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ABSTRACT
Type 2 diabetes (T2D) patients often present olfactory dysfunction. However, the 

histopathological basis behind this has not been previously shown. Since the piriform 
cortex plays a crucial role in olfaction, we hypothesize that pathological changes in 
this brain area can occur in T2D patients along aging. Thus, we determined potential 
neuropathology in the piriform cortex of T2D rats, along aging. Furthermore, we 
determined the potential therapeutic role of the glucagon-like peptide-1 receptor 
(GLP1-R) agonist exendin-4 to counteract the identified T2D-induced neuropathology. 

Young-adult and middle-aged T2D Goto-Kakizaki rats were compared to 
age-matched Wistars. Additional Goto-Kakizaki rats were treated for six weeks 
with exendin-4/vehicle before sacrifice. Potential T2D-induced neuropathology 
was assessed by quantifying NeuN-positive neurons and Calbindin-D28k-positive 
interneurons by immunohistochemistry and stereology methods. We also quantitatively 
measured Calbindin-D28k neuronal morphology and JNK phosphorylation-mediated 
cellular stress. PI3K/AKT signalling was assessed by immunohistochemistry, and 
potential apoptosis by TUNEL.

We show T2D-induced neuronal pathology in the piriform cortex along aging, 
characterized by atypical nuclear NeuN staining and increased JNK phosphorylation, 
without apoptosis.  We also demonstrate the specific vulnerability of Calbindin-D28k 
interneurons. Finally, chronic treatment with exendin-4 substantially reversed the 
identified neuronal pathology in correlation with decreased JNK and increased AKT 
phosphorylation. 

Our results reveal the histopathological basis to explain T2D olfactory dysfunction. 
We also show that the identified T2D-neuropathology can be counteracted by GLP-1R 
activation supporting recent research promoting the use of GLP-1R agonists against 
brain diseases. Whether the identified neuropathology could represent an early 
hallmark of cognitive decline in T2D remains to be determined.

INTRODUCTION

Type 2 diabetes (T2D) is one of the most prevalent 
chronic diseases in the modern world and its incidence 
is expected to rise substantially in the upcoming years 

[1]. Accordingly to the American Diabetic Association 
(http://www.diabetes.org/in-my-community/awareness-
programs/older-adults/), approximately 25% of Americans 
over the age of 60 years have diabetes, and aging of the 
U.S. population is widely acknowledged as one of the 
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drivers of the diabetes epidemic. 
Previous studies showed that T2D patients have 

increased odor detection threshold [2], decreased odor-
identification ability [3, 4], and increased risk of anosmia 
[5]. Recent studies confirmed a relationship between 
T2D and olfactory dysfunction as well as the correlation 
between lower olfactory scores and the presence of 
diabetic complications [6, 7]. Moreover, a recent 
pre-clinical work has demonstrated loss of olfactory 
sensory neurons with accompanying reduced olfactory 
discrimination in mice after exposure to a high-fat diet 
[8]. In addition, in the same model of T2D as used in 
our study (Goto-Kakizaki rats), a significantly increased 
glucose utilization in the olfactory bulb has been shown 
to result in increased taste aversion [9], in which olfactory 
cues play a determinant role [10].

Insulin resistance and insulin deficiency, which 
are two hallmarks of T2D at different stages, could be 
important contributing factors in the development of T2D-
induced olfactory dysfunction and growing evidence for 
the role of insulin in the modulation of olfaction has been 
recently reported [11]. Obese, insulin-resistant rats have 
a decreased level of tyrosine-phosphorylated proteins in 
the olfactory bulb and piriform cortex [12]. Furthermore, 
insulin binding in the olfactory bulb of these rats is 
decreased [13]. 

Despite the fact that these results clearly show 
olfactory dysfunction in T2D, a specific neuropathology 
responsible for this has not been previously reported.

The piriform cortex (PC) is the largest of the 
olfactory cortical areas that receives direct synaptic input 
from the mitral and tufted cells of the olfactory bulb via 
the lateral olfactory tract. This evolutionary old, three-
laminar paleocortex is critical for perception of odors 
[14] since neurons located in this brain area play a crucial 
role in odor coding (anterior part of the PC encodes odor 
identity, whereas posterior – odor quality) [15]. There is 
also growing evidence for the involvement of interneurons 
in synaptic inhibition in the PC after olfactory stimulation 
and recent electrophysiological studies showed that 
interneurons in the PC tend to be broadly excited by a 
range of different odors [16, 17]. The coded signals in 
the PC are further transmitted to other CNS regions [14], 
since this brain area is synaptically connected with the 
endopiriform nucleus, the anterior olfactory nucleus, 
olfactory tubercle, and cortical amygdala [14]. 

We hypothesize that olfactory dysfunction in T2D 
has to be linked to a specific brain neuropathology on 
histological and quantitative level. Since the PC is a key 
area involved in the regulation of olfaction, the present 
work aimed to identify potential neuronal pathology in the 
PC of T2D rats along aging.

Glucagon-like peptide-1 (GLP-1) is an incretin 
hormone, which enhances glucose-dependent insulin 
secretion via a specific G-protein-coupled GLP-1 receptor 
(GLP-1R) [18]. However, GLP-1 has a very short half-

life due to rapid degradation. Exendin-4 (Ex-4) is a stable 
synthetic form of GLP-1. For these properties, it has been 
developed in clinical use for the treatment of T2D [18, 
19]. Besides its anti-diabetic properties, Ex-4 can cross 
the blood brain barrier [20] and preclinical work supports 
neuroprotective role of Ex-4 and other GLP-1R analogues 
in several neurological disorders (reviewed in [21-23]). 
Thus, another goal of this study was to determine the 
potential efficacy of Ex-4 against T2D-induced neuronal 
pathology in the PC.

RESULTS

Glycaemia and insulin deficiency are increased by 
aging in GK rats 

GK and Wistar rats at 3 and 13 months of age have 
been monitored for fasted blood glucose and plasma 
insulin levels. 3-month-old GK rats showed slightly, 
but significantly higher fasting glycaemia as compared 
to Wistar rats (~9mM versus ~6mM), while 13-month-
old GK rats showed very high levels of hyperglycaemia 
(~18mM). Plasma insulin levels were significantly lower 
in GK rats already at 3 months as compared to age-
matched Wistar controls (~2µg/L versus ~4µg/L). At 13 
months the insulin levels decreased even further in GK 
rats (less than 1µg/L). The glycaemic data of Study 1 are 
presented in our recent publication [24].

T2D induces atypical NeuN nuclear staining in the 
piriform cortex

Sections from 3- and 13-month-old GK and Wistar 
rats’ brains were stained for the specific neuronal marker 
NeuN. Similarly to our previous work in the isocortex 
[24], morphological observations identified a significant 
proportion of NeuN-positive neurons with abnormal 
NeuN distribution and large portions of the nucleus being 
negative for NeuN staining in the PC of 13-month-old GK 
rats (Figure 2D). This effect was not observed in the other 
three experimental groups. In order to quantify this T2D-
induced effect, we counted only NeuN-positive neurons 

Figure 1: Location of PC on coronal sections of rat’s 
brain. The areas used for quantitative analyses are marked with 
the rectangle.
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presenting normal morphology in the four experimental 
groups. The PC of 13-month-old GK rats contained 
approximately 30% less normal-looking NeuN-positive 
neurons than the PC of 3-month-old GK (P<0.0001) and 
3- or 13-month-old Wistar rats (P <0.0001 and P<0.01, 
respectively; Figure 2A). 

γ-aminobutyric acid (GABA) neurons expressing 
Calbindin-D28k are negatively impacted by T2D

Presence of GABAergic interneurons expressing 
different calcium binding proteins has been previously 
shown in the PC, suggesting their important role in the 
plasticity of this region [25]. Since interneurons positive 
for Calbindin-D28k are crucial in the pathogenesis of 
T2D-related central nervous system complications such 

Figure 2: Diabetes induces neuronal pathology in the PC along aging. a., b., c. Number of NeuN-positive neurons presenting 
normal morphology a., number of Calbindin-D28k-positive interneurons b. and of their neurites c. in the PC of 3- and 13-month-old Wistar 
and GK rats. d. Representative photomicrographs demonstrating the morphology of NeuN-positive neurons. Arrows indicate neurons with 
abnormal NeuN immunoreactivity. e. Representative photomicrographs demonstrating morphology of Calbindin-D28k-positive cells with 
visibly reduced neuronal branching and soma size in 13-month-old GK rats. Scale bars 50μm. Bars indicate means ± SEM. *P < 0.05, **P 
< 0.01, ***P < 0.001, ****P < 0.0001 (n = 6-7).
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as dementia and Alzheimer’s disease (AD) [26, 27], we 
determined whether this neuronal subpopulation in the 
PC was negatively impacted by T2D. The results depicted 
in Figure 2B revealed a not statistically significant trend 
towards the reduction of Calbindin-D28k-positive neurons 
already in 3-month-old GK rats versus 3- or 13-month-
old Wistars. However, the PC of 13-month-old GK rats 
contained a significantly lower number of Calbindin-
D28k-positive neurons in comparison to 3-month-old 

GK rats (P<0.05) as well as to 3- and 13-month-old 
Wistars (P<0.01 and P<0.001, respectively). In addition, 
stereological quantification (Figure 2C) as well as 
visual observations (Figure 2E) identified a substantial 
proportion of Calbindin-D28k-positive neurons with a 
dramatic reduction in neuronal branching in 13-month-
old GK rats in comparison to the other three experimental 
groups. 

Figure 3: Diabetes induces cellular stress, but doesn’t lead to neuronal death in the PC. a., b. Number of pJNK-positive 
cells (a) and representative photomicrographs demonstrating increased JNK phosphorylation (b) in 3- and 13-months-old GK rats versus 
Wistars. c. Total number of neurons (presenting both normal and abnormal morphology) in the four experimental groups. d. representative 
photomicrographs of NeuN-positive neurons with increased expression of pJNK in the PC of 13-month-old GK rats. Arrows indicate 
double-stained cells. Scale bars 100μm. Bars indicate means ± SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001 (n = 6-7).
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T2D induces cellular stress, but not neuronal 
death in the piriform cortex 

We determined potential presence of apoptosis by 
TUNEL and the potential presence of cellular stress in 
the PC by quantifying the phosphorylated form of Jun-N-
terminal kinase (JNK). TUNEL analysis showed no sign 
of apoptosis in the four animal groups (data not shown). 
However, JNK phosphorylation was enhanced in T2D rats 
versus Wistar controls in both 3-month-old (P<0.0001) 
and 13-month-old GK rats (P<0.01; Figure 3A). 
Representative photomicrographs presenting this effect 
are shown in Figure 3B. To rule out the possibility that the 
T2D effect on the PC led to neuronal death, quantifications 
of the total number of neurons (NeuN-positive neurons 
presenting both normal and abnormal morphology) were 
performed. The results showed no difference in the total 
number of neurons confirming neuronal pathology rather 
than neuronal death in 13-month-old T2D rats (Figure 3C). 
Double-staining of NeuN/pJNK confirmed the presence of 
neuronal stress in the PC (Figure 3D). 

Ex-4 reduces hyperglycaemia and increases 
insulin secretion in GK rats

In Study 2, 9-month-old GK rats were treated 
with Ex-4 or vehicle for 6 weeks before sacrifice. Ex-4 
significantly decreased blood glucose (p<0.0001; Figure 
4A) and increased insulin secretion (P<0.05; Figure 4B). 

T2D-induced neuropathology in the piriform 
cortex is counteracted by chronic Ex-4 treatment

A pilot study revealed that morphological features of 
the above described neuronal pathology in 13-months-old 
GK rats were already present at 9-months of age. Thus, 
to determine the potential role of Ex-4 in counteracting 
the identified neuronal pathology induced by T2D in the 
PC, quantification of NeuN-positive neurons without 
pathology was performed in 9-month-old GK rats treated 
for 6 weeks with Ex-4 or vehicle. Ex-4 significantly 
increased the number of normal/healthy neurons in 
comparison with vehicle-treated GK rats (P<0.01; Figure 
5A). The Ex-4-mediated effect is also clearly reflected 
in the photomicrographs depicted in Figure 5B. We did 
not find changes in the total number of neurons (NeuN-
positive neurons presenting both normal and abnormal 
morphology) in the PC of 9-months-old GK rats following 
6-weeks of Ex-4 treatment (Figure 5A).

Ex-4 exerts neurotrophic effects in Calbindin-
D28k-positive neurons in the piriform cortex

To determine the potential role of Ex-4 to counteract 
the decreased number of Calbindin-D28k-positive neurons 
induced by T2D in the PC, quantification of Calbindin-
D28k-positive neurons was performed in 9-month-old 
GK rats treated for 6 weeks with Ex-4 or vehicle. Ex-4 
remarkably increased the number of Calbindin-D28k-
positive neurons in comparison with vehicle-treated GK 
rats (Figure 5C; P<0.0001). The effect of Ex-4 seemed 
to be neurotrophic as visible by increased cell body and 
larger arborization of neurites (Figure 5E). Stereological 
counting of the number of neuronal neurites up to the fifth 
level confirmed our visual observations (Figure 5D). 

Ex-4 treatment decreases T2D-induced cellular 
stress in the piriform cortex

In order to understand whether the neurotrophic 
effect mediated by Ex-4 in the T2D PC correlated with 
decreased cellular stress, we also quantified the number 
of cells positive for the phosphorylated form of JNK by 
IHC. Ex-4 decreased JNK phosphorylation in 9-month-old 
GK rats in comparison with vehicle (Figure 6A, P<0.01). 
Representative photomicrographs demonstrating this 
effect are presented in Figure 6B.

The neurotrophic effect of Ex-4 correlates with 
increased AKT phosphorylation 

The phosphatidylinositol 3-kinase (PI3K)/
AKT signalling pathway plays an important role in the 
regulation of neuronal function [28, 29]. To determine 
whether the Ex-4-mediated neurotrophic effect correlated 
with increased activation of this pathway, we quantified 
the phosphorylated form of AKT by IHC in the PC of 

Figure 4: Ex-4 reduces hyperglycaemia and increases 
insulin secretion in GK rats. Fasted blood glucose a. and 
fed serum insulin b. concentrations in 9-months-old vehicle- (n 
= 8) and Ex-4-treated (n = 10) GK rats. Bars indicate means ± 
SEM. *P < 0.05, ****P < 0.0001. 
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Figure 5: Ex-4 counteracts neuronal pathology in the PC of GK rats. a., b. Number of total and normal/healthy NeuN-
positive neurons (a) and representative photomicrographs demonstrating their morphology (b) in the PC of 9-months-old GK vehicle- (n 
= 8) and Ex-4-treated (n = 10) GK rats. Arrows indicate neurons with abnormal NeuN immunoreactivity. c., d., e. Number of Calbindin-
D28k-positive interneurons (c) and number of their neurites (d) in control and Ex-4-treated GK rats, and representative photomicrographs 
showing the Ex-4 effect (e). Scale bars 50 μm. Bars indicate means ± SEM. *P < 0.05, ***P < 0.001, ****P < 0.0001.
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vehicle- and Ex-4-treated GK rats. Six weeks of Ex-4 
treatment moderately increased AKT phosphorylation in 
T2D rats (Figure 6C). 

DISCUSSION

Our results show T2D-induced neuropathology in 
the PC characterized by atypical nuclear morphology and 
increased cellular stress. We also demonstrate the specific 
vulnerability of Calbindin-D28k-positive interneurons to 
T2D. This effect was significantly counteracted by the 
treatment with the GLP-1R agonist Ex-4.

Several studies have reported a relationship between 
T2D and olfactory dysfunction (see Intro) leading to the 
hypothesis that this brain impairment has to be linked 
to a specific brain neuropathology on histological and 
quantitative level. The PC is the largest cortical region 

that receives direct synaptic input from the olfactory bulb, 
which in turn receives direct input from the olfactory 
epithelium, thus being a critical brain area for the 
perception of odors [14]. By showing neuropathology in 
the PC of the T2D brain, to our knowledge, this is the 
first report to provide a histopathological basis to explain 
olfactory dysfunction in T2D. 

In this study, a morphological and quantitative 
neuronal analysis of healthy, pre-diabetic and overtly 
T2D rats of different ages identified atypical/abnormal 
nuclear appearance of neurons in the PC of overtly T2D 
rats, as assessed by NeuN staining. Similar findings have 
been recently shown in the isocortex of T2D GK rats [24]. 
NeuN is an intrinsic component of the neuronal nuclear 
matrix which is present in the majority of mature neurons 
in the brain [30]. The precise role of NeuN is not known, 
although it has been shown to be a regulator of neuronal-
specific splicing [30]. Thus, although abnormal NeuN 

Figure 6: Ex-4 decreases T2D-induced cellular stress in the PC of GK rats. a., b. Number of pJNK-positive cells in the PC of 
9-months-old vehicle- (n = 8) and Ex-4-treated (n = 10) GK rats (a) and representative photomicrographs showing the effect (b). Scale bar 
150 μm. c. Representative photomicrographs illustrating the increased phosphorylation of AKT in response to Ex-4 in the PC of GK rats. 
Scale bar 400μm. Bars indicate means ± SEM; **P < 0.01.
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staining in the PC of GK rats cannot prove a specific and 
functionally relevant negative effect of T2D in this brain 
area, the results strongly point out to a potential unhealthy 
state of these neurons in GK rats. 

To identify which neuronal population was 
mainly targeted by the T2D pathology, we focused our 
studies on the calcium-binding protein Calbindin-D28k 
positive GABAergic interneurons. Disrupted calcium 
homeostasis has been reported in the brains of AD 
patients [31] and recent works have shown the crucial 
role of Calbindin-D28k in the pathogenesis of AD [27] 
as well as its neuroprotective role against brain ischemia 
[32]. Furthermore, the vulnerability of other subtypes 
of interneurons involved in calcium homeostasis has 
been shown in the PC of AD patients [33]. Our results 
show a dramatic decrease (~ 50%) of Calbindin-D28k-
positive neurons in the PC of the middle-aged T2D rats 
versus age-matched Wistar rats. However, this effect is 
likely to be the result of Calbindin-D28k down-regulation 
rather than neuronal loss. This conclusion is supported by 
three main evidences in the current study: 1) the count 
of NeuN-positive neurons presenting both normal and 
atypical morphology did not reveal any difference in total 
cell number among the four groups indicating absence 
of neuronal loss 2) we recorded no sign of apoptosis by 
TUNEL (data not shown), and 3) the middle-age T2D rats 
showed Calbindin-D28k-positive neurons with diminished 
neurite arborization and perikaryon size. Altogether these 
observations support a pathological state of Calbindin-
D28k-positive neurons. This hypothesis is also supported 
by the results showing cellular stress by increased JNK 
phosphorylation in T2D rats already at 3 months of age 
(when hyperglycaemia starts rising [24]) suggesting that 
the T2D-iduced brain pathology begins at early stages 
although it does not lead to neuronal loss and apoptosis, 
at least until the rats are middle-aged (13-months-old). 
It remains to be determined whether prolonged cellular 
stress will lead to cell death at later stages of the diabetic 
pathology.

There are several obvious underlying reasons to 
explain the reported detrimental effect of T2D in the PC 
including hyperglycaemia, dyslipidemia, microvascular 
disease and dysfunctional insulin signalling. In addition, 
inflammation could play an important role causing the 
identified neuronal pathology [34]. Interestingly, our 
recent data in the isocortex of GK rats showed increased 
microglial activation [24].

In Study 2 we show that the identified T2D-
induced neuronal pathology in the PC of 9-month old 
GK rats was remarkably counteracted by 6 weeks of 
treatment with the GLP-1R agonist Ex-4. Our pilot 
studies revealed that GK rats had developed the identified 
neuropathology already at 9 months. Therefore, in the 
second experiment the intervention with Ex-4 started at 
9 months of age. We administered 0.1 µg/kg Ex-4 for 
6 weeks to mimic a chronic treatment in T2D patients 

under a GLP-1R-mediated therapy. This dose of Ex-4 is 
given to T2D patients and it has been previously shown 
to be neuroprotective in several animal models [35]. 
The Ex-4 effect was likely neurotrophic since it led to 
a clear enhancement in neurite arborization and cellular 
body size of Calbindin-D28k-positive neurons without 
increasing the total NeuN neuronal count (sum of neurons 
both healthy and presenting pathological changes). 
Interestingly, regulatory effects of Ex-4 on the function 
of interneurons were recently reported by Korol S.V. et 
al. [36]. In addition, a trophic effect of Ex-4 on neuronal 
cells has also been previously shown in vitro by Perry et 
al. [37]. The data could be clinically relevant since Ex-4 
is used for the treatment of T2D [38, 39] and it presents 
minimal side effects in humans. In addition, it can cross 
the blood-brain-barrier [20]. Finally, several studies have 
shown neurogenic and neuroprotective actions of Ex-4 and 
other GLP-1R agonists in rodent models of PD and AD 
[21, 22, 40]. 

To date, GLP-1R expression has not been reported 
in the rat PC although a thorough expression analysis 
of this brain area is lacking [41] and published results 
about the effectiveness of commercially available 
antibodies have been recently questioned [42]. However, 
preproglucagon positive neurons have been localized 
in this area [43] indicating potential GLP-1 expression. 
Thus, whether peripherally administered Ex-4 (as well as 
GLP-1 originating from preproglucagon positive neurons) 
activates GLP-1R in the PC, or if instead these peptides 
act via a GLP-1R-independent mechanism [44] remains 
to be determined.

It also remains to be determined whether the effect 
of Ex-4 is “directly” neurotrophic in the PC or if it is 
instead indirectly mediated by increased insulin and/or 
decreased glycaemia. In correlation with the neurotrophic 
effect of Ex-4 in the PC, we observed a moderate increase 
of AKT phosphorylation. AKT is a serine/threonine 
protein kinase, which is involved in many neuronal 
functions [28, 29]. Insulin is one of the main identified 
factors activating AKT phosphorylation. However, 
recent data has also shown that GLP-1R activation can 
directly trigger AKT phosphorylation, in correlation with 
neuroprotective effects [28]. Moreover, Xu W. et al. [29] 
reported a marked increase in phosphorylation of AKT 
in the brain of T2D rats after long-term Ex-4 treatment, 
in correlation with decreased AD pathology. Indeed 
glycaemia-independent neuroprotective effects caused by 
Ex-4 have been previously reported [45]. 

Patients with T2D are more prone to develop 
cognitive impairment, dementia and neurodegenerative 
diseases than healthy individuals [46-49], with consequent 
high medical and social costs, in addition to individual 
suffering. To reduce the onset or progression of T2D-
induced neurological complications, it is therefore 
fundamental to identify early hallmarks of brain 
dysfunction in T2D. Interestingly, in addition to be related 
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to T2D, olfactory dysfunction has also been shown to 
occur as an early manifestation (not always diagnosed 
on time) of neurodegenerative diseases such as PD and 
AD ([50, 51] and review: [52]). Furthermore, a recent 
clinical study has shown an association between olfactory 
dysfunction and decreased cognition in elderly T2D 
patients [53], leading to the hypothesis that olfactory 
dysfunction in T2D could represent an early marker for 
future cognitive impairment. Thus, although speculative, 
our data suggests that the identified neuronal pathology 
in the PC of the T2D brain could also represent an early 
hallmark of how T2D initiates the process of cognitive 
dysfunction and neurodegeneration.

 In conclusion, we have identified a peculiar 
neuronal pathology in the PC of middle-aged T2D rats, 
which negatively impacts interneurons. We believe 
to have identified one important factor at the basis of 
olfactory dysfunction in T2D. We also showed that the 
identified neuropathology in the PC could be substantially 
counteracted by GLP-1R activation. Whether reversing 
the PC-related neuronal pathology in the T2D brain 
could represent a potential pharmacological target to 
treat olfactory dysfunction in diabetic patients or to even 
delay T2D-related brain complications remains to be 
determined.

MATERIALS AND METHODS 

Animals and experimental groups

As an experimental model of T2D, we used male 
Goto-Kakizaki (GK) rats, which are Wistar-derived non-
obese rats that spontaneously develop T2D [54]. GK 
rats are prone to peripheral neuropathy [55], behavioural 
impairments [56], loss of cerebral neurons along aging 
[24] and develop common T2D complications often 
observed in human patients [57]. 

Normal and T2D rats were used in two studies 

Study 1 (GK versus Wistar comparison). Four 
groups were analysed: 3-month-old GK (n=7), 13-month-
old GK (n=6), 3-month-old Wistar (n=6), 13-month-old 
Wistar (n=6). 

Study 2 (potential efficacy of Exendin-4 in GK 
rats). Two animal groups were analysed: vehicle-treated 
9-month-old GK rats (n=8) versus Ex-4-treated 9-month-
old GK rats (n=10). Ex-4 (0.1 µg/kg, i.p.) or PBS was 
given twice daily for 6 weeks before sacrifice. 

Animals were housed on a 12 hours light/dark 
cycle with free access to food/water. Experiments were 
conducted in accordance with the Guidelines for Care and 
Use of Laboratory Animals published by U.S. National 
Institute of Health and approved by the local ethical 

committee. 

Glycemia and insulin measurements in Exendin-4 
versus vehicle-treated GK rats

Animals were fasted for 6 hours and blood glucose 
was measured from tail-tip blood. The blood was also 
collected in fed state and serum insulin levels were 
determined by a rat insulin ELISA kit (kindly provided by 
Crystal Chem, Downers Grove, IL USA). 

Immunohistochemistry

Rats were deeply anesthetized and transcardially 
perfused with saline followed by 4% paraformaldehyde 
(PFA). The brains were extracted, cut in 40-µm-thick 
coronal sections and processed for immunohistochemistry 
as previously described [24]. The following primary 
antibodies were used: mouse anti-NeuN (1:300, 
Millipore, St. Charles, MO, USA), rabbit anti-Calbindin-
D28k (1:1500, Abcam, Cambridge, UK), rabbit anti-
phospho-SAPK/JNK (1:50, Cell Signaling Technology, 
Danvers, MA, USA), rabbit anti-phospho-AKT (1:25, 
Cell Signaling) and rabbit anti-GLP-1R (1:50, ab39072; 
Abcam). For chromogenic visualization, the ABC 
kit (Vector Laboratories, Burlingame, CA, USA) and 
3,3’-diaminobenzidine (DAB, Sigma-Aldrich, St. 
Louis, MO, USA) were used. In fluorescent double-
staining, AlexaFluor 594-conjugated secondary antibody 
(1:200; Life Technologies, Burlington, ON, Canada) 
and biotinylated secondary antibodies (1:200; Vector) 
followed by streptavidin-conjugated Alexa 488 (1:200; 
Life Technologies) were used. For apoptosis detection, 
DeadEnd Fluorometric TUNEL system (Promega, 
Madison, WI, USA) was used according to manufacturer’s 
instructions. 

Quantitative analysis

Immunoreactive cells were counted using a 
computerized setup for stereology, equipped with 
NewCast software (Visiopharm, Hoersholm, Denmark), 
connected to Olympus BX51 epifluorescent/light 
microscope (Olympus, Tokyo, Japan). The number of 
NeuN-, Calbindin-D28k- and pJNK-positive cells in 
the PC was quantified on three evenly spaced sections 
(400µm) in each animal starting at 0.70mm from Bregma 
(Figure 1). Quantifications were performed using the 
optical fractionator method [24, 58]. Number of neurites in 
the Calbindin-D28k-positive cells was estimated in 50-60 
randomly selected cells up to the fifth level of branching, 
e.g. the neurites protruding from cell body were marked 
as level 1 and every consecutive branching from the level 
1 neurites - as level 2 and so on. The average number of 
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neurites per cell was calculated. 

Statistical analysis

The data were analysed using GraphPad Prism 
6 (CA, USA). The Student unpaired t-test or One-way 
ANOVA followed by the Turkey’s post-hoc test were 
applied. Differences between the groups were considered 
statistically significant when P<0.05. Data are presented 
as means ± SEM. 

ACKNOWLEDGMENTS

We thank Jeannette Lundblad Magnusson ‎ 
(Södersjukhuset) for technical assistance.

CONFLICTS OF INTERESTS

The work in the group is in part supported by 
Boehringer Ingelheim Pharma GmbH & Co.KG. Thomas 
Nyström is on the national advisory board of Eli Lilly, 
Novonordisk and Sanofi. 

GRANT SUPPORT

Work in our laboratories is supported by: 
EFSD, Diabetesfonden, Swedish Heart-Lung, Konung 
Gustaf V:s och Drottning Victorias Frimurarestiftelse, 
Diabetes Wellness, Magnus Bergvall, Åhlén, STROKE 
Riksförbundet, Tornspiran, Gamla Tjänarinnor, Syskonen 
Svensson and by the “Fighting Stroke” Project supported 
by the Swedish Heart-Lung foundation.

Authors contributions

G.L. performed the major part of the IHC 
experiments, performed stereology analyses, acquired and 
processed images and figures, contributed to discussion, 
wrote the manuscript. T.N. provided tools and expertise 
in pAKT/pJNK detection and study design as well as 
contributed to discussion. C-G.Ö. provided diabetes 
expertise, the GK rat model, expertise about this animal 
model and contributed to study design. V.D. conceived, 
designed the research plan, performed the in vivo studies, 
contributed to discussion, and wrote/edited the manuscript. 
C.P. conceived, designed and coordinated the research 
plan, contributed to discussion, and wrote/edited the 
manuscript.

REFERENCES

1. Shaw JE, Sicree RA and Zimmet PZ. Global estimates of 
the prevalence of diabetes for 2010 and 2030. Diabetes 
research and clinical practice. 2010; 87:4-14.

2. Patterson DS, Turner P and Smart JV. Smell threshold in 
diabetes mellitus. Nature. 1966; 209:625.

3. Le Floch JP, Le Lievre G, Labroue M, Paul M, Peynegre R 
and Perlemuter L. Smell dysfunction and related factors in 
diabetic patients. Diabetes Care. 1993; 16:934-937.

4. Naka A, Riedl M, Luger A, Hummel T and Mueller CA. 
Clinical significance of smell and taste disorders in patients 
with diabetes mellitus. Eur Arch Otorhinolaryngol. 2010; 
267:547-550.

5. Bramerson A, Johansson L, Ek L, Nordin S and Bende M. 
Prevalence of olfactory dysfunction: the skovde population-
based study. The Laryngoscope. 2004; 114:733-737.

6. Brady S, Lalli P, Midha N, Chan A, Garven A, Chan C 
and Toth C. Presence of neuropathic pain may explain 
poor performances on olfactory testing in diabetes mellitus 
patients. Chemical senses. 2013; 38:497-507.

7. Gouveri E, Katotomichelakis M, Gouveris H, Danielides 
V, Maltezos E and Papanas N. Olfactory dysfunction in 
type 2 diabetes mellitus: an additional manifestation of 
microvascular disease? Angiology. 2014; 65:869-876.

8. Thiebaud N, Johnson MC, Butler JL, Bell GA, Ferguson 
KL, Fadool AR, Fadool JC, Gale AM, Gale DS and Fadool 
DA. Hyperlipidemic diet causes loss of olfactory sensory 
neurons, reduces olfactory discrimination, and disrupts 
odor-reversal learning. The Journal of neuroscience. 2014; 
34:6970-6984.

9. Marfaing-Jallat P, Portha B and Penicaud L. Altered 
conditioned taste aversion and glucose utilization in related 
brain nuclei of diabetic GK rats. Brain research bulletin. 
1995; 37:639-643.

10. Ader R and Peck JH. Early learning and retention of a 
conditioned taste aversion. Dev Psychobiol. 1977; 10:213-
218.

11. Palouzier-Paulignan B, Lacroix MC, Aime P, Baly C, 
Caillol M, Congar P, Julliard AK, Tucker K and Fadool 
DA. Olfaction under metabolic influences. Chemical senses. 
2012; 37:769-797.

12. Livingston JN, Unger JW, Moxley RT and Moss A. 
Phosphotyrosine-containing proteins in the CNS of obese 
Zucker rats are decreased in the absence of changes in the 
insulin receptor. Neuroendocrinology. 1993; 57:481-488.

13. Baskin DG, Stein LJ, Ikeda H, Woods SC, Figlewicz DP, 
Porte D, Jr., Greenwood MR and Dorsa DM. Genetically 
obese Zucker rats have abnormally low brain insulin 
content. Life sciences. 1985; 36:627-633.

14. Bekkers JM and Suzuki N. Neurons and circuits for odor 
processing in the piriform cortex. Trends in neurosciences. 
2013; 36:429-438.

15. Gottfried JA. Central mechanisms of odour object 
perception. Nat Rev Neurosci. 2010; 11:628-641.

16. Poo C and Isaacson JS. Odor representations in olfactory 
cortex: “sparse” coding, global inhibition, and oscillations. 
Neuron. 2009; 62:850-861.

17. Zhan C and Luo M. Diverse patterns of odor representation 



Oncotarget5875www.impactjournals.com/oncotarget

by neurons in the anterior piriform cortex of awake mice. J 
Neurosci. 2010; 3016662-16672.

18. Drucker DJ and Nauck MA. The incretin system: glucagon-
like peptide-1 receptor agonists and dipeptidyl peptidase-4 
inhibitors in type 2 diabetes. Lancet. 2006; 368:1696-1705.

19. Heppner KM, Marks S, Holland J, Ottaway N, Smiley D, 
Dimarchi R and Perez-Tilve D. Contribution of brown 
adipose tissue activity to the control of energy balance by 
GLP-1 receptor signalling in mice. Diabetologia. 2015; 
58:2124-2132.

20. Kastin AJ and Akerstrom V. Entry of exendin-4 into brain 
is rapid but may be limited at high doses. Int J Obes Relat 
Metab Disord. 2003; 27:313-318.

21. Holscher C. Incretin analogues that have been developed 
to treat type 2 diabetes hold promise as a novel treatment 
strategy for Alzheimer’s disease. Recent Pat CNS Drug 
Discov. 2010; 5:109-117.

22. Patrone C, Eriksson O and Lindholm D. Diabetes drugs 
and neurological disorders: new views and therapeutic 
possibilities. The lancet Diabetes & endocrinology. 2014; 
2:256-262.

23. Candeias EM, Sebastiao IC, Cardoso SM, Correia SC, 
Carvalho CI, Placido AI, Santos MS, Oliveira CR, 
Moreira PI and Duarte AI. Gut-brain connection: The 
neuroprotective effects of the anti-diabetic drug liraglutide. 
World J Diabetes. 2015; 6:807-827.

24. Hussain S, Mansouri S, Sjoholm A, Patrone C and Darsalia 
V. Evidence for cortical neuronal loss in male type 2 
diabetic Goto-Kakizaki rats. Journal of Alzheimer’s disease. 
2014; 41:551-560.

25. Gavrilovici C, D’Alfonso S and Poulter MO. Diverse 
Interneuron Populations Have Highly Specific 
Interconnectivity in the Rat Piriform Cortex. Journal of 
Comparative Neurology. 2010; 518:1570-1588.

26. Verret L, Mann EO, Hang GB, Barth AM, Cobos I, Ho K, 
Devidze N, Masliah E, Kreitzer AC, Mody I, Mucke L and 
Palop JJ. Inhibitory interneuron deficit links altered network 
activity and cognitive dysfunction in Alzheimer model. 
Cell. 2012; 149:708-721.

27. Kook SY, Jeong H, Kang MJ, Park R, Shin HJ, Han SH, 
Son SM, Song H, Baik SH, Moon M, Yi EC, Hwang D 
and Mook-Jung I. Crucial role of calbindin-D28k in the 
pathogenesis of Alzheimer’s disease mouse model. Cell 
Death Differ. 2014; 21:1575-1587.

28. Sharma MK, Jalewa J and Holscher C. Neuroprotective 
and anti-apoptotic effects of liraglutide on SH-SY5Y cells 
exposed to methylglyoxal stress. J Neurochem. 2014; 
128:459-471.

29. Xu W, Yang Y, Yuan G, Zhu W, Ma D and Hu 
S. Exendin-4, a glucagon-like peptide-1 receptor 
agonist, reduces Alzheimer disease-associated tau 
hyperphosphorylation in the hippocampus of rats with type 
2 diabetes. Journal of investigative medicine. 2015; 63:267-
272.

30. Dent MA, Segura-Anaya E, Alva-Medina J and Aranda-
Anzaldo A. NeuN/Fox-3 is an intrinsic component of the 
neuronal nuclear matrix. FEBS letters. 2010; 584:2767-
2771.

31. Foster TC and Kumar A. Calcium dysregulation in the 
aging brain. The Neuroscientist. 2002; 8:297-301.

32. Yenari MA, Minami M, Sun GH, Meier TJ, Kunis DM, 
McLaughlin JR, Ho DY, Sapolsky RM and Steinberg GK. 
Calbindin d28k overexpression protects striatal neurons 
from transient focal cerebral ischemia. Stroke. 2001; 
32:1028-1035.

33. Saiz-Sanchez D, De la Rosa-Prieto C, Ubeda-Banon I and 
Martinez-Marcos A. Interneurons, tau and amyloid-beta in 
the piriform cortex in Alzheimer’s disease. Brain structure 
& function. 2015; 220:2011-2025.

34. De Felice FG and Ferreira ST. Inflammation, defective 
insulin signaling, and mitochondrial dysfunction as 
common molecular denominators connecting type 2 
diabetes to Alzheimer disease. Diabetes. 2014; 63:2262-
2272.

35. Darsalia V, Larsson M, Nathanson D, Klein T, Nystrom T 
and Patrone C. Glucagon-like receptor 1 agonists and DPP-
4 inhibitors: potential therapies for the treatment of stroke. 
J Cerebr Blood F Met. 2015; 35:718-723.

36. Korol SV, Jin Z, Babateen O and Birnir B. GLP-1 and 
exendin-4 transiently enhance GABAA receptor-mediated 
synaptic and tonic currents in rat hippocampal CA3 
pyramidal neurons. Diabetes. 2015; 64:79-89.

37. Perry T, Lahiri DK, Chen D, Zhou J, Shaw KT, Egan JM 
and Greig NH. A novel neurotrophic property of glucagon-
like peptide 1: a promoter of nerve growth factor-mediated 
differentiation in PC12 cells. The Journal of pharmacology 
and experimental therapeutics. 2002; 300:958-966.

38. Lovshin JA and Drucker DJ. Incretin-based therapies for 
type 2 diabetes mellitus. Nature reviews Endocrinology. 
2009; 5:262-269.

39. Ahren B. GLP-1 for type 2 diabetes. Experimental cell 
research. 2011; 317:1239-1245.

40. Ma DL, Chen FQ, Xu WJ, Yue WZ, Yuan G and Yang 
Y. Early intervention with glucagon-like peptide 1 analog 
liraglutide prevents tau hyperphosphorylation in diabetic 
db/db mice. Journal of neurochemistry. 2015; 135:301-8. 
doi: 10.1111/jnc.13248.

41. Merchenthaler I, Lane M and Shughrue P. Distribution 
of pre-pro-glucagon and glucagon-like peptide-1 receptor 
messenger RNAs in the rat central nervous system. J Comp 
Neurol. 1999; 403:261-280.

42. Pyke C and Knudsen LB. The glucagon-like peptide-1 
receptor--or not? Endocrinology. 2013; 154:4-8.

43. Llewellyn-Smith IJ, Reimann F, Gribble FM and Trapp 
S. Preproglucagon neurons project widely to autonomic 
control areas in the mouse brain. Neuroscience. 2011; 
180:111-121.

44. Ban K, Noyan-Ashraf MH, Hoefer J, Bolz SS, Drucker DJ 



Oncotarget5876www.impactjournals.com/oncotarget

and Husain M. Cardioprotective and vasodilatory actions 
of glucagon-like peptide 1 receptor are mediated through 
both glucagon-like peptide 1 receptor-dependent and 
-independent pathways. Circulation. 2008; 117:2340-2350.

45. Darsalia V, Mansouri S, Ortsater H, Olverling A, Nozadze 
N, Kappe C, Iverfeldt K, Tracy LM, Grankvist N, Sjoholm 
A and Patrone C. Glucagon-like peptide-1 receptor 
activation reduces ischaemic brain damage following stroke 
in Type 2 diabetic rats. Clin Sci (Lond). 2012; 122:473-483.

46. Kalaria RN. Neurodegenerative disease: Diabetes, 
microvascular pathology and Alzheimer disease. Nature 
reviews Neurology. 2009; 5:305-306.

47. Verdile G, Fuller SJ and Martins RN. The role of type 2 
diabetes in neurodegeneration. Neurobiology of disease. 
2015; 84:22-38. doi: 10.1016/j.nbd.2015.04.008.

48. Biessels GJ, Staekenborg S, Brunner E, Brayne C and 
Scheltens P. Risk of dementia in diabetes mellitus: a 
systematic review. The Lancet Neurology. 2006; 5:64-74.

49. Cukierman T, Gerstein HC and Williamson JD. Cognitive 
decline and dementia in diabetes--systematic overview 
of prospective observational studies. Diabetologia. 2005; 
48:2460-2469.

50. Doty RL. Olfaction in Parkinson’s disease and related 
disorders. Neurobiology of disease. 2012; 46:527-552.

51. Djordjevic J, Jones-Gotman M, De Sousa K and Chertkow 
H. Olfaction in patients with mild cognitive impairment and 
Alzheimer’s disease. Neurobiology of aging. 2008; 29:693-
706.

52. Barresi M, Ciurleo R, Giacoppo S, Foti Cuzzola V, Celi 
D, Bramanti P and Marino S. Evaluation of olfactory 
dysfunction in neurodegenerative diseases. Journal of the 
neurological sciences. 2012; 323:16-24.

53. Sanke H, Mita T, Yoshii H, Yokota A, Yamashiro K, Ingaki 
N, Onuma T, Someya Y, Komiya K, Tamura Y, Shimizu 
T, Ohmura C, Kanazawa A, Fujitani Y and Watada H. 
Relationship between olfactory dysfunction and cognitive 
impairment in elderly patients with type 2 diabetes mellitus. 
Diabetes research and clinical practice. 2014; 106:465-473.

54. Goto Y, Kakizaki M and Masaki N. Production of 
spontaneous diabetic rats by repetition of selective 
breeding. The Tohoku journal of experimental medicine. 
1976; 119:85-90.

55. Murakawa Y, Zhang W, Pierson CR, Brismar T, Ostenson 
CG, Efendic S and Sima AA. Impaired glucose tolerance 
and insulinopenia in the GK-rat causes peripheral 
neuropathy. Diabetes/metabolism research and reviews. 
2002; 18:473-483.

56. Moreira T, Malec E, Ostenson CG, Efendic S and Liljequist 
S. Diabetic type II Goto-Kakizaki rats show progressively 
decreasing exploratory activity and learning impairments 
in fixed and progressive ratios of a lever-press task. 
Behavioural brain research. 2007; 180:28-41.

57. Ostenson CG and Efendic S. Islet gene expression and 
function in type 2 diabetes; studies in the Goto-Kakizaki rat 

and humans. Diabetes Obes Metab. 2007; 9 Suppl 2:180-
186.

58. Gundersen HJ, Bagger P, Bendtsen TF, Evans SM, Korbo 
L, Marcussen N, Moller A, Nielsen K, Nyengaard JR, 
Pakkenberg B and et al. The new stereological tools: 
disector, fractionator, nucleator and point sampled 
intercepts and their use in pathological research and 
diagnosis. APMIS. 1988; 96:857-881.


