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Abstract
Background: Impaired control of brain functions by CD26 alterations and sensing of unbalanced metabolism could be related in
obese and fasting rats. This study aims to search the hypothalamic
regions targeted by the alterations of CD26 and cellular activity
(Fos) in monosodium glutamate obese (MSG) and food deprived
(FD) rats.
Methods: The patterns of distribution of immunoreactivity (ir) of
CD26 and Fos were quantified in the hypothalamus.
Results: Compared to control, the CD26-ir increased in the supraoptic and retrochiasmatic nuclei of MSG. CD26-ir and Fos-ir concomitantly decreased in the dorsomedial and retrochiasmatic nuclei
of MSG-FD, the paraventricular nucleus of MSG and MSG-FD and
in the supraoptic nucleus of FD and MSG-FD, while they exhibited
opposite changes in the retrochiasmatic nucleus of FD and MSG,
the arcuate and periventricular nuclei of FD, MSG and MSG-FD,
the paraventricular and dorsomedial nuclei of FD and the supraoptic nucleus of MSG.
Conclusions: The data provide clear evidences for regional specific alterations of CD26 together with altered cellular activity in
the hypothalamus of MSG and FD animals and demonstrate that
regulation of CD26 is a hallmark of hypothalamic exposure to metabolic challenges.
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Introduction
The T cell marker CD26 is a multifunctional cell surface glycoprotein known to be induced upon T cell activation [1]. Investigations on inflammation and autoimmunity have pointed out a complex role for CD26 as an inhibitory leukocyte
surface receptor that can act as a target for ligands blocking
enzymatic activity and inhibiting T cell activation [2, 3]. The
CD26 molecule functions as the cell membrane-associated
dipeptidyl peptidase (DPP) IV (EC 3.4.14.5, gene: 3q21),
an ectopeptidase capable of cleaving N-terminal dipeptides
from polypeptides with either proline or alanine residues at
the penultimate position [4, 5]. Among the substrates of the
canonical CD26/DPPIV are glucagon-like peptides (GLP)
types 1 and 2, glucose-dependent insulinotropic polypeptide
or gastric inhibitor peptide (GIP), peptide YY 1-36 (PYY),
neuropeptide Y 1-36 (NPY), endorphin-2, dynorphin, substance P, growth hormone releasing hormone (GHRH) [413], CCL5 (RANTES), factor-1 derived from stroma and
chemokine derived from macrophages [14]. Investigations
on diabetes mellitus have pointed out a role for CD26/DPPIV mainly on the hydrolysis of GLP-1 [15, 16]. Receptors
of GLP-1 and GIP have been found in the brain [17], where
their effects are beginning to be understood and their relevance to disorders of nutrition and aging is being exploited.
Furthermore, CD26/DPPIV has been associated with an
effector phenotype and is markedly elevated in the human
multiple sclerosis [18]. However, whether CD26/DPPIV and
cellular activation in the central nervous system (CNS) could
be associated with obesity and nutritional status remains a
critical challenge to elucidate. Recent studies suggested that
altered gene expression and catalytic activity of CD26/DPPIV in plasma [19] and hypothalamus (HT) [20] occur in
monosodium glutamate obese (MSG) and food deprived
(FD) rat models. The focus of this study was to examine the
pattern of regional distribution of CD26 and its relation to
activated cells (Fos) in the HT of MSG and FD rats.
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Materials and Methods
Animals
Immediately after birth, male Wistar rats were housed with
a lactating female in a polypropylene box (inside length x
width x height = 56 cm × 35 cm × 19 cm), with food (commercially available ration Nuvilab CR-1, Nuvital, Brazil;
composed of 22% protein, 55% carbohydrate, 4% lipids, 8%
fibers, 10% vitamins and minerals; total of 3 kcal/g) and tap
water ad libitum, in a ventilated container (Alesco Ind. Com
Ltda, Brazil), with a controlled temperature (24 ± 2 °C), relative humidity (65 ± 1%) and 12 : 12 h light/dark photoperiod (lights on at 6:00 a.m.). Twenty-four hours after birth,
the animals received a daily subcutaneous bolus injection of
L-glutamic acid monosodium salt (Sigma, USA) in saline
0.9% (4 mg/g body mass), in the cervical region, between
7:30 - 9:00 h of light period, at a maximum volume of 0.2
mL (MSG animals), until they were 10 days old. At 22 days,
the animals were weaned; and the female was removed from
the cage [21]. At 90 days, obese animals were selected as
previously described [19, 20]. Briefly, the Lee index (body
mass (g)0.33/naso-anal length (cm)) [22, 23] was calculated
and these animals treated with L-glutamic acid monosodium
salt were then subdivided into 2 groups: MSG (obese = Lee
index > 0.300) and MSG-FD (obese fasted for 72 hours).
Rats of the same age and strain, receiving 0.9% NaCl under the same experimental conditions, were subdivided
into 2 groups: C (normal = Lee index ≤ 0.300 = control)
and FD (normal fasted for 72 hours). Food deprivation was
performed by transferring pairs of animals, between 7:30 9:00 h of light period, into metabolic cages, where they were
housed without food and with water ad libitum for 72 hours.
Except during this period, all experimental groups had access ad libitum to the same ration Nuvilab CR-1.
The animal care and handling procedures used were in
accordance with the guidelines of the Brazilian College of
Animal Experimentation and were approved by the Ethics
Committee of Institute Butantan (291/06).
Brain collection and fixation
The animals were anesthetized with a solution containing
ketamine chlorhydrate (Konig, Argentina) (100 mg/mL) and
xylazine chlorhydrate (Vetbrands, Brazil) (100 mg/mL) by
intraperitoneal injection (ip) (0.2 mL/100 g of body mass)
between 4:00 - 6:30 h during the light phase, and subsequently received intracardiac bolus injection of 0.1 mL of
sodium heparin solution (Roche, Brazil) (1000 IU/mL of saline). Cardiac perfusion with 0.9% NaCl plus 50 mM phosphate buffer, pH 7.4, over a period of 5 - 10 min, followed by
fixative solution composed of 4% paraformaldehyde (Synth,
Brazil) in 4% sodium borate (borax) (Synth, Brazil), pH 9.5,
for another 5 - 10 min, at a flow rate of 12 - 15 mL/min, was
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performed as described by Alponti et al [20]. After perfusion,
the animals were decapitated with a guillotine and the brains
were removed for immediate use.
Histological procedures
The brains were post-fixed in 4% paraformaldehyde solution
containing 20% sucrose (w/v), for 4 h. After this period, it
was cryoprotected in KPBS (potassium phosphate buffered
saline, 0.02 M, pH 7.4) plus 20% sucrose for 24 h and thus
sectioned into 40 μm thick coronal section (from Bregma
-1.32, in the rostrocaudal axis), using a cryomicrotome (Leica SM 2000R, Leica, Germany). Five series of sections were
collected for each animal in acrylic plates (25 wells, TPP,
Switzerland) with antifreeze solution (PBS 0.1 M, pH 7.4,
plus 20% sucrose and ethylene glycol) and stored at -20 °C
until submission to the following procedures.
Immunohistochemistry of CD26 and Fos
Coronal sections were removed from antifreeze solution and
then washed in KPBS (2 x 10 min), 0.1% hydrogen peroxide
(1 x 10 min) and KPBS (2 x 10 min). They were then incubated at 18 °C with polyclonal antisera anti-CD26 of human
produced in rabbit (Santa Cruz Biotech., USA) or anti-Fos of
human produced in rabbit (Oncogene, USA), for 48 h, in 1.5
mL microtubes placed in a mixer and protected from light.
The primary antibody solutions were composed of KPBS,
0.3% Triton X-100, 3% normal goat serum (Vector Laboratories, USA) and anti-CD26 (1 : 1,000 in KPBS) or antiFos (1 : 10,000 in KPBS). After this incubation, the sections
were washed in KPBS (2 x 10 min) and thus incubated at
18 °C for 60 min with a solution of KPBS plus 0.3% Triton
X-100 and the secondary antibody (biotinylated goat antirabbit) (1 : 500) (Vector Laboratories, USA). Subsequently,
the samples were washed in KPBS (2 x 10 min), incubated at
18 °C with avidin-biotin-peroxidase complex (1 : 500) (ABC
Kit Vectastain Elite Standard, Vector Laboratories, USA) for
60 min, washed with KPBS (2 x 10 min) and incubated at 18
°C with a solution containing 3,3-diaminobenzidine (Sigma,
USA) (0.05% in KPBS), nickel ammonium sulfate (0.05% in
KPBS) and hydrogen peroxide (0.01% in KPBS) (immunoperoxidase reaction). To stop the reaction, the sections were
submitted to a final washing with KPBS (2 x 10 min). Then
the sections were placed on slides previously covered with
poly-L-lysine (Sigma, USA).
Nissl stain
Coronal sections were removed from antifreeze solution and
then washed in KPBS (2 x 10 min) and placed on slides previously covered with poly-L-lysine. Subsequently, they were
dried at 23 °C for 48 h and then diaphanized in xilol and
dehydrated in ascending concentrations of ethanol. After re-
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Figure 1. CD26 immunoreactivity in coronal section of rat brain. Pia mater (highlighted) of control
(A) and food deprived MSG (B) animals. 2.12 mm posterior to bregma. Bars = 30 μm.

hydrated in descending concentrations of ethanol until pure
water, the sections were immersed in thionin (Fisher Scientific, USA) for 20 sec.

over Eukitt (Electron Microscopy Sciences, USA).

Preparation of slides

The capture of images and microdensitometry analyses
(populational density) of coronal sections were carried out
with Nikon E-1000 microscope (Nikon Corporation, Japan),
equipped with a digital camera CoolSNAP®, using ImagePro-Plus 4.0® (Media Cybernetics) software. The photo-

After immunohistochemistry or Nissl stain procedures, the
sections were dehydrated in ascending concentrations of ethanol, diaphanized in xilol and coverslipped with coverglass

Microdensitometry of CD26 and Fos immunoreactivity

Figure 2. CD26 immunoreactivity in coronal section of rat brain. Retrochiasmatic nuclei (highlighted) of control (A) and MSG (B) animals. 1.44 mm posterior to bregma. Bars = 30 μm.

Articles © The authors | Journal compilation © J Endocrinol Metab and Elmer Press™ | www.jofem.org

81

Alponti et al

J Endocrinol Metab • 2011;1(2):79-86

Table 1. Density of CD26-ir in the Hypothalamus of Normal Control (C), Normal Food
Deprived (FD), Obese (MSG) and Obese Food Deprived (MSG-FD) Animals
Regions

C

FD

MSG

MSG-FD

ArcNH
(1.71 - 4.36 mm)#
DMH
(2.28 - 3.84 mm)#
Pe
(1.32 - 3.48 mm)#
PM
(1.32 - 4.36 mm)#
PVN
(1.32 - 2.28 mm)#
RCh
(1.32 - 2.52 mm)#
SON
(1.32 - 2.52 mm)#

306 ± 11.26
(3)
14 ± 0.88
(3)
63 ± 12.12
(3)
425 ± 37.58
(3)
47 ± 4.91
(3)
12 ± 1.15
(3)
8 ± 1.45
(3)

490 ± 33.77**
(3)
27 ± 1.45**
(3)
134 ± 19.63*
(3)
58 ± 7.22***
(3)
88 ± 6.93**
(3)
41 ± 7.8*
(3)
A
(3)

144 ± 15.88**
(3)
10 ± 1.15
(3)
52 ± 9.81
(3)
256 ± 20.71*
(3)
A
(3)
138 ± 11.14***
(3)
79 ± 1.45***
(3)

292 ± 26.56
(3)
A
(3)
144 ± 24.26*
(3)
51 ± 5.19***
(3)
A
(3)
A
(3)
A
(3)

Values are mean ± SEM. Number of animals in the parentheses. A = absence of immunoreactivity. *P < 0.05, **P <
0.009 and ***P < 0.0001 compared to C (paired, two-sided Student’s t test). ArcNH: arcuate nucleus hypothalamic;
DMH: dorsomedial hypothalamus; Pe: periventricular hypothalamic nucleus; PVN: paraventricular hypothalamic
nucleus; RCh: retrochiasmatic hypothalamic nucleus; SON: supraoptic hypothalamic nucleus; PM: pia mater. #Reference of localization in mm posterior to the bregma [24].

graphs were taken with a digital camera CoolSNAP® (Nikon
Corporation, Japan). The quantitative results of CD26 and
Fos expression are related to the frequency of stained structures and not the absolute concentrations of these compounds. The analyzed areas from which the frequency of
stained structures were obtained were in accordance with the
atlas of the rat brain [24].
Data analysis
The quantitative data were presented as mean ± standard error of mean (SEM) and statistically analyzed using GraphPad InstatTM, GraphPad PrismTM and Prism 3.0 software
packages. The Student’s t test was used to compare pairs of
values. In all calculations a minimum critical level of P <
0.05 was set.

Results
Nissl staining confirmed the injury of ArcNH and ME, typical of MSG-obesity model (data not shown).
C animals had CD26 immunoreactivity (CD26-ir) in
the following HT nuclei: arcuate (ArcNH), dorsomedial
(DMH), periventricular (Pe), paraventricular (PVN), retrochiasmatic (RCh) and supraoptic (SON). CD26-ir was also
detected in the pia mater (PM). Figures 1 and 2 illustrate the
areas where significant changes of CD26-ir were detected,
compared to C animals. Table 1 shows the density of CD26ir in representative animals of each experimental condition.
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CD26-ir increased in the ArcNH (490 ± 33.77), DMH (27 ±
1.45), Pe (134 ± 19.63), PVN (88 ± 6.93) and RCh (41 ± 7.8)
and decreased in the PM (58 ± 7.22) of FD animals, compared to C (ArcNH: 306 ± 11.26; DMH: 14 ± 0.88; Pe: 63 ±
12.12; PM: 425 ± 37.58; PVN: 47 ± 4.91; RCh: 12 ± 1.15).
In FD animals, CD26-ir was absent in the SON. CD26-ir of
MSG animals increased in the RCh (138 ± 11.14) and SON
(79 ± 1.45), and decreased in the ArcNH (144 ± 15.88) and
PM (256 ± 20.71), compared to C (ArcNH: 306 ± 11.26;
PM: 425 ± 37.58; RCh: 12 ± 1.15; SON: 8 ± 1.45). CD26-ir
was absent in the PVN in MSG animals. CD26-ir of MSGFD decreased in PM (51 ± 5.19) and increased in Pe (144 ±
24.26), compared to C (Pe: 63 ± 12.12; PM: 425 ± 37.58).
The absence of CD26-ir was observed in DMH, PVN, RCh
and SON of MSG-FD.
Immunoreactivity to Fos (Fos-ir) was detected in the
following HT nuclei of C animals: anterior (AH) and ventromedial (VMH) hypothalamus, ArcNH, DMH, Pe, PVN,
RCh and SON.
Table 2 summarizes the mean density of Fos-ir in each
experimental group. Fos-ir decreased in the PVN of FD (135
± 14.14), MSG (66 ± 7.50) and MSG-FD (30 ± 4.61) and in
the RCh of FD (65 ± 7.50), MSG (22 ± 4.04) and MSG-FD
(66 ± 11.26), compared to C (PVN: 207 ± 16.16; RCh: 155
± 19.92). Fos-ir decreased in the VMH of FD (74 ± 12.70)
and MSG-FD (118 ± 21.94), compared to C (408 ± 79.67).
Fos-ir of MSG decreased in the AH, DMH and Pe (AH: 27
± 4.91; DMH: 12 ± 2.31; Pe: 16 ± 1.15), while it decreased
in ArcNH (101 ± 23.67), DMH (239 ± 41.28) and Pe (16 ±
2.03) of MSG-FD, compared to C (AH: 63 ± 11.83; ArcNH:
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Table 2. Density of Fos-ir in the Hypothalamus of Normal Control (C), Normal Food Deprived
(FD), Obese (MSG) and Obese Food Deprived (MSG-FD) Animals
Regions

C

FD

MSG

MSG-FD

AH
(1.32 - 2.82)#
ArcNH
(1.71 - 4.36)#
DMH
(2.28 - 3.84)#
Pe
(1.32 - 3.48)#
PVN
(1.32 - 2.28)#
RCh
(1.32 - 2.52)#
SON
(1.32 - 2.52)#
VMH
(1.72 - 3.36)#

63 ± 11.83
(3)
437 ± 66.11
(3)
577 ± 111.14
(3)
120 ± 16.45
(3)
207 ± 16.16
(3)
155 ± 19.92
(3)
25 ± 2.60
(3)
408 ± 79.67
(3)

51 ± 9.52
(3)
352 ± 31.46
(3)
443 ± 69
(3)
78 ± 4.91
(3)
135 ± 14.14*
(3)
65 ± 7.50*
(3)
A
(3)
74 ± 12.70*
(3)

27 ± 4.91*
(3)
347 ± 61.77
(3)
12 ± 2.31**
(3)
16 ± 1.15**
(3)
66 ± 7.50**
(3)
22 ± 4.04**
(3)
A
(3)
A
(3)

60 ± 6.64
(3)
101 ± 23.67**
(3)
239 ± 41.28*
(3)
16 ± 2.03**
(3)
30 ± 4.61***
(3)
66 ± 11.26*
(3)
A
(3)
118 ± 21.94*
(3)

Values are mean ± SEM. Number of animals in the parentheses. A = absence of immunoreactivity. *P
< 0.05, **P < 0.009 and ***P < 0.0006 compared to C (paired, two-sided Student’s t test). AH: anterior
hypothalamus; ArcNH: arcuate hypothalamic nucleus; DMH: dorsomedial hypothalamus; Pe: periventricular hypothalamic nucleus; PVN: paraventricular hypothalamic nucleus; RCh: retrochiasmatic hypothalamic
nucleus; SON: supraoptic hypothalamic nucleus; VMH: ventromedial hypothalamus. #Reference of localization in mm posterior to the bregma [24].

437 ± 66.11; DMH: 577 ± 111.14; Pe: 120 ± 16.45). Fos-ir
was absent in the SON of FD, MSG and MSG-FD animals,
as well as in the VMH of MSG animals.

Discussion
DPPIV enzyme activity in blood plasma [19] and hypothalamus [20] was previously distinguished kinetically
as insensitive (DI) (identified as CD26 protein) and sensitive (DS) to diprotin A. It was reported that MSG and/or
FD decreased the activity of soluble and membrane-bound
hypothalamic DPPIV-DI, as well as the activity of soluble
hypothalamic DPPIV-DS [20]. Furthermore, the monoclonal protein expression of membrane-bound CD26 also decreased in the hypothalamus of MSG and/or FD [20]. Despite of the increasing relevance of CD26 in recent years,
due to the therapeutic role of the inhibitors of DPPIV activity
[15] and DPPIV-resistant GLP-1 agonist exenatide [25] in
diabetes mellitus type 2, until now the data from that descriptive study [20] were the unique about the involvement
of CD26/DPPIV in the regulation of the energy balance in
the CNS. The present study added the mapping of CD26 in
the arcuate, dorsomedial, periventricular, retrochiasmatic
and supraoptic hypothalamic nuclei, which allows us a first
step to understand the association of the presence and altered
levels of this molecule with specific physiological roles of
each nucleus. Among these nuclei the presence of CD26 in

the arcuate nucleus seems to be the most impressive due to
the well-known role of this nucleus in the energy metabolism
[26, 27] and since the synthesis of NPY 1-36 is modulated
by receptors for insulin and leptin in this nucleus [26-30]. It
was also known that under food deprivation the increase of
orexigenic peptides occurs, such as opioids and NPY 1-36
(both are DPPIV substrates) [31-35], which may be related
to the observed increase in CD26-ir in these hypothalamic
nuclei under food deprivation (except in supraoptic nucleus).
However, the MSG obese animals had a decreased CD26-ir
in the arcuate nucleus, which may be resulting from the specific damage caused in this nucleus by MSG treatment [3638] as confirmed here by Nissl staining. However, increased
CD26-ir was observed in MSG in the supraoptic nucleus,
which synthesizes vasopressin (AVP). The content of NPY
1-36 is known to be high in obese [39] and it modifies the
release of AVP [40], justifying the increase of CD26-ir cell
bodies in this nucleus. In the periventricular hypothalamic
nucleus CD26-ir also increased in normal and MSG animals
both under food deprivation. This nucleus has neurons in
contact with cerebrospinal fluid and thus it is sensitive to
changes in the composition of this fluid. In the retrochiasmatic nucleus, CD26-ir was higher in normal food deprived
and MSG, and lower in food deprived MSG animals. Since
this nucleus expresses POMC mRNA [41] and DPPIV hydrolyzes β-endorphin, derived from POMC [42], it is likely
that the increase of CD26-ir in this nucleus is related to DPPIV activity of CD26. The immunohistochemical analysis
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also showed that CD26-ir in the dorsomedial hypothalamic
nucleus increased in normal food deprived and decreased
in MSG animals submitted or not to food deprivation. This
nucleus has an integrative function because it receives projections from several other hypothalamic nuclei, especially
the arcuate nucleus [30, 43]. Thus, the increase of CD26-ir
observed in normal food deprived suggests that CD26 acts
in the control of orexigenic peptides, such as NPY 1-36. On
the other hand, the damage caused by MSG in the arcuate
nucleus of obese animals probably also caused the decrease
of CD26-ir in the dorsomedial nucleus, as a result of reduced
projections from the arcuate nucleus. Similarly, there is a decrease in CD26-ir in the paraventricular nucleus of MSG animals submitted or not to food deprivation. This nucleus also
receives projections from the arcuate nucleus. It was noteworthy the presence of CD26-ir cell bodies in the pia mater,
which is known to be rich in astrocytes [44]. CD26-ir was
reduced in this meninx of normal food deprived and MSG
animals submitted or not to food deprivation. The astrocytes
are important glial cells which have several functions, including regulation of neurotransmitters through the membrane-bound transporter proteins that remove neurotransmitters from synaptic cleft, such as glutamate transporters [45].
Fos-ir is known to be increased in the supramammillary
and dorsomedial hypothalamic nuclei of obese mice and in
the medial part of perifornical nucleus of lean mice, after
food deprivation [46]. In the present study, Fos-ir decreased
in the dorsomedial nucleus of MSG animals submitted or
not to food deprivation. These opposite results can also be
explained by the lesions of arcuate nucleus caused by the adopted experimental model, as mentioned before. Moreover, it
was reported that a diet of saturated fat modulates the hypothalamic neuronal activity (measured by Fos-ir) in a pattern
consistent with its obesogenic effects [47]. The results of the
present study evidenced a decrease of Fos-ir in the ventromedial nucleus of normal food deprived and MSG animals submitted or not to food deprivation, which can be hypothesized
as due to unbalanced satiety in these animal groups, since the
ventromedial nucleus is known as the satiety center in the
CNS. Overall, reduced activity of the arcuate nucleus in the
animals treated with MSG may lead to decreased production
of orexigenic and anorexigenic peptides. Furthermore, the
paraventricular, retrochiasmatic and supraoptic nuclei also
had decreased cell activity (Fos-ir) in normal food deprived,
MSG and food deprived MSG animals, which may implicate
in impaired production of orexigenic and anorexigenic peptides in these nuclei. In this study, changes on the levels of
CD26 and Fos-ir had the same sense (both declined) in the
dorsomedial nucleus of food deprived MSG, the paraventricular nucleus of MSG and food deprived MSG, the retrochiasmatic nucleus of the food deprived MSG and in the supraoptic nucleus of normal food deprived and food deprived
MSG, which could be linked with a reduced production of
CD26 under these situations in these brain areas. However,
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Fos-ir and CD26-ir had opposite changes in the retrochiasmatic nucleus of normal food deprived and MSG, the arcuate
nucleus of normal food deprived, MSG and food deprived
MSG, the periventricular nucleus of normal food deprived,
MSG and food deprived MSG, the paraventricular nucleus of
normal food deprived, the supraoptic nucleus of MSG and in
the dorsomedial nucleus of normal food deprived. Therefore,
physiological significance of a possible association between
changes on CD26-ir and Fos-ir in the same brain areas is difficult to interpret. However, they permit to select these areas
to further identification of possible cellular targets that regulate CD26 in the examined situations.
In conclusion, our data provide clear evidences for regional regulation of CD26 expression in certain areas of
the hypothalamus of MSG obese and fasting rats, which are
coupled with changes on cellular activity. The topographical distribution of this multifunctional CD26 protein in the
hypothalamus suggests that its regulation is a hallmark of
hypothalamic exposure to metabolic challenges.
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