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Abstract 

Purpose: Hippocampal glucose hypometabolism has been implicated in the pathogenesis of 
temporal lobe epilepsy (TLE). However, the underlying pathophysiological basis for this hypo-
metabolism remains elusive. The aim of this study was to investigate the relationship between 
hippocampal hypometabolism and the histological changes seen in rats after systemic pilocarpine 
treatment. 
Methods: 18F-fluorodeoxyglucose (FDG) small-animal positron emission tomography (microPET) 
was performed on day zero (untreated), day seven (latent) and day sixty (chronic phase) after the 
initial status epilepticus. The microPET imaging data were correlated with the immunoreactivity of 
neuron-specific nuclear protein (NeuN) and glial fibrillary acidic protein (GFAP) in the hippo-
campus at each time point. 
Results: 18F-FDG-microPET images showed the hippocampus presented with persistent hypo-
metabolism during epileptogenesis and partly recovered in the chronic phase. Hippocampal glu-
cose uptake defects correlate with NeuN immunoreactivity in the latent phase and GFAP im-
munoreactivity in the chronic phase. 
Conclusions: Severe glucose hypometabolism in the hippocampus during the latent phase cor-
relates with neuronal cell loss. The partial recovery of hippocampal glucose uptake in the chronic 
phase may be due to astrogliosis. 
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Introduction 
Hippocampus glucose hypometabolism is 

common in patients with drug-resistant temporal lobe 
epilepsy (TLE). It is also often specific enough to 
identify the seizure onset zone [1-3]. Some studies 
have shown that hypometabolism may be associated 
with tissue degeneration and cell loss in these zones 
[4, 5]. However, recently a number of studies have 
suggested that hippocampal hypometabolism may be 
a consequence of neural plasticity in the epileptic 
brain rather than tissue damage. Furthermore, it has 

been suggested that it can be reversed through surgi-
cal removal of the epileptic focus [6]. To date, the 
underlying cause of hippocampal hypometabolism 
remains elusive. 

It is difficult to investigate the pathophysiologi-
cal basis of hypometabolism in humans’ epilepto-
genesis as the early epileptogenic stage is not easily 
found in most patients. The pilocarpine model of epi-
lepsy in rats has been of special interest because it 
mimics the temporal and developmental aspects of 
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human TLE and, thus offers the advantage of allow-
ing assessment of the baseline, developing and 
chronic epileptic states. Small-animal positron emis-
sion tomography (microPET) can be applied in in vivo 
epilepsy research to quantitatively determine the rates 
of various physiological and biochemical processes 
with minimal invasiveness [7]. As a well-known ra-
diotracer, 18F-FDG has been frequently used to evalu-
ate glucose metabolic activity. Our previous study 
using 18F-FDG- microPET revealed that specific tem-
porospatial changes occur with regard to glucose uti-
lization in rats, which were noted to present with 
persistent hippocampal hypometabolism during the 
course of epileptogenesis after treatment with pilo-
carpine [8]. However, the pathophysiological basis for 
the observed hypometabolism was not disclosed. A 
prominent neuronal loss, the most conspicuous find-
ing in the hippocampus is the common pathology of 
the TLE. Additionally, astroglial activation is sup-
posed as an important cell response during TLE [9]. 

In the present study, we investigate glucose uti-
lization in rat hippocampus at different time window 
after pilocarpine administration using in vivo 
18F-FDG-microPET. Images were collected prior to 
pilocarpine treatment, during the latent phase (7 days 
after initial status epilepicuh, SE) and during the 
chronic phase (60 days after initial SE). To assess the 
contribution of various cellular alterations that occur 
in parallel with glucose utilization to the microPET 
signal, we also investigated the immunoreactivity of 
neuron-specific nuclear protein (NeuN) and glial fi-
brillary acidic protein (GFAP) in the hippocampus at 
each time point. 

Materials and methods 
Animals 

Male Sprague-Dawley rats (260–300 g, Grade II, 
Experimental Animal Center, Zhejiang Academy of 
Medical Science, Hangzhou, China) were maintained 
in individual cages with a 12 h/12 h light–dark cycle. 
Water and food were given ad libitum. All experiments 
were carried out in accordance with the ethical 
guidelines of the Animal Experimentation Committee 
of Zhejiang University and were in complete com-
pliance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals.  

Pilocarpine protocol 
The pilocarpine protocol was the same as our 

previous study [8]. Briefly, 36 rats were injected with 
pilocarpine (360 mg kg-1, intraperitoneal injection 
(i.p.); P6503, Sigma, USA) to induce SE. Methscopol-
amine bromide (1 mg kg-1, i.p.; S8502, Sigma, USA) 
was injected 30 min prior to the administration of 
pilocarpine to reduce its peripheral effects. If the rat 

did not develop SE within 45 min, an additional dose 
of pilocarpine (110 mg.kg-1) was given. All rats re-
ceived a single dose of diazepam (20 mg kg-1, i.p.; 
D0899, Sigma, USA) 120 min after SE onset. 24 rats 
treated with the same volume saline were used as 
control (8 in each time point). Twelve rats died after 
SE onset and were excluded from this study.  

18F-FDG-microPET imaging 
Three serial 18F-FDG-microPET images were 

acquired for 24 animals over a period of 60 days as 
follows: (1) 2 weeks before SE (baseline); (2) 7 days 
following SE (latent phase); and (3) 60 days following 
SE (chronic phase). After each imaging session, eight 
rats in each group were sacrificed and the brains were 
obtained for immunohistochemical staining. 

The regional glucose uptake of the brain was 
measured using the same method as previously re-
ported [8, 10, 11]. Under a brief (1.5 min) halothane 
gas anesthesia, the rats were intravenously injected 
with 500 µCi mmol-1 18F-FDG through the dorsal pe-
nile vein. Subsequently, the animals were returned to 
individual cages and placed in a room with minimal 
ambient noise. The rats were allowed to freely move 
for 40 min following the tracer injection in order to 
reduce the influence of the anesthesia on brain me-
tabolism [12]. Subsequently, each animal was placed 
in the microPET scanner under halothane gas anes-
thesia (5% induction and 1.5% for maintenance). A 15 
min static acquisition was performed in the 3D mode. 
Data were collected in the list mode and reconstructed 
by a maximum a posteriori probability algorithm with 
a pixel size of 0.4 × 0.4 × 1.2 mm3. 

PET data analysis 
The data acquired from microPET images were 

displayed and analyzed by IDL (Version. 6.2, Re-
search Systems, Colorado, USA) and ASIPro VM 
software (6.0.5.0, Concorde Microsystems Inc., Knox-
ville, USA). The PET and 3D FSPGR T1-weighted MRI 
images were co-registered using ASIPro VM software 
(Fig. 1). Glucose uptake was calculated by drawing 
regions of interest (ROIs) in the bilateral hippocampus 
for three slices and included the dorsal and ventral 
hippocampus. A semi-quantitative method (stand-
ardized uptake value, SUV) was used to calculate the 
changes of uptake rate in whole brain and hippo-
campus at each time point. 

Immunohistochemistry 
Briefly, rats were anesthetized and perfused with 

4% paraformaldehyde in 0.1 M PBS. The brains were 
removed and kept in 4% paraformaldehyde for 6 h, 
then immersed in 30% sucrose at 4°C for 3–4 days. 
After embedding in a mixture of 25% sucrose and 
O.C.T.™ (Sakura Finetek, USA), 15 µm sections were 
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taken on a cryostat. Avidin–biotin staining was used 
in immunohistochemical staining and hematoxylin 
was used for counter-staining. The primary antibod-
ies were rabbit anti-glial fibrillary acidic protein 
(GFAP) (1:200, Sigma) and mouse an-
ti-neuron-specific nuclear protein (NeuN) (1:200, 
Chemicon). Normal goat serum and the absence of 
primary antibodies were used as negative controls. 
The same brain sections of CA1 were imaged using a 
magnification of 400x. The numbers of positive cells in 
an area of 0.02 mm2 were counted. The data were 
presented at mean and standard error. Cell counts 
were performed by a technician who is blind to the 
experimental design. All measurements were re-
peated three times and the mean value was used. 

Statistical analysis 
The data were presented as the mean ± standard 

deviation (SD). A multiple comparison using the 
Bonferroni correction was applied in order to com-
pare image signal intensities and immunoreactive 
cells among the different phases in each group. The 
correlations were analyzed using the Pearson correla-
tion. Statistical significance was set at P < 0.05. 

Results 
Temporospatial changes in glucose uptake 

36 rats were initially included in this study. 
During the experiment, 12 of them were died and the 
other 24 rats were used in the analysis. SE had a sig-
nificant effect on the 18F-FDG uptake in the whole 
brain and hippocampus when compared with un-
treated group (P < 0.01). Glucose uptake in the whole 
brain was significantly decreased in the latent phase 
(P < 0.01) and returned to the level obtained from 
untreated rats in the chronic phase (P > 0.05). 24 rats 
treated with saline were used as control. Saline did 
not affect the glucose uptake in the whole brain. Of 
note, the uptake value in latent phase after pilocarpine 
treatment was significantly lower than that in corre-
sponding time point after saline treatment. The 
18F-FDG-microPET images showed that the stand-
ardized uptake value (SUV) of 18F-FDG in the hippo-
campus was significantly decreased by 22.3% in the 
latent phase compared to the baseline (before pilo-
carpine injection) (P < 0.01). Glucose uptake in the 
hippocampus partially recovered in the chronic phase 
but was still below the untreated time point (P < 0.05, 
Fig. 2 and 3). Saline treatment did not affect SUV of 
18F-FDG in the hippocampus. Compared with corre-
sponding time points in control, pilocarpine treatment 
significantly decreased the SUV.  

 

 
Figure 1. Co-registration of microPET and MRI images. The ROIs were selected according to the anatomical structures of the rat brain and included the 
dorsal and ventral hippocampus (purple). 

 



Int. J. Med. Sci. 2015, Vol. 12 

 
http://www.medsci.org 

291 

 
Figure 2. MRI co-registered microPET images of the coronal views in the different phases of epileptogenesis. Four of the 17 coronal views slices of the rat 
brain are shown, including the dorsal to ventral hippocampus and the pons. 

 

 
Figure 3. Glucose uptake of the whole brain and hippocampus in the different phases after pilocarpine or saline injection. *P < 0.05; **P < 0.01 vs. the 
untreated phase; #P < 0.05; ##P < 0.01 between the pilocarpine and saline group. 

 

NeuN and GFAP immunohistochemistry in 
the hippocampus 

In the latent phase after pilocarpine injection, the 
numbers of NeuN positive cells in hippocampal CA1 
area sections were significantly decreased compared 
to the untreated group (P < 0.01) and profound cell 
loss in the CA1 region (P < 0.01) were also noted. 
Conversely, GFAP-positive cells were significantly 
increased in the latent phase compared to the un-
treated group (P < 0.01) and significantly increased 

numbers of GFAP-positive cells were found in the 
hippocampus CA1 area in the chronic phase after pi-
locarpine injection (P < 0.01, Fig. 4 and 5). As the con-
trol, saline did not affect NeuN-positive cell numbers 
and GFAP-positive cell numbers.  

Correlation of hippocampal hypometabolism 
with NeuN and GFAP immunoreactivity 

Using the Pearson correlation, the hippocampal 
glucose uptake correlated well with NeuN immuno-
reactivity in the latent phase (Pearson’s prod-
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uct–moment coefficient, r = 0.84, P < 0.05) but not with 
GFAP immunoreactivity (P > 0.05). However, in the 
chronic phase there was a significant positive correla-
tion between hippocampal glucose uptake and GFAP 

immunoreactivity (r = 0.78, P < 0.05) and no signifi-
cant correlation was observed between hippocampal 
glucose uptake and NeuN immunoreactivity at this 
time point (P > 0.05, Fig. 6). 

 

 
Figure 4. Immunohistochemical staining for NeuN and GFAP in the different phases of epileptogenesis (×400). 

 

 
Figure 5. NeuN- and GFAP-positive cells in the hippocampus in the different phases after pilocarpine or saline injection. *P < 0.05; **P < 0.01 vs. the 
untreated phase; #P < 0.05; ##P < 0.01 between the pilocarpine and saline group. 
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Figure 6. Hippocampal immunohistochemical staining and the correlation to glucose uptake in the different phases of epileptogenesis. #P < 0.05. 

 

Discussion 
Our study has demonstrated that hippocampal 

hypometabolism, visualized by 18F-FDG-microPET, is 
present in the early stages following SE, whereas there 
is partial glucose uptake recovery in the chronic 
phase. NSE and GFAP correlation analysis revealed 
that severe glucose hypometabolism correlated with 
neuronal cell loss in the latent phase and astrogliosis 
in the chronic phase. 

 In this study, we found glucose uptake in hip-
pocampus was significantly decreased in the latent 
phase and there was a concurrent decrease in neu-
ronal cell numbers. Previous studies have demon-
strated widespread hypometabolism in the brain 
during the latent phase following SE and have addi-
tionally suggested that metabolic decreases that occur 
in damaged areas are due to neuronal cell loss [13-15]. 
Our findings are consistent with those studies. Hip-
pocampal glucose uptake correlated significantly with 
NeuN immunoreactivity in the latent phase, sug-
gesting the existence of a common mechanism un-
derlying hypometabolism in these areas during this 
phase. Glucose uptake in the hippocampus was partly 
restored during the chronic phase; however, hippo-
campal cell loss continued to progress. Although the 
cell death already occurs in the first week after seizure 
in the latent phase [16], there was still cell degenera-
tion likely caused by apoptosis and subsequent injury. 

 No correlation was observed between hippo-
campal glucose uptake and NeuN immunoreactivity 
during the chronic phase. This finding is in accord-
ance with previous animal and clinical studies which 
also failed to demonstrate a significant correlation 
between hippocampal atrophy or neuronal density 
and glucose uptake in patients with TLE [17, 18]. 
Furthermore, patients without atrophy visible by MRI 
or significant surgically identifiable histologic cell loss 
often display marked temporal lobe hypometabolism 
[19]. These results suggest that hypometabolism is not 
entirely a consequence of neuronal cell loss. Instead, 
hypometabolism may promote the ongoing of epilep-
tic network during epileptogenesis.  

Widespread microglial activation and persistent 
astrogliosis in areas with neuronal death was found in 
pilocarpine-induced SE rats. These glial cell reactions 
develop during the first week after SE and persist into 
the chronic phase [20-22]. We observed that 
GFAP-positive cells are significantly increased in the 
latent phase and their numbers increase further in the 
chronic phase after pilocarpine injection. Our findings 
support the hypothesis that glial cells are activated 
after SE—a phenomenon that plays a crucial role in 
seizure generation or seizure spread in the chronic 
phase [23]. Astrocytes may also contribute to the 
metabolic signal. Previous studies have suggested 
that activated microglia may provide some compo-
nent of the metabolic signature during acute seizures 
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and in the peri-infarct zone of the rat model of ische-
mia using 18F-FDG-microPET [24, 25]. Recently, Lee et 
al. also found glial activation and synaptogenesis may 
reflect increased glucose uptake using 
18F-FDG-microPET combined proton magnetic reso-
nance spectroscopy (1 H MRS) in the rat lithi-
um-pilocarpine model of epilepsy [26].Therefore, 
given the fact that the partial recovery of hippocampal 
glucose uptake was observed in the latent phase and 
the significant correlations between the magnitude of 
the hypometabolism and the changes in the levels of 
GFAP-positive cells, we postulate that the partial re-
covery of glucose uptake in the hippocampus may be 
attributable (in part) to gliosis without recovery of 
neuronal cell numbers during the epileptogenic pro-
cess.  

Nevertheless, there is limitation for our study. In 
our study, a standardized uptake value (SUV) with a 
semi-quantitative method was used to access the 
metabolic rate change of the whole brain and hippo-
campus. However, for the cell count, only CA1 region 
was chosen. That might lead to the discrepancy be-
tween the minor reduction of glucose consumption 
and vast neuronal death. In addition, high glycolytic 
rate in astrocytes possibly contributes to the discrep-
ancy. This point deserves future study 

Conclusion 
Our study has outlined the specific temporospa-

tial changes in glucose uptake that occur in the hip-
pocampus during the course of epileptogenesis in the 
rat lithium-pilocarpine model of epilepsy. In addition, 
we have determined a possible underlying patho-
physiological basis of these changes. Our results have 
revealed that severe glucose hypometabolism in hip-
pocampus during the latent phase correlates with 
neuronal cell loss and the partial recovery of hippo-
campal glucose uptake in the chronic phase may be 
due to astrogliosis. 
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