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EXPERIMENTAL STUDY

Effect of aquaporin 1 and 4 on masticatory muscles degeneration 
as a result of aging
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ABSTRACT
OBJECTIVE: The changes in the mouth structures due to aging cause some structural and functional changes by 
affecting masticatory muscles over time. The aim of this study was to evaluate the aging-related histopathologic 
changes and immunohistochemically assessed aquaporin 1 and 4 expressions on masseter and temporal muscles.
MATERIAL AND METHODS: 14 Balb/c white mice (50–80 g) were used in this study. Group I consisted of 
young animals (2-month-individuals) (n = 7) and Group II consisted of older animals (18-month-old) (n = 7). Af-
ter routine histological follow-ups were made, tissues were stained immunohistochemically for aquaporin 1 and 
aquaporin 4 as well as with hematoxylin-eosin.
RESULTS: It was seen that while the masseter and temporalis muscle tissues showed a high immunoreactivity 
(+++) for aquaporin 1 and 4 in young mice, they showed a weak immunoreactivity (+) for aquaporin 1 and 4 in 
old mice (p = 0.001). In the H-score assessment, aquaporin 1 and 4 immunoreactivity was signifi cantly higher 
in young mice than in old mice (p = 0.002). 
CONCLUSIONS: Consequently, it was shown that degeneration of the masticatory muscles increased with aging 
and there was a decrease in intra- and intercellular exchange of substances because of changing aquaporin 1 
and aquaporin 4 expressions (Tab. 2, Fig. 4, Ref. 20). Text in PDF www.elis.sk.
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Introduction 

Aquaporins (AQP) are a family of membrane channel proteins 
acting as selective pores through which water can pass in plasma 
membranes of many tissue and cell types (1). AQPs are widely dis-
tributed and fulfi ll different functions in different tissues. The AQP 
family can be divided into two groups by considering the structural 
and functional differences. The members of Group 1 (AQP 0–2, 
4–6 and 8) are primarily water selective channels. The members 
of Group 2 (AQP 3, 7, 9, and 10) are permeable to water as well 
as neutral soluble substances, including glycerol and urea (2). 

It is known that the structure and function of skeletal muscle 
changes with aging (3). However, the changes related with age 
vary between skeletal muscle types (4). The masseter, genioglos-
sus and geniohyoid muscles play an important role in chewing, 
swallowing and in the maintenance of the patency of the upper 
respiratory tract (5). Reports have been published on the changes 
related with age in rat muscle and it was stated that the perfor-

mance of the masseter muscle was protected with aging (6). The 
structure and function of skeletal muscle vary with age, but these 
changes depend on the type of skeletal muscle (5). 

The aim of this study was to evaluate the aging-related histo-
pathologic changes on masseter and temporal muscles and detect 
the age-related alterations in aquaporin 1 and 4 expressions, im-
munohistochemically.

Materials and methods

Supply of Animals 
After this study was approved by the local ethics committee 

(HADYEK-44), it was conducted at the Gaziosmanpasa Univer-
sity, Experimental Medicine Research Center. 14 Balb/c white 
mice (50–80 g) were used in this study. The animals were divid-
ed into two equal groups each containing seven animals. Group 
I consisted of young animals (2-month-old) (n = 7) and Group II 
consisted of older animals (18-month-old) (n = 7). The animals 
were kept at room temperature (22 ± 1 °C) and 40–50 % humidity 
before the application. Light level was set to cycle between 12-h 
light / 12-h dark. The animals were set free to eat and drink. The 
mice were kept under observation for 1 week and daily physical 
examination was performed. 

Obtaining samples 
The mice without any health problems were killed by the ex-

sanguination method under anesthesia induced with ketamine/xy-
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lazine (50/10 mg/kg). The temporomandibular joints including the 
ramus of the mandible and a portion of the temporal bone of the 
mice were removed in a block to preserve the integrity. They were 
taken in 10 % formalin solution for use in immunohistochemical 
and histopathological evaluations. 

Histological examination of the masseter and temporalis muscles 
The tissues were left in the formalin solution until the section 

could be taken. After routine histological follow-ups were made, 
tissues were embedded in paraffi n. 4–5-μm-thick tissue sections 
were taken from the paraffi n embedded tissues. Then, they were 
stained with Hematoxylin-eosin (H&E). The stained sections were 
examined under the Zeiss Axio Lab A1 light microscope. 

Immunohistochemical examination of the masseter and tempo-
ralis muscles 

4–5-mm thick sections, which were taken from paraffi n blocks, 
were stained immunohistochemically for Aquaporin 1 (Rabbit 
polyclonal to Aquaporin 1, AB110186, Cambridge, UK) and Aqua-
porin 4 (Rabbit polyclonal to Aquaporin 4, Abcam, AB34710, 
UK). The stained slides were examined with the research mi-
croscope (Zeiss Axio Lab A1) and also, they were evaluated and 
photographed. Then immunohistochemical assay was performed 
using the H-score analysis (7). The intensity of aquaporin 1 and 
aquaporin 4 immunoreactivity was evaluated semi-quantitatively 
by using the categories of stain intensity during follow-up: 0 (No 
staining), 1+ (Weak-but-detectable staining), 2+ (Moderate or 
signifi cant staining), and 3+ (Intensive staining). Firstly, H-score 
value was obtained for each tissue by computing the sum of the 
percentages of the cells according to the categories of stain inten-
sity. Then, this value was multiplied by the weighted intensity of 
staining by using the H-score formula = ΣPi (i 1+) (“i” represent-
ing the intensity scores and “Pi” representing the relative percent-
age of cells). Each slide was evaluated under light microscope (in 
40X magnifi cation). The percentage of the cells in each intensity 
in these areas was identifi ed at different times by two researchers 

who were unaware of the species and source of the tissues. The 
average scores of both researchers were used.

Statistical analysis 
The Shapiro–Wilk test was used for testing normality. The data 

were normally distributed. p values of < 0.05 were considered to 
be signifi cant at statistical level. The independent two-sample t-
test was used to compare the groups. 

Results

Histological fi ndings
Hematoxylin-eosin staining fi ndings 

Histological structure of the masseter and temporalis muscles 
was photographed by a light microscope in young and old animals 
(Fig. 1). Degeneration areas were seen in muscle fi bers due to ag-
ing. It was seen that myocyte proliferation and expansion in the 
intramuscular areas were greater in old mice compared to young 
mice. There was an increase in the number of necrotic muscle fi -
bers and a decrease in the number of muscle cells with centrally 
located nucleus. Moreover, degenerative disorders and muscular 
dystrophies occurred in muscle fi bers due to aging. It was seen 
that muscle fi bers of young mice exhibited a healthier appearance 
than that of old mice (a low amount of both necrotic and angular 
fi bers). In young mice, the excessive viability of the myofi bers 
was disrupted and the number of them declined with aging. Large 
nuclei, small cytoplasms and large cell areas were seen in muscle 
fi bers of young mice; however, it was noted that small nuclei, large 
cytoplasms and small cell areas were seen in muscle fi bers of old 
mice. It was observed that age-related decline and shrinkage oc-
curred in blood vessels.

Immunohistochemical fi ndings
Immunohistochemical staining for aquaporin 1 and aquaporin 

4 was performed in tissue sections of the masseter and temporalis 
muscles from the masticatory muscles of young and old mice. No 
immunoreactivity was observed in the negative control staining. 
The results were evaluated semi-quantitatively and are given in 
Table 2. It was seen that while the masseter and temporalis muscle 
tissues showed a high immunoreactivity (+++) for aquaporin 1 
and 4 in young mice (Figs 2 and 3), the masseter and temporalis 
muscle tissues showed a weak immunoreactivity (+) for aquaporin 
1 and 4 in old mice (p = 0.001). In the H-scoring results performed 
by immune positive staining of muscle cells in the transverse sec-

Group Young (n=7) Old (n=7)
t p

Masticatory Muscles x̄±SD x̄±SD
Temporalis AQP 1 164.29±22.42 108.14±6.41 6.370 0.001*
Temporalis AQP 4 151.71±18.98 102.29±12.79 5.714 0.001*
Masseter AQP 1 189.29±15.40 131.14±18.86 6.317 0.001*
Masseter AQP 4 177.71±18.89 107.00±17.51 7.263 0.001*
* Difference is statistically signifi cant; α = 0.05: independent samples t test

Tab. 1. Comparison of the masticatory muscles of young and old mice.

Young Old
Total n p

n Immune reactivity 
concentration n Immune reactivity 

concentration
Temporalis Aqp 1 7 +++ 7 + 14 0.001*
Temporalis Aqp 4 7 +++ 7 + 14 0.001*
Masseter Aqp 1 7 +++ 7 + 14 0.001*
Masseter Aqp 4 7 +++ 7 + 14 0.001*
* statistically Signifi cant; α = 0.05; Fisher Exact test

Tab. 2. Comparison of immunoreactivity concentrations of the masticatory muscles of young and old mice.
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tions of the masseter and temporalis muscles forming musculi 
masticatorii, aquaporin 1 and aquaporin 4 immunoreactivity was 
higher at a signifi cant level in young mice than in old mice (p = 
0.001) (Tab. 1). 

Discussion 

The physiological function of the chewing system is the chew-
ing function. Functional structures such as teeth, supporting dental 
tissues, jaws, joints, muscles and vascular-nervous system con-
stitute the chewing system. The morphology of the masticatory 
muscles must be complete for an effective chewing function. 
Therefore, we tried to analyze the aging-related changes in the 
masseter and temporalis muscles in this study. The adult mouse 
masticatory muscles contain only fast-muscle fi bers (8). Many 
studies have reported that there were time-dependent changes in 
the characteristics of muscle fi bers in fetal masseter muscle and 
postnatal mouse tongue muscle (9). Shida et al (10) showed that 
the chewing muscles differed according to superfi cial and deep-
layer muscle fi ber properties together with the muscle fi bers mov-
ing in different directions. In our study, degeneration areas were 
seen in muscle fi bers due to aging as a result of histopathological 
analysis. It was seen that myocyte proliferation and expansion 

in the intramuscular areas were greater in old mice compared 
to young mice. There was an increase in the number of necrotic 
muscle fi bers and a decrease in the number of muscle cells with 
centrally located nucleus. Moreover, degenerative disorders and 
muscular dystrophies occurred in muscle fi bers due to aging. It 
was seen that muscle fi bers of young mice exhibited a healthier 
appearance than that of old mice (a low amount of both necrotic 
and angular fi bers). In young mice, the excessive viability of the 
myofi bers was disrupted and the number of them declined with 
aging. Large nuclei, small cytoplasms and large cell areas were 
seen in muscle fi bers of young mice; however, it was noted that 
small nuclei, large cytoplasms and small cell areas were seen in 
muscle fi bers of old mice. It was observed that age-related decline 
and shrinkage occurred in blood vessels. 

Aquaporins are a family of hydrophobic membrane channel 
proteins expressed in various types of cells in various organ sys-
tems, especially in epithelial and endothelial cells. Aquaporins act 
as selective pores that provide bidirectional water-passage through 
biological membranes, and thereby they allow the regulation of os-
motic homeostasis in relation to the movement of melted material 
and extracellular medium (2). In particular, aquaporin 4 (AQP4) 
is the water channel that is found in mammalian skeletal muscle 
in vivo (11). Previous studies on AQP expression in the muscles 

A B

C D

Fig. 1. Hematoxylin-eosin staining, 40X. A) Young mice, masseter muscle, B) Old mice, masseter muscle, C) Young mice, temporal muscle, D) 
Old mice, temporalis muscle.
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focused primarily on AQP1 and AQP4. As a result of immunohis-
tochemical staining that we performed in our study, it was seen that 
while the masseter and temporalis muscle tissues showed a high 
immunoreactivity (3+) for AQP1 and AQP4 in young mice, the 
masseter and temporalis muscle tissues showed a weak immuno-
reactivity (1+) for AQP1 in old mice. This situation demonstrates 
that AQP1 and AQP4 in both young and old mice are found in the 
physiology of the masticatory muscles and play in the activity of 
the masticatory muscles.

AQP4 mediates water transport between blood and myofi brils 
for the modulation of rapid volume changes during muscle contrac-
tion and is expressed in microvessels together with AQP1 (12). It 
has also been suggested that AQP4 is involved in the regulation 
of myofi ber energy metabolism in addition to modulating the os-
motic pressure in myofi brils (11). On the other hand, pathologi-
cal fi ndings such as edema were not detected in skeletal muscle 
morphology in transgenic mice that overexpressed AQP4 (13). It 
was reported that muscle strength, osmotic water permeability and 
water content of skeletal muscle did not change in AQP4 knock-
out mice compared to wild-type mice (14). Therefore, there is no 
consensus on the physiological role of AQP4 in protecting skel-
etal muscle homeostasis in vivo (15). As a result of the H-score 

analysis in our study, it was seen that the amount of AQP4-pos-
itive cells was higher in the masticatory muscles of young mice 
but was signifi cantly decreased in the masticatory muscles of old 
mice. Intensive staining (3+) of AQP4 in the masticatory muscles 
of young mice suggests that the exchange of substances between 
extracellular medium and intracellular medium through the water 
channels in the cell membrane is greater. However, we think that 
weak staining (1+) of AQP4 in the masticatory muscles of old 
mice indicates that the number of the water channels involved in 
the exchange of substances is reduced due to aging and therefore 
this may cause disruption of homeostasis. We assume that high 
expression of AQP4 in young mice provides that osmotically ac-
tive metabolites are released more easily into myoplasm at higher 
activation levels of the chewing muscles during contraction.

In addition to AQP4, there is evidence for the expression of 
other AQPs in human skeletal muscle. Süleymanyan and Baumgar-
ten (16), 1996 used membrane hydraulic conductivity to measure 
the amount of net water-movement across the sarcolemma of rab-
bit ventricular myocytes in order to explore the functional signifi -
cance of AQPs. They concluded that the values were signifi cantly 
higher signifi cant than the expected value for AQP1 alone. Alter-
natively, Kellen and Bassingthwaighte (17), 2003 reported that 

A B

C D

Fig. 2. Immunohistochemical staining of Aquaporin 1, 40X. E) Young mice, masseter muscle, F) Old mice, masseter muscle, G) Young mice, 
temporal muscle, H) Old mice, temporalis muscle.
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28 % of the transcapillary water-fl ux occurred via transepithelial 
transport (through AQPs) during steady-state conditions and the 
remaining amount passed through interendothelial clefts. In the 
light of our fi ndings, the fact that the amount of AQP1 positive 
cells was higher at a signifi cant level in young mice than in older 
mice suggests that it is associated with endothelial cell migra-
tion and vascular growth, and the fact that the amount of AQP1 
positive cells was lower at a signifi cant level in old mice than in 
young mice suggests that young mice have more endothelial re-
generative capacity. Moreover, we suggest that the AQP1 pool is 
present in myocytes with endothelial capillaries in the chewing 
muscles. The changes in AQP1 expression in myocytes may show 
the functional signifi cance of the AQP1 protein. Understanding 
how water is regulated in AQP channels in the physiological and 
pathological conditions in myocytes with aging can provide the 
development of therapeutic strategies aimed at preventing edema 
in the muscle or facilitating recovery after injuries such as isch-
emia and reperfusion. 

It has been reported that AQP1 is rich in microvascular endo-
thelium, including the capillary endothelium in the skeletal muscle. 
The localization of AQP1 in the sarcolemma of human skeletal 
muscle fi bers has also been demonstrated (18). In humans, the 

cross-sectional area and density of the masseter and temporalis 
muscles decrease as a result of aging (19). Electromyographic 
(EMG) records in these muscles showed age-related physiologi-
cal changes which included a reduction in muscle activity (20). 
Previous studies in humans have indicated a change in chewing 
function together with a greater number of bites required for mouth 
movements and bolus formation because of the underlying changes 
in muscle morphology and physiology with increasing age (19). 
As a result of the H-Score analysis in our study, it was seen that 
the amount of AQP4 positive cells was higher in the masticatory 
muscles of young mice but was signifi cantly decreased in the mas-
ticatory muscles of old mice. Intensive staining (3+) of AQP4 in 
the masticatory muscles of young mice suggests that the exchange 
of substances between extracellular medium and intracellular me-
dium through the water channels in the cell membrane is greater. 
However, we think that weak staining (1+) of AQP4 in the masti-
catory muscles of old mice indicates that the number of the water 
channels involved in the exchange of substances is reduced due to 
aging and therefore this may cause disruption of homeostasis. It 
was seen that AQP1 and AQP4 protein levels were decreased as a 
result of muscle loss with aging. In addition, there was a decrease 
in the expression levels of AQP1 and AQP4 in endothelium and 

A B
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Fig. 3. Immunohistochemical staining of Aquaporin 4, 40X. I) Young mice, masseter muscle, J) Old mice, masseter muscle, K) Young mice, 
temporal muscle, L) Old mice, temporalis muscle.
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myofi brils of the chewing muscles due to aging. We think that this 
reduction is related to the fact that the chewing muscles are among 
the fastest contracting muscles in the body and the fact that osmotic 
permeability decreases in muscle sarcolemma with aging (Fig. 4). 

Consequently, degeneration of myocytes and myofi brils of the 
chewing muscles and loss of muscle mass (i.e. muscular dystrophy) 
increase with aging. There is a decrease in the exchange of sub-
stances between intercellular medium and intracellular medium. 
Functional impairments in the cell membrane together with the 
negative changes in the number and structure of the water channels 
located in the cell membrane can cause irreversible damage. In 
this context, we believe that it will be a guide in the investigation 
of new treatment methods for the removal of natural or operative 
damage due to aging.
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