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The effect of 40% partial food deprivation was studied on the immunohistochemically detectable amount 
of glial fibrillary acidic protein (GFAP) - the specific marker of astroglia - in the dorsal subnucleus of 
lateral septum (LS) of male, intact and ovariectomized (OVX) female rats. Animals were either fed ad 
libitum (control) or 40% food deprived for one week, then perfusion-fixed, their brains removed, and 
serial vibratome sections were processed for the immunocytochemicallocalization of GFAP. Computer
aided densitometry was carried out on digital photographs. 

The results showed that ovariectomy alone did not exert any effect on the density of GFAP
immunoreactivity (GFAP-IR) as compared to the values detected in intact females. Food deprivation 
increased the density ofGFAP in each experimental group. The difference was most pronounced in males, 
significant in females and much less in ovariectomized females. Parietal cortex chosen as reference area 
did not show any increase in the local GFAP-IR. 

lt was previously shown that the dorsal subnucleus of the lateral septum reacts with plastic neuro
chemical changes to food deprivation. Our results prove that these changes affect not only neuronal but 
also glial elements. 

Keywords: Glial fibrillary acidic protein - immunocytochemistry - densitometry - food restriction - ova
riectomy 

INTRODUCTION 

The lateral septum (LS) controls several physiological and behavioural functions. 
Among others this brain area participates in the neural regulation of food intake [4]. 
Previous studies have shown that the lateral septal area is rich in orexigenic and ano
rexigenic neuropeptides such as galanin (gai), neuropeptide Y (NPY), opioids [19], 
and CART (cocaine- and amphetamine regulated transcript) peptide [18], and their 
immunocytochemically detectable density changes upon food restriction [20]. 
Although the hypothalamus is considered as the primary regulatory center of food 
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intake and energy balance, electrophysiological and immediate early gene-product 
detection studies indicated increased activity of lateral septal neurons after food dep
rivation [6, 22, 32, 34]. Plastic changes, involving re arrangement offunctioning and/ 
or non-functioning synaptic connections may be in the background of increasing or 
decreasing density of the orexigenic and anorexigenic neuropeptide-containing neu
ronal elements. However, astroglial cells are also active participants in plasticity 
processes [12, 28, 33]. For example in hypothalamic nuclei involved in the regulation 
of gonadotrop hormone production in females, extension of glial processes isolating 
pre- and postsynaptic sites of certain synapses has been reported [25]. Thus, not only 
neural but also glial elements also may react to environmental changes. 

Most ofthe glial cells in the brain are astrocytes [17]. Glial fibrillary acidic protein 
(GFAP), as main component of glial filaments, is an immunocytochemically easily 
detectable specific marker of astroglia. GFAP is highly expressed in fibrous astrocytes 
ofthe white matter as well as in protoplasmic astrocytes ofthe gray matter [3, 5, 10, 
11]. Astroglia reacts with reduction of the amount of GFAP to various stress impacts 
including light deprivation [9], and depression [13] and an increased number of 
GFAP-containing astroglial cells was observed after alcohol administration [35] in 
several brain regions. 

Until now, the effect of partial food deprivation on GFAP-immunoreactive astro
glial cells has not been investigated. In the present study we aimed to study changes 
in the GFAP-IR induced by partial food deprivation in the LS ofrats. Therefore, we 
determined the density of GFAP-immunoreactive astrog Ii al elements in the LS of 
normally fed control male and females. To exclude the effect of female gonadal hor
mones an ovariectomized control group was also included in the experiment. Finally 
we compared the density of GFAP-IR measured in controls with similar data received 
from animals kept for one weeks'long 40% partial food deprivation. 

MATERIALS AND METHODS 

Animals and experimental technics 

The experiments were carried out on 22 young adult male and female Wistar rats of 
the same age weighing 230-250 g. All animal procedures were conducted in accord
ance with the guidelines set forth by the European Communities Council Directive of 
24.11.1986 (86/609/EEC) and the Animal Health and Welfare Institute of the Szent 
Istvan University, and all efforts were made to minimize the number of experimental 
animals and to keep animal stress, suffering and discomfort to a minimum level. The 
Local Animal Welfare Association permitted and controlled the experiment. 

Ovariectomy was carried out on eight age-matched (8 weeks) female Wistar rats. 
Before surgery the animals were anaesthesized with an intraperitoneal injection of 
Nembutal (100 fll/250 g body weight). The body wall was opened on both sides of 
the vertebral column. The ovaries were pulled out with a forceps, removed and the 
oviducts were laced with surgical threads. After the operation animals were housed 
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individually and kept under control condition (ad libitum rat chow and tap water). To 
reduce pain Panadol (24 mg/mI paracetamol; GSK, UK) drops were dissolved in their 
water in the first 3 days. Animals were used for further experiments after two weeks 
recovery. The weight of the animals was measured before the beginning of food 
restriction. At that time females weighed = 316± 18 g, OVX females = 367 ± 11 g. 

Experimental groups 

Male rats were divided into two groups: control (n = 3) and food-deprived (n = 3). 
Female animals were divided into four groups: intact control (n = 4), intact food
deprived (n = 4), ovariectomized control (n = 4) and ovariectomized food-deprived 
(n = 4). Animals served as controls were housed individually and kept under standard 
laboratory conditions with access to tap water and regular rat chow ad libitum in a 
12 hl12 h dark/light cycle. Food-deprived animals were housed and maintained under 
same conditions except that they suffered 40% food deprivation for one week. The 
daily food consumption of rats was measured for a whole week and then the average 
daily amount was calculated. Only 60% ofthe calculated value was given to the food
deprived groups for one week with access to water ad libitum. At the end of the 
experimental period both control and food-deprived groups were processed using the 
same protocol and incubation solutions in order to avoid differences in the intensity 
of immunoreactions. 

Light microscopic pre-embedding immunocytochemistry 

Animals were anaesthesized by intraperitoneal injection of Nembutal (100 fll/250 g 
body weight) and transcardially perfused with 0.9% NaCI followed by 4% paraform
aldehyde in 0.1 M phosphate-buffer (PB) (pR = 7.4) for 10 minutes. Brains were 
removed and kept in the same fixative for 2 hours at room temperature. After an 
overnight soaking in 0.1 M PB, 60 flm-thick vibratome serial sections were cut from 
the septal area (from bregma 1.70 mm to -0.40 mm) in the coronal plane. Free
floating sections were processed for the immunocytochemical localization of GFAP. 
Between each step the sections were rinsed with buffer solution (0.05 M TRTS
buffered saline, TBS, pR 7.5) containing 0.5% Triton X-I 00, unless otherwise stated. 
Sections were first incubated in 10% normal goat serum for 30 minutes to block non
specific binding. Monoclonal mouse anti-GFAP antibody (Boehringer) in 1 : 500 dilu
tion at 4 °C overnight was used as primary, and biotinylated rabbit anti-mouse (Vector 
Laboratories) in 1 : 100 dilution was used as secondary antibody for 6 hours at room 
temperature, both with continuous shaking. Sections were incubated with avidin
biotin-peroxidase complex (ABC Elite Kit, Vector Laboratories, I : 100) overnight, 
followed by 0.05 M TRTS-buffer (pR 7.6). The immunopositive elements were visu
alized using 3,3'-diaminobenzidine tetrahydrochloride (DAB) (25 mg/50 ml) adding 
1 % R20 2 to the incubation solution. After 3-5 minutes developing time sections were 
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washed twice in TBS (pH = 7.5), and in 0.1 M PB, mounted on glass slides and cov
erslipped in Histomount (Fluka) for light microscopy. 

Computer-aided densitometry 

Light microscopic serial sections (n = 8/animal) were digitally photographed (left and 
right sides of LS, n = 16/animal) with Olympus BX2 digital camera (x40, size 
2272 x 1704 pixels at 24-bit colour depth), and photos were evaluated with computer
assisted densitometry carried out in number-coded photos by 2 persons indepen
dently. For image analysis, Scion Image programme version v4.02 ß for Windows 
(Scion Corporation, Frederic, MD, USA) was used. Number-coded image files were 
converted to 8-bit colour depth greyscale TlF files (800 x 600 pixels). A 250 x 250 
pixels representative area (= 3136 !J,m2) was selected arbitrarily by each person from 
each image from the area of the dorsal subnueleus and the selected area was thresh
olded to the optical density level of the background staining. Thresholded images 
were binarized, and calculations were made based on the number of immunopositive 
pixels per total area ofthe 250 x 250 pixels. Data were collected from 16 photos (both 
left and right side) from both control and experimental animals and graphically rep
resented. Values measured in experimental animals were compared with the controls 
both in male and female groups. 

Statistical analysis 

Densitometric data were collected in Excel spreadsheet (Microsoft) for further analy
sis. Differences between control and food-deprived animals within the same experi
mental group were analysed. A linear mixed effect model was applied to analyse 
density values. All statistical analyses were performed with R statistical software 
(R Development Core Team, R: A language and environment for statistical comput
ing. R Foundation for Statistical Computing, Vienna, Austria. 2010, ISBN 3-900051-
07 -0). Our results were expressed in mean ± standard deviation (SD) represented on 
graphs performed with Origin (Microcal Software Inc.). 

RESULTS 

GFAP-IR in the LS of male rats 

GFAP-immunoreactive astroglial cells were present in each subnueleus of the LS. 
Astrocytes appeared as stellate-shaped cells with several processes and relatively 
small cell bodies after the GFAP immunostaining. The densest immunoreactivity was 
detected at the dorsal subnueleus with an increasing density towards the lateral ven
trieles (Fig. 1a), whereas the intermediate part contained fewer immunoreactive ele-
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Fig. 1. GFAP-IR in the dorsal subnucleus ofthe LS ofmale rats: a: A section from a controL ad libitum 
fed animal with moderate density of immunostained astroglia. Insert demonstrates higher magnification 
of an astrocyte b: After 40% food deprivation the staining pattern is obviously more intense. Insert dem
onstrates higher magnification of an astrocyte. Note the more intensely branching process system as 

compared to contro!. Asterisk labels the lateral ventricle. Scale bar: 25 flm, insert ll flm 
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Fig. 2. Graphical representation of differences in GFAP-IR between control (6288±2326) and food
deprived (FD) animals (12609±2614) measured by computer-aided densitometry. Food deprivation 
caused a significant increase (asterisk) in the number ofimmunopositive pixels (p<0.0001). Values are 

given as mean+SD (3 animals/group, 16 measures/animal) 
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Fig. 3. Effects offclOd restrietion, ovariectomy and the combined effect ofthe two on GFAP-TR in the LS 
of female rats; a: control intact females express moderate amount of astroglial processes. b: After 40% 
food restriction an increase is detectable due to the more intensely stained and higher number of glial 
processes. c: Ovariectomized controls exhibit similar intensity in GFAP immunostaining as intact controls. 
d: The staining intensity of food-deprived ovariectomized animals is slightly increased. Scale bar: 25 !llll 
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ments. The distribution pattern was similar in each section along the whole rostrocau
dal axis ofthe LS. As a result ofpartial food deprivation the quantity ofimmunoreac
tive elements obviously increased (Fig. 1 b). Densitometric analysis supported our 
impression that partial food deprivation caused a significant increase in the amount of 
GFAP-immunoreactive elements in the LS (Fig. 2). According to the results of the 
linear mixed effect model partial food deprivation had significant effect on the num
ber ofGFAP-immunopositive pixels (p<0.0001). 

GFAP-IR in the LS of intact and ovariectomized female rats 

The general distribution of GFAP in the LS of intact female rats (Fig. 3a) resembled 
to that of males, although the overall staining intensity was visibly lower. As a result 
of partial food deprivation the amount of GFAP immunoreactive elements also 
increased, but not as intensely as in males (Fig. 3b). Obviously a more extensive 
process system could be detected in the food-deprived animals. 

Ovariectomy did not cause visible changes in the intensity ofGFAP immunostain
ing (Fig. 3c) as compared to intact females. As a result ofpartial food deprivation the 
amount ofGFAP immunoreactive elements seemed to be slightly increased (Fig. 3d). 
According to the results of the linear mixed effect model ovariectomy alone did not 
affect the density ofGFAP (p = 0.671). The density ofGFAP increased both in intact 
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Fig. 4. The results of computer-aided densitometry and statistical analysis in females and OVX females: 
in control intact females (1) 1815±555 pixels were counted, whereas in food-deprived (FD) intact females 
2548± 744 (p < 0.000 I). Ovariectomy (OVX) alone did not cause significant changes (1806±573; 
p = 0.671) as compared to intact females. Food-deprived ovariectomized animals (OVX-FD) exhibited 
moderate increase (2050±667; p = 0.0036) in the number of immunopositive pixels between the OVX 
control and food deprived OVX-FD groups. Asterisks label significant changes. Values are given as 

mean±SD (4 animals/group, 16 measures/animal) 
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Fig. 5. Parietal cortex was chosen as a reference area to establish, whether the changes caused by food 
deprivation atl'ect other brain areas or not. As an example the graph represents sampies taken from the 
parietal cortex of the control and food-deprived male groups. No significant differences were detected 
between data obtained from the parietal cortex of control and food-deprived rats (p = 0.1099) (3 animalsl 

group, 16 measures/animal) 

and ovariectomized animals after partial food deprivation for one week (Fig. 4). 
Statistical model showed that this effect was more intense in intact females 
(p<0.0001). In the group ofOVX animals the effect ofpartial food deprivation was 
also significant but less pronounced (p = 0.0036). 

EjJect offood deprivation in a neutral brain area 

Densitometry was also carried out on a selected brain area considered as neutral from 
the point of view of food intake. Our aim was to establish, whether the changes 
caused by food deprivation in the LS are general, or restricted to brain areas which 
can be considered as direct, or indirect regulatory centers of food intake. The results 
of the linear mixed effect model did not show significant effect of partial food depri
vation on the number of GFAP immunopositive pixels (p = 0.1099). 

DISCUSSION 

In this study we demonstrated that partial food deprivation causes immunocytochem
ically detectable changes in the density of GFAP-immunoreactive astroglial cell 
population of the dorsal subnucleus of the LS of male, female and ovariectomized 
rats. The detected increase of GFAP-IR selectively affects the LS. Thus, in addition 
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to peptidergic neuronal elements, glial components of this brain area are also sensi
tive to food deprivation. These results confirm the view that the LS is an active par
ticipant in the regulation of feeding. 

Heterogeneity of astrocytes 

The classical view of glial cells as simple supportive cells for neurons has been 
gradually challenged, and nowadays glial cells are believed to playa key role in sev
eral other brain functions. Growing number of papers have been published about the 
molecular, morphological, and functional heterogeneity of astrocytes. Astroglial cells 
express a wide variety of glycoproteins, ion channels, receptors, transporters, etc. [28, 
36]. They actively influence neuronal activity at the molecular level via their gl i
otransmitters, or through the activation ofpre- and/or postsynaptic receptors [27,33]. 
The modification of synaptic strength and synaptic reorganization (functional plastic
ity) is often accompanied by changes in the number and shape of synapses (morpho
logical plasticity) [12, 28]. Coverage of astrocytes at the synapse mayaiso change 
during plasticity at several brain areas [2]. GFAP, considered as their specific marker 
is heterogeneously expressed in various brain areas, and astroglial coupling was 
shown to be region-specific. Thus, stressful impacts, like reduced food intake, cannot 
affect neuronal networks without the involvement of local glial cell populations. 

Astrocytes and feeding 

The functional significance of astrocytes in feeding remains uncertain. Studies focus
ing mainly on obese transgenic mice [such as Ny (agouti viable yellow) or DIO (diet
induced obesity)] reported increased number of astrocytes expressing leptin recep
tors, and that astrocytes play an essential role in leptin distribution and signaling [23, 
24]. Astrocytes also have a e10se structural association with the blood-brain barrier 
forming endothelia [1]. Interestingly, impaired transport of leptin across the blood
brain barrier was shown to cause obesity [31]. Astrocytes were shown to express 
increased amount of GFAP upon high-fat diet via a mechanism involving the endo
cannabinoid system [16]. In the arcuate nucleus and median eminence where the 
blood-brain barrier is missing, astrocytes take up molecules from the circulation: they 
also express leptin- and neuropeptide Y Y 1 receptors, thus, they may take part in the 
regulation of food intake [7]. Brain specific IL-6 was shown in GFAP-IL6 mice to 
control body weight via GFAP containing astrocytes [15]. All these studies were car
ried out in the hypothalamus. However, the relationship between food deprivation and 
lateral septal astroglia has not been studied yet. 
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Effect OJ Jood deprivation in males, Jemales and ovariectomized Jemales 

In our experiments food deprivation caused an increased expression of GF AP in the 
LS of each experimental group, although the extent of this increase varied. In males 
one-week food restriction almost doubled the density of GFAP-IR. This is in good 
agreement with former results in other brain areas: expression of GFAP is more 
intense in the hypothalamus of male rats compared to females [8]. Haj6s et al. [14] 
found that testosterone stimulates GFAP expression in the interpeduncular nucleus of 
male rats. 

In intact females the density increased one and the halftimes ofthe control values. 
The amount of inhibitory synapses was shown to change according to different 
phases of oestrus cycle in the relevant nucleus of the hypothalamus [25, 26]. In our 
experiments the females' oestrus cycle was in synchrony. 

The increased GFAP-expression is a sign of astrocyte-reactivation [29], hence our 
results are in good accordance with earlier results stating that GFAP-IR is much 
higher in reactive astrocytes [33]. 

Sampies from ovariectomized animals showed the smallest increase in GFAP-TR. 
At the beginning of the food restriction experiments their body weight was signifi
cantly higher compared to intact females. Since ovariectomy causes loss of ovarian 
female hormones and reduced serum leptin concentration [30], the members ofOVX 
group developed a high amount of abdominal fat as it was revealed during their dis
section. White adipose tissue as stored energy source probably partially compensated 
the effect of food deprivation. 

Ovariectomy alone did not cause detectable changes in GFAP-TR after 2 weeks 
recovery at least in the examined area, thus, this intervention alone did not reactivate 
the astroglial cell population of dorsal subnucleus of LS. However, ovariectomy made 
a minor, but significant increase in the GFAP expression in the basal forebrain ofrats 
after brain lesion [21]. 

Our results indicate that the astroglial system of the dorsal subnucleus of LS is 
responsive to food-deprivation, even though this brain area has not yet been linked to 
regulatory modalities of feeding. The mechanism behind our observations may act 
through the reciprocal connectivity between the LS and the relevant hypothalamic 
areas. Our results strongly support that beside the hypothalamus, which is the pri
mary center of nutritional regime regulation, other brain regions like the LS also play 
an important role in the central control of food intake. 
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