice also exhibit reductions in hippo-
campal BDNF expression [1], but the question of whether
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elevated corticosterone levels mediate the impairment of
hippocampal BDNF expression in db/db mice has not
been addressed.

While hippocampal BDNF signaling is closely associ-
ated with synaptic plasticity mechanisms that contribute
to learning, hypothalamic neurotropin expression regu-
lates feeding, metabolism, and stress. Selective reductions
in BDNF in the hypothalamus induce hyperphagia in ro-
dent models [6], as does chronic administration of high
levels of corticosterone [7]. db/db mice are hyperphagic,
and activating the BDNF receptor TrkB in the hypothal-
amus counteracts this aspect of their phenotype [8]. Cen-
tral administration of BDNF also enhances glucose me-
tabolism in db/db mice [9] and promotes energy expendi-
ture [10]. However, the possible regulation of endogenous
hypothalamic neurotropin expression by elevated corti-
costerone levels in db/db mice remains unexplored.

To determine whether hippocampal and hypothalam-
ic neurotropin levels might be under the control of corti-
costeroids in db/db mice, we measured expression of
BDNE, its high-affinity receptor TrkB, and neurotropin-3
(NT-3) following adrenalectomy and low-dose cortico-
sterone replacement (ADX+CORT). We observed that
lowering corticosterone levels reversed deficits in BDNF
and TrkB expression in the hippocampus. db/db mice
also exhibit reduced hypothalamic BDNF expression, but
this was not attributable to changes in levels of cortico-
sterone. This suggests that a region-specific suppression
of hippocampal BDNF and TrkB expression occurs fol-
lowing exposure to chronically elevated corticosterone
levels in diabetic mice.

Methods

Animals, Food Intake, and Surgery

Animal care and experimental procedures followed National
Institutes of Health guidelines and were approved by the Nation-
al Institute on Aging Animal Care and Use Committee. Food in-
take and body weights were monitored weekly throughout the
experiment. Male mice mutant for the leptin receptor (db/db
mice), bred on a C57BL/6 background, were purchased from Jack-
son Laboratories. Age-matched male C57BL/6 mice were used as
controls. Mice were subjected to bilateral ADX+CORT or sham
operation at postnatal day 30. ADX+CORT mice received corti-
costerone replacement (25 pg/ml in 0.9% saline; Sigma) via their
drinking water as described [11].

Serum Measurements

Completeness of adrenalectomy was verified with radioimmu-
noassay for serum corticosterone using a commercially available
kit as described in Stranahan et al. [11]. Glucose levels were mea-
sured following an overnight fast using a Therasense handheld
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analyzer (Therasense, Alameda, Calif., USA) according to previ-
ously published protocols [1]. Insulin levels in serum were quanti-
fied using ELISA (Crystal Chem, Downers Grove, Ill., USA) fol-
lowing standard methodology as described [1] and the plates were
read at 490 nm on an automatic plate reader (Perkin Elmer HTS
7,000 Plus Bio Assay Reader, Perkin Elmer, Waltham, Mass., USA).

Tissue Preparation

Mice were perfused transcardially with 4% paraformaldehyde
in phosphate-buffered saline under deep isoflurane anesthesia.
Brains were postfixed in 4% paraformaldehyde with progressive-
ly increasing concentrations of sucrose, and then stored at -80°C
prior to sectioning. Hemi-brains were sectioned at 40 um on the
coronal plane using a freezing microtome. Sections were collected
in a 1:6 series and stored in 4% paraformaldehyde in preparation
for in situ hybridization.

In situ Probe Generation

Generation of riboprobes for in situ hybridization was per-
formed as described in Stranahan etal. [12]. Probe sequences were
as follows: for BDNF, right primer gtctgacgacgacatcactg, left
primer ccatgggattacacttggtc; for TrkB, right primer acaagctgac-
gagtttgtcc, left primer cttaaggagccctgtgtgtg; for NT-3, right prim-
er ggcaacagagacgctacaat, left primer agtcagtgctcggacatagg.

In situ Hybridization and Image Analysis

In situ hybridization was carried out as described [12]. We per-
formed densitometric analysis on scanned images from a phos-
phoimager screen. Regions of interest from five matched sections
throughout the dorsal hippocampus, dorsomedial hypothala-
mus, or ventromedial hypothalamus were hand-drawn using
ImageQuant (GE Healthcare) by an experimenter blind to group
conditions. Sections were averaged to obtain a single score for
each animal and anatomical boundaries were made with refer-
ence to the atlas of Paxinos and Franklin [13].

Statistics

In situ hybridization and serum data were compared across
genotypes and surgical conditions using two-way ANOVA with
Tukey’s post hoc using Graphpad Prism (Graphpad, La Jolla,
Calif., USA). Body weights and food intake were analyzed using
two-way repeated-measures ANOVA in SPSS version 18.0 (IBM,
Somers, N.Y., USA). For all analyses, statistical significance was
set at p <0.05.

Results

Effects of Lowering Corticosterone Levels on Weight

Gain and Food Intake in db/db Mice

Leptin receptor deficiency increased body weights in
both adrenally intact and adrenalectomized db/db mice re-
ceiving corticosterone replacement (ADX+CORT; fig. 1a;
for the interaction between genotype and surgery, F 5, =
21.98, p < 0.001). In terms of energy intake, db/db mice ate
more than wild-type mice, consistently, throughout the
experiment (fig. 1b; for the effect of genotype, F, 3, = 56.30,
p < 0.001).
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Fig. 1. Similarly elevated body weights and increased food intake in db/db mice with different levels of corticos-
terone. a Both sham-operated and ADX+CORT db/db mice weigh more than wild-type mice. b db/db mice con-
sumed more food than wild-type mice, without respect to corticosteroid status. * Significance at p < 0.05 fol-

lowing two-way repeated-measures ANOVA.

Lowering Corticosterone Levels Attenuates

Some Features of Endocrine Pathology in Leptin

Receptor-Deficient Mice

A number of neuronally relevant hormones and gut
peptides are dysregulated in db/db mice, but we chose to
focus on glucose, insulin, and corticosterone to charac-
terize basic features of glucoregulation in the context of
changes in stress hormones. Consistent with our previous
study [11], lowering corticosterone levels normalizes fast-
ing glucose levels in serum from db/db mice in the cur-
rent experiment (fig. 2; F, 5o = 61.62, p < 0.001). ADX+
CORT also attenuated hyperinsulinemia (fig. 2; F;,3 =
3.38, p = 0.048). In further support of earlier observa-
tions, db/db mice have elevated levels of circulating cor-
ticosterone (fig. 2; F, », = 16.70, p = 0.003), which was re-
duced through ADX+CORT.

Lowering Corticosterone Levels Selectively Restores

Dentate Gyrus BDNF Expression in db/db Mice

To look at expression of a gene that has been impli-
cated in both metabolism [14] and synaptic plasticity [15],
we measured BDNF expression using in situ hybridiza-
tion. BDNF mRNA expression is reduced in the hip-
pocampal dentate gyrus of adrenally intact db/db mice
(F120=15.22,p =0.009; fig. 3b, 4a). ADX+CORT restored
dentate gyrus BDNF expression in db/db mice (F;, =
6.86, p = 0.018). There was no significant effect of geno-
type on BDNF levels in hippocampal area CA3 (F,,, =
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Fig. 2. Lowering corticosterone levels ameliorates hyperglycemia
and attenuates elevations in circulating insulin levels in db/db
mice. Glucose and insulin levels reflect serum concentrations fol-
lowing an overnight fast. Corticosterone levels were measured in
serum taken from cardiac blood before perfusion under isoflu-
rane anesthesia; elapsed time from initial cage disturbance to col-
lection of blood samples was <3 min. * Significant difference fol-
lowing two-way ANOVA.

0.28, p = 0.60) or CA1 (F; 0 = 0.01, p = 0.92). There was
also no change in BDNF levels following ADX+CORT in
hippocampal area CA3 (F;, = 1.69, p = 0.21) or CAl
(FI,ZO =2.07, pP= 016)
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Fig. 3. Differential regulation of BDNF
and its receptor TrkB by corticosterone in
the hypothalamus and hippocampus of
db/db mice. a BDNF mRNA expression is
reduced in the dorsomedial (DMH) and
ventromedial (VMH) hypothalamus of
db/db mice irrespective of corticosteroid
status. Boxed area on autoradiographic
images shown as a heat map in the inset.
b Hippocampal BDNF expression is im-
paired in adrenally intact db/db mice, but
not in db/db mice that received ADX+
CORT. For a, b, the probe targets the ge-
nomic region common to all transcript
variants of the BDNF gene. ¢ Hippocampal
TrkB expression levels are similarly com-
promised in sham-operated db/db mice,
and this can be prevented by lowering the
levels of corticosterone. For a-c, there was v
no effect of ADX+CORT on expression of ¥
either BDNF or TrkB in wild-type mice.
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Fig. 4. Densitometric quantification of BDNF expression in the
hippocampus and hypothalamus of db/db and wild-type mice
with different levels of corticosterone. a Within the hippocampus,
sham-operated db/db mice have lower BDNF expression, specifi-
cally in the dentate gyrus subfield, where impairments in den-
dritic spine density [1] and synaptic plasticity [9] have also been
observed. db/db mice that received ADX+CORT show no deficit

db/db mice exhibit reduced BDNF expression in the
dorsomedial and ventromedial nuclei of the hypothala-
mus (DMH and VMH), two regions where BDNF signal-
ing negatively regulates feeding behavior [8]. However,
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in BDNF expression. b In the dorsomedial (DMH) and ventrome-
dial (VMH) nuclei of the hypothalamus, db/db mice exhibit re-
duced BDNF mRNA expression, irrespective of glucocorticoid
status. There was no effect of ADX+CORT on hippocampal or
hypothalamic BDNF expression in wild-type mice. * Significance
at p <0.05 following two-way ANOVA.

impairment of hypothalamic BDNF expression occurred
in both adrenally intact db/db mice, and in db/db mice
subject to ADX+CORT (fig. 3a, 4b; DMH, F, ,, = 23.05,
p=0.001; VMH, F; 5y = 19.6, p = 0.003). Insofar as BDNF
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Fig. 5. Glucocorticoid-dependent changes in TrkB expression in leptin receptor-deficient mice are restricted to
the hippocampus. a Adrenally intact db/db mice have lower levels of TrkB mRNA, specifically in the hippocam-
pal dentate gyrus (DG) and CA1 subfields. This deficit was not observed in db/db mice thatreceived ADX+CORT.
* Significance at p < 0.05 following two-way ANOVA. b In the dorsomedial (DMH) and ventromedial (VMH)
nuclei of the hypothalamus, no changes in TrkB expression were detected.

expression in the DMH and VMH can be viewed as an
inverse correlate for food intake, this is consistent with
our observation that ADX+CORT does not influence hy-
perphagia in db/db mice (fig. 1b).

Reinstatement of Normal Physiological Corticosterone

Levels Restores TrkB Expression in the db/db Mouse

Hippocampus

Adrenally intact db/db mice show reduced expression
of TrkB mRNA in the dentate gyrus (fig. 3c, 5a; DG,
Fi,0 = 13.52, p = 0.001) and CALl subfields (F; o = 6.41,
p = 0.02). There was no significant effect of genotype on
TrkB expression in the CA3 subfield (F,y = 1.69, p =
0.21). db/db mice that received ADX+CORT had levels of
TrkB that were indistinguishable from wild-type mice,
suggesting that chronic exposure to elevated corticoste-
rone levels impairs TrkB expression in the db/db mouse
hippocampus. By contrast, TrkB expression in the DMH
(flg 5b, F1,16 = 0.19, P = 067) and VMH (F1,16 = 1.62,
p = 0.22) was not influenced by either genotype or
ADX+CORT, suggesting that the effect of elevated corti-
costerone levels on TrkB expression in db/db mice may be
region-specific.

NT-3 mRNA Expression Is Not Affected by Genotype

or Surgery

To determine whether elevated corticosterone levels
globally downregulate neurotropin expression, we also
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quantified levels of NT-3, a neurotropin that activates
TrkC, a different but closely related receptor. There was
no effect of genotype on NT-3 mRNA levels in the dentate
gyrus (fig. 6a; F 16 =2.54, p=0.13), CA3 (F; ;6= 1.96,p =
0.18), or CA1 subfield (F; ;5 = 1.16, p = 0.29) of the hippo-
campus (fig. 1a, d). Likewise, there was no effect of geno-
type or adrenalectomy on N'T-3 expression in the DMH
(fig. 6b; Fy 16 = 0.02, p = 0.87) or VMH (Fy ;6 = 0.89, p =
0.35).

Discussion

We have observed differential regulation of BDNF ex-
pression by corticosterone in the hippocampus and hypo-
thalamus of db/db mice. Within the hippocampus, lower-
ing corticosterone levels reinstated normal BDNF and
TrkB mRNA expression in db/db mice. There were no
changes in N'T-3, suggesting that alterations in neurotro-
pin signaling may be specific to BDNF and its receptor.

In the hypothalamus, both adrenally intact and adre-
nalectomized db/db mice receiving corticosterone re-
placement exhibit reduced BDNF expression. This ana-
tomical pattern supports a distinct role for corticoste-
roids in the suppression of hippocampal, but not
hypothalamic, BDNF expression in db/db mice.

Glucocorticoid receptor (GR) activation mediates cor-
ticosterone-induced downregulation of BDNF mRNA

Stranahan/Arumugam/Mattson
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Fig. 6. NT-3 expression is unchanged in leptin receptor-deficient mice. a Hippocampal NT-3 expression was not
significantly altered by either genotype or surgical condition in any subfield. b NT-3 expression in the dorso-
medial (DMH) and ventromedial (VMH) nuclei of the hypothalamus is unaffected by genotype or surgery.

expression in the hippocampus [16]. The hippocampus
and hypothalamus differ in their relative levels of GR ex-
pression. In mice, the hippocampus expresses GR at
higher levels, relative to the hypothalamus [17]. Hippo-
campal BDNF gene transcription is reduced via corticos-
terone-dependent mechanisms in leptin receptor-defi-
cient mice, while reductions in hypothalamic BDNF are
not attributable to changes in levels of corticosterone. It
is possible that differential regulation of BDNF by corti-
costerone in the hippocampus and hypothalamus could
be related to the different concentrations of GR in these
two regions. Alternately, BDNF participates in many mo-
lecular pathways, and perturbations across one or more
other pathways could downregulate hypothalamic BDNF
independently of GR in the hypothalamus.

db/db mice lack functional leptin receptors, and this
signaling pathway may be a potential mediator for effects
on neuronal gene expression in the hippocampus and hy-
pothalamus. Leptin activates its canonical JAK/STAT
pathway to promote sensations of satiety in the hypothal-
amus [18], and in the hippocampus, leptin enhances
forms of synaptic plasticity that are thought to underlie
learning [19]. While treatment with leptin enhances hy-
pothalamic BDNF in normal mice [20], there is no mech-
anistic data to suggest that the converse is true: namely,
that loss of leptin signaling or sensitivity impairs hypo-
thalamic BDNF expression. Likewise, in the hippocam-
pus, although leptin application regulates glutamate re-
ceptor trafficking [21] and long-term potentiation [19], no
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studies exist to determine whether there is a direct link
between leptin and BDNF expression. In the current
study, lowering corticosterone levels does not change the
mutation that renders the leptin receptor inactive in db/
db mice, so any changes are unlikely to be attributable to
alterations in leptin receptor signaling.

db/db mice exhibit chronically elevated adrenal ste-
roid hormone levels [11]. This leads to greater cumulative
exposure of neurons to the consequences of corticoste-
roid-mediated changes in gene transcription. In the hip-
pocampus, these changes may relate to the impairment of
learning and memory [11]. In the hypothalamus, cortico-
steroid-independent changes in neurotropic factor ex-
pression could alter functional plasticity among circuits
associated with energy expenditure, food intake, and me-
tabolism. Targeted restoration of neurotropic factor ex-
pression — to the hippocampus, with the idea of reinstat-
ing learning, or to the hypothalamus, with the goal of
normalizing energy balance — will be a fruitful avenue for
future study.
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