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idespread  blunting  of  hypothalamic  and  amygdala-septal  activity
nd  behavior  in  rats  with  long-term  hyperglycemia

.L.  Moreno-Cortés a, A.G.  Gutiérrez-García b,c, G.  Guillén-Ruiz b, T.  Romo-González a,
.M.  Contreras b,d,∗

Área de Biología y Salud Integral, Instituto de Investigaciones Biológicas, Universidad Veracruzana, Xalapa, Veracruz, Mexico
Laboratorio de Neurofarmacología, Instituto de Neuroetología, Universidad Veracruzana, Xalapa, Veracruz, Mexico
Facultad de Psicología, Universidad Veracruzana, Xalapa, Veracruz, Mexico
Unidad Periférica-Xalapa, Instituto de Investigaciones Biomédicas, Universidad Nacional Autónoma de México. México D.F., Mexico

 i g  h  l  i g  h  t  s

Glucose  levels  of ∼500  mg/dl  reduced  orexin  activity  in  hypothalamic  areas.
Blunted  Fos  immunoreactivity  was  detected  in  amygdala  and  lateral  septal nucleus.
No  indicators  of  anxiety  or  anhedonia  were  detected  in  behavioral  tests.
Decreased  general  locomotion  was  observed  in  the  open  field  test.
Long-term  hyperglycemia  decreased  neural  activity  rather  than  anxiety  or  anhedonia.
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a  b  s  t  r  a  c  t

Anxiety  and depression  in diabetic  patients  contributes  to a poor  prognosis,  but  possible  causal  rela-
tionships  have  been  controversial.  Anxiety,  fear,  and  anhedonia  are  mediated  by  interactions  between
different  deep  structures  of  the  temporal  lobe  (e.g.,  amygdala  complex  and  hippocampus)  and  other
forebrain-related  structures  (e.g.,  lateral  septal  nucleus).  Connections  between  these  structures  and  the
hypothalamic  orexinergic  system  are  necessary  for the  maintenance  of energy  and  wakefulness.  How-
ever,  few  studies  have  explored  the  impact  of  long-term  hyperglycemia  in  these  structures  on  anxiety.  We
induced  long-term  hyperglycemia  (glucose  levels  of  ∼500  mg/dl)  in Wistar  rats  by  injecting  them  with
alloxan  and  simultaneously  protecting  them  from  hyperglycemia  by  injecting  them  daily  with a  low  dose
of  insulin  (i.e., just  enough  insulin  to avoid  death),  thus  maintaining  hyperglycemia  and  ketonuria  for  as
long  as  6 weeks.  Compared  with  controls,  long-term  hyperglycemic  rats  exhibited  a significant  reduction
of  Fos  expression  in the  lateral  septal  nucleus  and  basolateral  amygdala,  but  no  differences  were  found
nhedonia in  cerebellar  regions.  Orexin-A  cells  appeared  to be  inactive  in  the  lateral  hypothalamus.  No  differences
were  found  in sucrose  consumption  or behavior  in  the elevated  plus  maze  compared  with  the  control
group,  but  a decrease  in  general  locomotion  was  observed.  These  data  indicate  a generalized  blunting  of
the metabolic  brain  response,  accompanied  by  a decrease  in  locomotion  but  no  changes  in  hedonic-  or
anxiety-like  behavior.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction
Depression often occurs among diabetic individuals [1], but
ausal relationships have been controversial. Diabetes is consid-
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ered a risk factor for the development of depression [2], namely
among type-2 diabetic individuals [3]. A bidirectional relation-
ship appears to exist between diabetes distress and depressive
symptoms [4–6], predominantly in the elderly [7]. Depression is
seemingly associated with a higher risk for developing type-2 dia-
betes, but type-2 diabetes is associated with only a modest increase

in the risk of depression [8,9].

At the experimental level, diabetic mice exhibit more submis-
sive social behavior, more passive avoidance in response to shock
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10], and marked submissive behavior in the resident-intruder
aradigm [11] compared with healthy controls. Among cerebral
tructures that have been related to emotional processes, there
s considerable information about the participation of amygdala-
eptal areas [12]. The lateral septum is involved in the regulation
f anxiety [13,14], and its neuronal activity increases after the
dministration of several antidepressant drugs [15,16]. Conversely,
euronal activity in the lateral septum decreases after a single
ession of stress [17]. Neural activity in the lateral septal nucleus
ppears to be opposite to neural activity in the basolateral amyg-
ala [18]. Thus, in fear-related situations, one may expect to see
n increase in amygdala activity and a decrease in septal activity.
oth the amygdala complex and lateral septal nucleus are intercon-
ected with the lateral hypothalamus [19,20], which plays a central
ole in the control of feeding and energy homeostasis [21]. This
egulation is mediated by the liberation of two peptides: orexin-

 (ORX-A) and orexin-B (ORX-B). These peptides have received
ubstantial research attention because of their ability to stimulate
ood intake and their relationship with nutritional states [21,22]
nd variations in glucose concentrations [23]. Some affective dis-
rders appear to be associated with hyperactivity of the orexinergic
ystem [24].

Anhedonia (i.e., the inability to experience pleasure) is one
f the main symptoms of several emotional disorders, especially
epression. In behavioral models of depression in rats, anhedonia is
eflected by a decrease in the responsiveness to reward, such as the
ntake of palatable sweet solutions [25,26]. The elevated plus maze
s widely used to assess anxiety-like behavior and the anxiogenic-
r anxiolytic-like effects of pharmacological agents [27–29]. Loco-
otion is usually evaluated in the open field test, which allows

he identification of possible changes in motor activity that is asso-
iated with treatments that may  influence performance in other
ehavioral tests. Therefore, these three experimental approaches
ay  complement each other when exploring animal models of

iabetes.
We hypothesized that long-term hyperglycemia produces

hanges in the amygdala-septal area and orexinergic system that
egulate emotions, and such changes would be reflected by hedo-
ic behavior, anxiety-like behavior, and locomotion. To investigate
he effects of long-term hyperglycemia on emotional systems in
he brain and behavior, we first injected rats with a single dose
f alloxan. Animals that are subjected to alloxan-induced diabetes
30] and spontaneous genetic models of diabetes [31] may  be pro-
ected by insulin. Therefore, we simultaneously injected insulin to
rotect the animals from lethal hyperglycemia and maintain high

evels of glycemia in the long term. After 6 weeks, we evaluated Fos
rotein expression in the basolateral amygdala and lateral septal
ucleus and orexin-A activation in the lateral hypothalamus, with
erebellar tissue as a control. Another group of rats was treated
imilarly and underwent behavioral testing.

. Materials and methods

.1. Subjects and housing conditions

Adult male Wistar rats, weighing 250–300 g and 12 weeks of
ge, were housed five per cage (44 cm width × 33 cm length × 20 cm
eight) in local housing facilities at a mean temperature of 25 ◦C
ith a 12 h/12 h light/dark (lights on at 7:00 AM)  with free access

o food (Harlan 2018S Teklad Lab Animal Diets, Indianapolis, IN,
SA) and purified water. The animal handling procedures were

onducted according to the Biomedical Research Institute Ethical
ommittee (Universidad Nacional Autónoma de México) in strict
ccordance with the National Guide for the Production, Care and
se of Laboratory Animals [32], which complies with international
Brain Research 310 (2016) 59–67

guidelines set forth by the National Institutes of Health. All efforts
were made to minimize the number of animals used.

2.2. Experimental groups

The neurochemical study included two  experimental groups:
control (C; n = 6) and experimental long-term hyperglycemia
(ELTH; n = 6).

2.3. Experimental long-term hyperglycemia induction

In the ELTH group, alloxan monohydrate (Sigma, St. Louis,
MO,  USA) was administered intraperitoneally (200 mg/kg body
weight) in overnight-fasted rats. Immediately after administration,
the rats received 5% dextrose solution to prevent fatal alloxan-
induced hypoglycemia as a result of massive pancreatic insulin
release [33]. The control group received an equivalent volume of
0.9% NaCl solution in the first session and no treatments there-
after. We verified that the control group maintained glucose levels
≤120 mg/dl. Hyperglycemia was  confirmed 48 h later using a glu-
cose meter (Accu-chek performa; Roche, Indianapolis, IN, USA).
Rats with plasma glucose levels >250 mg/dl were selected for the
study. Of the total number of rats, three did not meet this criterion
and were excluded from the experiment. To produce controlled
hyperglycemia and promote survival, the ELTH group received daily
subcutaneous insulin (0.25-0.5 U/kg body weight; Lantus, Sanofi-
Aventis, Paris, France). Insulin shock was  rare among these rats with
glycosuria. Using this procedure, we attained 84% survival while
maintaining hyperglycemia >250 mg/dl.

2.4. Biological measurements

Glucose levels were monitored 3, 7, 14, 21, 28, 35, and 42 days
after alloxan administration. Urinary glucose, urinary acetone, and
body weight were recorded at the same time intervals (Multistix
10 SG; Siemens, Tarrytown, NY, USA). Food intake and water con-
sumption were recorded daily.

2.5. Perfusion and fos and orexin-A immunohistochemistry

At the end of the study, the rats received a lethal dose of
pentobarbital (Pisabental, PISA Agropecuaria, Atitalaquia, Hidalgo,
México) and were intracardially perfused with saline solution
(0.9%) followed by 4% paraformaldehyde in phosphate buffer (pH
7.4). The brains were removed immediately after perfusion, post-
fixed overnight, and cryoprotected successively in 10%, 20%, and
30% sucrose in phosphate buffer. The brains were frozen at −19 ◦C
and cut coronally into 50 �m sections with a cryostat (Leica-Jung,
Nussloch, Germany) from the level of the diagonal band of Broca to
the mammillary bodies. One set of sections was processed for the
immunohistochemical detection of Fos-immunoreactive (IR) and
Fos/ORX-A-IR cells.

For Fos immunohistochemistry, the tissue was washed three
times for 5 min  in phosphate buffer to remove excess aldehydes
and then exposed for 10 min  to 0.5% hydrogen peroxide solution to
eliminate endogenous peroxidase activity. Nonspecific tissue anti-
body reactions were blocked by placing the sections in 3% normal
horse serum (Vector Laboratories) for 1 h at room temperature. The
sections were incubated in goat polyclonal Fos primary antibody
(1:5000; sc-52G, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
in 3% normal horse serum with 0.3% Triton X-100 (Sigma, St. Louis,
MO,  USA) at 4 ◦C. After 72 h, the tissue was incubated in biotinylated

horse anti-goat serum (1:250; Vector Laboratories, Burlingame,
CA, USA) for 1 h and then incubated in avidin-biotin-horseradish
peroxidase (HRP) complex (1:250; ABC Vectastain Elite, Vector Lab-
oratories, Burlingame, CA, USA) for 2 h. After incubation, the tissue
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Fig. 1. Representative camera lucida drawing showing the localization of (A) the
lateral septum (LS; bregma 0.20 mm)  and (B) the amygdala (Amy) and lateral
hypothalamus (LH; bregma −2.80 mm)  where the analyses were performed. Dotted
lines delimit the counted area. CC, corpus callosum; f, fornix; opt, optic tract; Pir,
M.L. Moreno-Cortés et al. / Behavi

as rinsed three times in phosphate buffer for 5 min  each. Fos was
eacted with a solution of 0.05% diaminobenzidine in the presence
f nickel sulfate (10 mg/ml, Fisher Scientific, Pittsburgh, PA, USA),
obalt chloride (10 mg/ml, Fisher Scientific), and 0.01% hydrogen
eroxide, which produced a black-purple precipitate. After 5 min,
he tissue was transferred to phosphate buffer to stop the reaction.

For ORX-A immunohistochemistry, the sections were rinsed
n phosphate buffer and incubated for 24 h at 4 ◦C in goat poly-
lonal ORX-A antibody (1:5000; sc-8070, Santa Cruz Biotechnology,
anta Cruz, CA, USA) in 3% normal horse serum with 0.3% Triton X-
00 (Sigma). The sections were then sequentially incubated with
iotinylated horse anti-goat and avidin-biotin-HRP complex, both
iluted 1:250 in phosphate buffer for 1 h, and then incubated in
vidin-biotin-HRP complex (1:250; ABC Vectastain Elite, Vector
abs) for 2 h. After incubation, the tissue was rinsed three times
n phosphate buffer for 5 min  each. Orexin-A antibody-peroxidase
omplex labeling was revealed by 0.05% diaminobenzidine, which
roduces a brown cytoplasmic precipitate. The sections were
ounted on gelatin-coated slides, dehydrated, and coverslipped
ith Permount. As a control, we used tissue sections that were

rocessed as above but without primary antibody.

.6. Quantification of immunostaining

To quantify the staining of immunoreactive nuclei, we deter-
ined the background optical density in a nearby region that

acked immunoreactivity using Image-Pro Plus 5 software (Media
ybernetics, Silver Spring, MD,  USA). Immunoreactive cells that
eached five times the optical density of the background level
ere considered positive. Cells below this level of staining
ere considered negative. Using an Olympus BX41 microscope

Olympus, Tokyo, Japan) at 10× and 20× magnification, Fos
mmunoreactivity was identified as a black-purple precipitate from
he diaminobenzidine-nickel/cobalt reaction in the cell nucleus.
rexin-A immunoreactivity was identified as a brown precipitate

n the cytoplasm. Fos/ORX-A immunoreactivity was identified as a
rown cytoplasm and black nucleus. Although the same secondary
ntibody was used, to avoid cross-reactions, double labeling was
erformed by considering the ubiquity of the antigen, in which Fos
ntibody reacts with nuclear antigens and ORX-A reacts with cyto-
lasmic antigens [34,35]. Immunostaining was absent in tissue that
as processed without primary antibodies.

To quantify Fos-IR and Fos/ORX-A-IR cells in the brain struc-
ures, a blind observer examined five representative sections
ilaterally in coronal sections in the lateral septal nucleus (Fig. 1A)
nd basolateral amygdala (Fig. 1B). The percentage of orexiner-
ic (Fos/ORX-IR) cells was quantified in the lateral hypothalamus
Fig. 1B) according to the stereotaxic atlas of Paxinos and Watson
36]. The cerebellar cortex was used as a control structure.

.7. Behavioral tests

For the behavioral part of the study, we began with 25 rats, but a
nal total of 21 rats was included: control group (n = 12) and ELTH
roup (n = 9). Five animals died soon after the alloxan injection. This
econd cohort of animals was subjected to the sucrose preference
est. One week later, the elevated plus maze test was  performed,
ollowed 5 min  later by the open field test.

.7.1. Sucrose preference test
We followed a previously reported procedure [37]. Prior to test-

ng, the rats were trained to adapt to a sucrose solution (1%, w/v).

wo bottles of sucrose solution were placed in each cage for 24 h.
ne bottle of sucrose solution was then replaced with water for
4 h. After adaptation, the rats were deprived of water and food for
4 h. The sucrose preference test was performed with rats that were
piriform cortex.

housed in individual cages with free access to the two bottles, one
containing 100 ml  of sucrose solution (1% w/v) and the other con-
taining 100 ml  of water. After 1 h, the volumes of sucrose solution
and water that were consumed were recorded, and sucrose prefer-
ence was  calculated as the following: sucrose preference (%) = sucrose
consumption/(sucrose consumption + water consumption).

2.7.2. Elevated plus maze
The elevated plus maze was  constructed of wood and situated

in a brightly lit room (40 lx). The apparatus consisted of two  oppo-
site open and closed arms set in a plus configuration. The open
and closed arms were painted white and black, respectively. The
dimensions of the open arms were 50 cm length × 10 cm width.
The dimensions of the closed arms were 50 cm length × 10 cm
width × 40 cm height. The entire maze was elevated 50 cm above
the floor. At the beginning of the test, each rat was  gently placed
in the center of the maze, facing an open arm, and the time spent
on and numbers of entries into the open and closed arms were
recorded [27]. The total number of entries (open arms + closed
arms) was  also recorded, and the percentage of open arm entries
([open entries]/[total entries] × 100) was calculated. Rats that fell
from the maze were discarded from subsequent data analyses. In
the same 5 min  test, two risk assessment measures were evalu-
ated according to Griebel et al. [38]: attempts (i.e., attempts at
entries into an open arm followed by avoidance responses, includ-
ing stretch-attend posture, in which the rat stretched forward and
retracted to its original position) and head-dipping (i.e., protruding
the head over the ledge of an open arm and down toward the floor;
this response could occur while the body was in the closed arms,
central square, or open arms). For these behaviors, the number of
events and time spent engaged in each event were evaluated. Addi-

tionally, the Anxiety Index was  calculated according to Cohen et al.
[29]: Anxiety Index = (1−[Open arm time/Test duration] + [Open arm
entries/Total number of entries]/2).
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Table 1
Changes in blood glucose, body weight, urinary glucose, urinary acetone, and food
and  water intake in experimental subjects.

Biological measurements Control group Hyperglycemia group

Blood glucose (mg/dl) 99.3 ± 18.12 541.6 ± 18.12**

Body weight (g) 385.1 ± 11.45 296.6 ± 11.45**

Urinary glucose (mg/dl) 0.00 1777.7 ± 125.56
Urinary acetone (mg/dl) 0.00 10.2 ± 2.98
Food intake (g) 46.4 ± 3.31 77.1 ± 7.05**

Water consumption (ml/24 h) 71.7 ± 10.16 126.3 ± 17.66*
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Table 2
Variables evaluated in the elevated plus maze that were similar between groups.

Control group Hyperglycemia group

Open arm time (s) 24.8 ± 10.58 56.6 ± 19.6
Closed arm time (s) 208.5 ± 16.11 180.6 ± 20.4
Open-arm entries (n) 2.0 ± 0.89 1.7 ± 0.59
Head dips (s) 4.1 ± 1.41 6.1 ± 1.59
Head dips (n) 4.3 ± 1.68 4.5 ± 1.01
Attempts (s) 31.8 ± 5.70 16.8 ± 5.36
* p < 0.01, ** p < 0.001.

.7.3. Open field test
To evaluate the effects of the treatment on spontaneous locomo-

or activity and determine possible hypoactivity or hyperactivity
hat was attributable to long-term hyperglycemia, a 5 min  open
eld test was performed 5 min  after the elevated plus maze test

n another room (40 lx). We  used an automated locomotor activ-
ty monitor (Acti-Track v2.7.10, PanLab, S.L., Instrument, Barcelona,
pain) that consisted of a Perspex box (45 cm × 45 cm)  with 35 cm
igh walls. A total of 32 infrared beams, 16 on each perpendicular
all (3 cm above the box frame floor) were connected to an inter-

ace (LE 8811, LSI Letica Scientific Instrument, Barcelona, Spain) and
ubsequently to a computer. For data analysis, the floor of the cage
as virtually divided into five zones (four peripheral zones and one

entral zone). We  recorded the number of entries into each zone
crossings), total resting time, and total activity time during the

 min  test as indicators of locomotion. No other behaviors, such as
earing or grooming, were evaluated. Because of the relatively small
age, we did not compare central vs.  peripheral exploration. After
ach experimental session, the elevated plus maze and locomo-
or activity box were carefully cleaned and deodorized with a 5%
thanol cleaning solution. Approximately 5 min  elapsed between
ach test to allow the scent of the substances to dissipate.

.8. Statistical analysis

One-way repeated-measures analysis of variance (ANOVA) was
sed to detect the effects of alloxan on blood glucose, body weight,
rinary glucose, urinary acetone, and food and water intake in the
LTH and control groups. Student’s t-test was used to compare
he long-term effect of hyperglycemia on Fos-IR and Fos-/ORX-
-IR cells between the ELTH and control groups. The data from

he elevated plus maze and open field test were analyzed using
tudent’s t-test (SigmaStat 3.0). The results are expressed as the
ean ± standard error of the mean. Values of p ≤ 0.05 were consid-

red statistically significant.

. Results

.1. Biological measurements

In the ELTH group, blood glucose levels were significantly
igher than in the control group (F7,95 = 58.465, p < 0.001). The sta-
istically significant difference between groups occurred 3 days
fter the alloxan injection (p < 0.001), and glucose levels remained
ear 500 mg/dl for 40 days. Significantly lower body weight
F7,95 = 12.190, p < 0.001) was observed approximately 10 days after
he alloxan injection, and no weight gain was detected for as long
s 30 days. The ELTH group exhibited higher urinary glucose and
rinary acetone levels. Compared with the control group, the long-

erm hyperglycemic rats exhibited a significant increase in water
ntake (t16 = −2.677, p < 0.017) and a marked increase in food con-
umption (t16 = −3.933, p < 0.001; Table 1).
Open-arm entries (%) 14.1 ± 5.59 22.4 ± 6.99
Anxiety Index 0.89 ± 0.03 0.85 ± 0.04

3.2. Amygdala-septal fos expression

The immunohistochemical analysis of the septal and basolat-
eral amygdala regions (Fig. 2A, C) revealed lower neuronal activity
in the ELTH group compared with the control group. Significantly
lower Fos expression was observed in all septal regions in the
ELTH group compared with controls (t10 = 77.564, p < 0.001; Fig. 2B).
The expression of Fos-IR cells was also lower in the basolateral
amygdala in the ELTH group compared with controls (t10 = 4.852,
p < 0.001; Fig. 2D). The ELTH group and control group exhibited
similar Fos expression in cerebellar regions (Fig. 3).

3.3. Orexinergic expression

Both groups exhibited Fos/ORX-A double-labeling (Fig. 4A). In
the lateral hypothalamus in long-term hyperglycemic rats, this
expression was  significantly lower than in the control group
(t10 = 14.453, p < 0.001; Fig. 4B). Quantitative analysis indicated that
orexin neurons number were similar in both experimental groups
(t10 = −0.375, p = 0,716; Fig. 4C).

3.4. Behavioral tests

3.4.1. Sucrose preference test
The percentage of sucrose consumption was similar between

the ELTH group (65.7 ± 7.86 ml)  and control group (68.4 ± 3.4 ml;
t19 = 0.338, p = 0.739). A nonsignificant trend (t19 = −1.940,
p = 0.067) toward higher total fluid intake (water + sucrose)
was observed in the ELTH group (22.6 ± 1.02 ml) compared with
the control group (18.5 ± 1.64 ml).

3.4.2. Elevated plus maze
No significant differences were observed between the control

and ELTH groups in the time spent on the open arms (t19 = −1.521,
p = 0.145), time spent on the closed arms (t19 = 1.084, p = 0.292),
number of open-arm entries (t19 = 0.264, p = 0.794), number of
head-dipping episodes (t19 = −0.104, p = 0.919), time spent head-
dipping (t19 = −0.944, p = 0.357), or time engaged in attempts
(t19 = 1.862, p = 0.078). No significant differences were found in the
percentage of open-arm entries (t19 = −0.942, p = 0.358) or the Anx-
iety Index (t19 = 0.779, p = 0.446). The only significant differences
in the elevated plus maze were in closed-arm entries (t19 = 2.979,
p < 0.008), the total number of entries (t19 = 2.690, p < 0.014), and
the number of attempts (t19 = 4.870, p < 0.001; Table 2, Fig. 5A).

3.4.3. Open field test
Significant differences were found between groups in the num-

ber of crossings (t19 = 2.859, p < 0.010), activity time (t19 = 2.168,

p < 0.043), and resting time (t19 = −2.163, p < 0.043; Fig. 5B), indicat-
ing that the ELTH group exhibited lower general locomotion than
the control group.
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Fig. 2. Fos-IR cells in the (A) lateral septum and (C) basolateral amygdala. Dotted lines delimit the counted area. (B, D) Compared with the control group (C-G; gray bars), the
experimental long-term hyperglycemia group (ELTH-G; black bars) exhibited low neuronal activity. **p < 0.001 (Student’s t-test). CC, corpus callosum; LV, lateral ventricle;
OT,  optic tract. Scale bar = 100 �m.
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ig. 3. Fos expression in cerebellar cells. Representative photomicrographs of Fos-
ontrol group (C-G). Scale bar = 100 �m.

. Discussion

The present study investigated whether long-term hyper-
lycemia leads to changes in neuronal activity in the lateral septal
ucleus and basolateral amygdala and orexinergic cells in the

ateral hypothalamus and whether such changes are related to
hanges in hedonia, anxiety, and locomotor activity. Both Fos activ-
ty and orexinergic activity appeared to be blunted after a condition
n which plasma glucose was maintained at a constantly high level
or 6 weeks. We  did not observe any changes in tests that evaluated

edonic behavior or anxiety-like behavior, but we  found decreases

n all indicators of locomotion.
s in cerebellum in the experimental long-term hyperglycemia group (ELTH-G) and

Animal models are unable to fully recapitulate all aspects of
human diabetes and its complications [39], and genetic models
merit special attention. Some signs that reflect depression (e.g., long
duration of immobility in the tail suspension test) are related to a
decrease in interneuronal dendritic arborization in some neurons
in the medial prefrontal cortex and a decrease in �-aminobutyric
acid activity in transgenic mice 14 days after a streptozocin injec-
tion [40]. One genetic model that is used to study diabetes is db/db
mice. These mice may  exhibit signs of despair and anxiolysis, a
reduction of locomotion, and psychosis-like symptoms [41]. In this

genetic model, corticosteroids may  be a precipitating factor for
neuroinflammation because of a lower threshold for the release of
proinflammatory cytokines [42], and db/db mice also exhibit neu-
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ig. 4. (A) Fos/ORX-A-IR cells in the lateral hypothalamus. Representative photom
rrow)  cells in the lateral hypothalamus. Scale bar = 100 �m. (B) Compared with the c
lack  bars) exhibited low orexinergic activity. (C) Total orexin counts were similar 

ological peculiarities that are unrelated to diabetes-related neural
lterations or comorbid diseases [43]. Another genetic model of dia-
etes has been proposed to study the relationship between diabetes
nd Alzheimer’s disease [31]. ZDF rats represent an animal model of
besity and diabetes. In these animals, hyperglycemia is unrelated
o changes in learning and long-term potentiation in hippocam-
al slices [44]. Although some genetic models of diabetes present
ehaviors that are suggestive of anxiety and depression, these alter-
tions may  only represent a part of the complex characteristics of
hese mice.

Alloxan is a very stable [45] toxic glucose analogue that selec-
ively destroys beta cells in the pancreas to produce experimental
iabetes [46]. Animal models of alloxan-induced type 1 diabetes
re characterized by hyperglycemia and a tendency toward ketosis
30]. Using the present protocol, we observed hyperglycemia, low
ody weight, glycosuria, ketonuria, and an increase in water and
ood intake, indicating the development of type 1 diabetes.

Although cerebral energy metabolism remains stable even 8
onths after streptozocin-induced diabetes [47], the effects of

yperglycemia may  be different in the short and long term. In this
odel, alloxan is injected, hyperglycemia is verified, and effects

re studied 10–20 days later [48,49]. At this time point, intravas-
ular hemolytic events may  be observed [50,51], but histological
hanges [52,53] and macrovascular and microvascular alterations
54], including vascular endothelia, glomerular epithelia, neurons,
nd glial cells that result in eye, kidney, and nerve damage [55], are
nly observed after a longer period of time.

In the present study, the maintenance of high plasma glucose
evels for 6 weeks was related to low neuronal activity in the

ateral septal nucleus and basolateral amygdala, reflected by low
os activity. Several studies have reported low neuronal activ-
ty in the lateral septal nucleus in rodents that were exposed to
ests of behavioral despair [56], and abnormalities in this struc-
aphs show Fos-IR (white arrow), ORX-A-IR (gray arrow), and Fos/ORX-A-IR (black
l group (C-G; gray bars), the experimental long-term hyperglycemia group (ELTH-G;
en groups. **p < 0.001 (Student’s t-test).

ture have been associated with schizophrenia, depression, and
anhedonia [57–59]. An increase in activity of the basolateral amyg-
dala has been reported in depressive patients [60]. The volume
of the prefrontal and orbitofrontal cortices, amygdala, and hip-
pocampus [61,62] is diminished in depressive patients. Therefore,
in clinical conditions, there is selective activity of the basolateral
amygdala and lateral septal regions. However, in the present study,
we detected lower activity in both regions, which is contrary to
what was expected [18].

We also observed low activity of orexinergic cells, which con-
trasts with other reports [63]. The orexinergic system is sensitive to
changes in glucose concentrations [64,65]. These neurons are also
stimulated by insulin circulation and 2-deoxy-d-glucose [66]. Thus,
hyperglycemia decreases orexinergic activity, which is consistent
with the present results.

Although we  reproduced many of the core symptoms of dia-
betes in the present study, we observed blunted activity of both
Fos and ORX-A. Rodents that are subjected to chronic unpredictable
mild stress exhibit decreases in body weight gain and locomotor
activity in the open field and, particularly relevant for the present
study, a clear decrease in sucrose preference [67], which is inter-
preted as anhedonia. However, we  observed no changes in sucrose
preference in long-term hyperglycemic rats. Therefore, at least one
indicator of depressive-like behavior was  absent.

Some effects in experimental models of diabetes are manifest
only after a certain period of time. Streptozocin-induced diabetes
is first associated with a decrease in nerve conduction (i.e., a periph-
eral effect) and weeks later by a central nervous system effect,
reflected by a decrease in evoked potential latencies [68]. In the

present study, the ELTH group did not exhibit any indicator of
anxiety 6 weeks after the alloxan injection. Rodents that exhibit
anxiety-like behavior in the elevated plus maze usually exhibit
a reduction of the time spent on the open arms [69,70]. In this
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ower  general locomotion than the control group (C-G). *p ≤ 0.05 (Student’s t-test).

odel, the total number of arm entries is an indicator of locomotion
27]. We  observed a lower total number of arm entries in the ELTH
roup compared with the control group. In the open field test, the
LTH group exhibited clear reductions of the number of crossings
nd activity time and an increase in resting time, indicating lower
ocomotion. Therefore, long-term hyperglycemia produced no rel-
vant changes in the elevated plus maze, suggesting no influence
n anxiety-like behavior but a decrease in locomotion.
In addition to studies that identified emotional changes in dia-
etes, cognitive functions have also been explored. Diabetes in
he elderly appears to involve limitations in cognitive abilities,
ikely because of chronic and metabolic changes [71] that lead to
n field test. The experimental long-term hyperglycemia group (ELTH-G) exhibited

a higher risk of dementia [72], including the so-called diabetes-
associated cognitive decline [73]. Some experimental data support
this theoretical position. In streptozotocin-induced diabetic mice,
20 days after toxin injection, severe impairments were observed
in learning and memory that were related to a neurodegenerative
process in the hippocampus, with no changes in exploratory or non-
exploratory activity in the asymmetric elevated plus maze [74]. The
long-term impairments in spatial memory and long-term poten-

tiation are seemingly related to N-methyl-d-aspartate receptors
[75]. Delays in long-term potentiation and facilitation of long-term
depression in the CA1 area of the hippocampus are detected 6
weeks after streptozocin injection [76]. These effects are likely
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elated to the deficits in working memory that were observed 14
eeks after the injection [77], supported by severe damage that

s observed in hippocampal structures [78]. Therefore, our results
uggest a deleterious effect on cognition rather than emotional
isturbances.

One weakness of the present study was our failure to measure
he amount of urine. Although we detected an increase in food and
ater consumption, we did not perform a full characterization of

iabetes, including perhaps evaluations of eye fundus.
In summary, every chemical and behavioral parameter was

lunted in the present study, but no signs of anhedonia or anxiety
ere detected. A decrease in the psychomotor response was found,
ith no data that were suggestive of anxiety- or anhedonic-like

ehavior in this alloxan-induced model of diabetes.
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