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Abstract
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The lithium-pilocarpine model mimics most features of human temporal lobe epilepsy. Following
our prior studies of cerebral metabolic changes, here we explored the expression of transporters
for glucose (GLUT1 and GLUT3) and monocarboxylates (MCT1 and MCT2) during and after
status epilepticus (SE) induced by lithium-pilocarpine in PN10, PN21, and adult rats. In situ
hybridization was used to study the expression of transporter mRNAs during the acute phase (1, 4,
12 and 24 h of SE), the latent phase, and the early and late chronic phases. During SE, GLUT1
expression was increased throughout the brain between 1 and 12 h of SE, more strongly in adult
rats; GLUT3 increased only transiently, at 1 and 4 h of SE and mainly in PN10 rats; MCT1 was
increased at all ages but 5-10-fold more in adult than immature rats; MCT2 expression increased
mainly in adult rats. At all ages, MCT1 and MCT2 up-regulation was limited to the circuit of
seizures while GLUT1 and GLUT3 changes were more widespread. During the latent and chronic
phases, the expression of nutrient transporters was normal in PN10 rats. In PN21 rats, GLUT1 was
up-regulated in all brain regions. In contrast, in adult rats GLUT1 expression was down-regulated
in the piriform cortex, hilus and CA1 as a result of extensive neuronal death. The changes in
nutrient transporter expression reported here further support previous findings in other
experimental models demonstrating rapid transcriptional responses to marked changes in cerebral
energetic/glucose demand.
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The model of epilepsy induced in rats by lithium-pilocarpine (li-pilo), features most clinical
and neuropathological aspects of human temporal lobe epilepsy (Turski et al. 1989;
Cavalheiro 1995). In adult rats, li-pilo leads to an acute phase of status epilepticus (SE)
followed by a latent seizure-free phase lasting 14-25 days. Neuronal loss occurs in
hippocampus, dentate gyrus, piriform and entorhinal cortices, septum, thalamus, amygdala
and neocortex (Turski et al. 1989; Cavalheiro 1995; Dubé et al. 2001), leads to
reorganization and generation of a hyperexcitable circuit underlying the expression of
spontaneous seizures in 100% of adult rats. When li-pilo SE is induced at postnatal day 21
(PN21), neuronal loss is less extensive and only about 60-70% of the rats develop
spontaneous seizures after a latency of 65-75 days. In PN10 rats, SE does not lead to
damage or epilepsy (Sankar et al. 1998; Dubé et al. 2001).
During li-pilo SE in adult rats, marked increases in local cerebral metabolic rates for glucose
(LCMRglc) occur in regions prone to neuronal loss, while in other areas LCMRglcs increase
moderately (Fernandes et al. 1999). At PN10 and PN21, the pattern of metabolic increases is
similar, although the immature brain undergoes limited or no neuronal loss (Fernandes et al.
1999). Changes in LCMRglc during latent and chronic phases occur only in regions
undergoing neuronal loss in PN21 and adult rats (Dubé et al., 2000a,b, 2001).
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Glucose delivery to the brain is mediated by facilitative transporter proteins. GLUT1 is
located at the blood-brain barrier (BBB) endothelium and in glia, ependyma, and choroid
plexus (Maher et al. 1994; Kumagai et al. 1995; Vannnuci et al. 1997b). GLUT3 is found in
neurons (Maher et al. 1994; Vannucci et al. 1997b; McEwen and Reagan 2004). Ketone
bodies and lactate are transported to brain via monocarboxylic acid transporters, MCTs.
MCT1 is expressed by BBB endothelial cells, ependymocytes, and astrocytes (Pierre et al.
2000; Vannucci and Simpson 2003; Pierre and Pellerin 2005). MCT2 is a major neuronal
transporter (Pierre et al. 2000, 2002; Vannucci and Simpson 2003; Pierre and Pellerin 2005).
GLUT1 and GLUT3 levels are low in the immature brain and increase concurrently with
LCMRglcs (Vannucci 1994; Vannucci and Simpson 2003). MCT1 expression peaks during
suckling and declines with maturation as glucose becomes the major fuel. MCT1 and MCT2
levels in non-vascular compartments do not decline with maturation (Vannucci and Simpson
2003). Since changes in cerebral metabolism to meet changing energetic demand depend on
the availability of the metabolic fuel in blood and capacity to transport this fuel into cells,
age-dependent nutrient transport capacity is important to consider.
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GLUT1 expression was reported to increase during kainate SE in adult rats, in response to
heightened glucose demand (Gronlund et al. 1996). In human surgical tissue, GLUT1
expression was reduced interictally in the temporal lobe (Cornford et al. 1998) together with
decreased neuronal density and reduction in glucose utilization (Mathern et al. 1997). To our
knowledge, no data on the consequences of seizures on MCT1 and MCT2 expression are
available. Here, we studied seizure-induced changes in GLUT1, GLUT3, MCT1 and MCT2
mRNA expression in PN10, PN21, and adult rats: (1) during the acute phase of li-pilo SE;
(2) at the end of the latent phase; and (3) during the early and late chronic phases. In situ
hybridization allowed precise and quantitative location of transporter expression easy to
compare to our data on LCMRglcs (Fernandes et al. 1999; Dubé et al. 2000a,b, 2001). At
one time point during SE in adult rats, we verified whether the increased transporter mRNA
expression translated into increased protein expression using immunohistochemistry.
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Materials and Methods
Animals and preparation of brain sections
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Adult Sprague Dawley rats (Janvier Breeding Center, Le Genest-St-Isle, France), one male
and two females per cage, were housed in mating groups for 5 days. Rats were kept in quiet,
uncrowded facilities (21-22°C) on 12-h light-dark cycle (7:00 am–7:00 pm, lights on) and
given unlimited access to lab chow and water. After delivery, litters were reduced to 10 pups
(day of birth was considered as day 0). All animal experimentation was performed in
accordance with rules of the European Committee Council Directive of November 24, 1986
(86/609/EEC) and the French Department of Agriculture (License N°67-97). A total number
of 134 rats (35 PN10, 43 PN21 and 56 adults) were used.
Lithium chloride (3 meq/kg) was injected 18 h before pilocarpine to PN10, PN21, and adult
rats (60, 30 and 25 mg/kg, respectively). Rats received 1 mg/kg methylscopolamine 30 min
before the convulsant to reduce peripheral consequences of pilocarpine. Control animals
received methylscopolamine, lithium, and an equivalent volume of saline instead of
pilocarpine. Starting five days after SE induction, PN21 and adult rats were observed by
video recording (Sony) 10 h/day for spontaneous seizure occurrence. These rats were then
randomized to the latent or chronic groups. PN10 rats undergoing SE do not develop
spontaneous seizures (Dubé et al., 2001; Sankar et al., 1998) and were not video-recorded.
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As detailed in Figure 1, transporter mRNA expression during the acute phase was studied at
1, 4, 12 and 24 h of SE. Then, adult and PN21 rats with no seizures were sacrificed by the
end of the latent phase, i.e. at 14 and 60 days after SE, respectively (Cavalheiro 1995; Dubé
et al. 2001), at time points similar to our measurements of LCMRgc (Dubé et al., 2000a,b).
During the chronic phase, some rats were sacrificed after a few days of spontaneous seizures
(early stage), i.e. at 21 (adults) or 75 days (PN21) and other rats after two months of seizures
(late stage), i.e. at 80 (adults) and 135 days after SE (PN21). In rats that underwent SE at
PN10, we studied only a late time point of 120 days after SE.
For the preparation of sections, rats (3-6 animals per group) were deeply anesthetized with
an overdose of pentobarbital (1.8 mg/kg) and sacrificed by decapitation. Brains were taken
out, frozen in methylbutane at -25°C and kept at -80°C. 20 μm coronal sections were taken
at four preselected levels and thaw-mounted on polylysine-coated slides. Adjacent sections
were taken for classical thionin staining. The study of transporters was performed in 26
regions of interest (Paxinos and Watson, 1986). Only the data concerning the structures
involved in the seizure circuit are presented here.
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In situ hybridization and immunohistochemistry
The synthesis of 35S-labeled riboprobes and in situ hybridization were performed as
previously described (Bondy et al. 1992; Vannucci et al. 1998, Koehler-Stec et al. 1998).
Hybridization of additional sections with sense probes for all four transporters was
performed as a control and did not produce any specific signal (data not shown). The tracer
level in autoradiographic sections was quantified with an image processing system (Biocom
500, Les Ulis, France) by an observer unaware of the animals' treatment.
After exposure, slides were dipped in Kodak NTB3 photographic emulsion and stored at
4°C for six weeks. Slides were developed with Kodak D-19 developer and counterstained
with hematoxylin. Sections were examined under a microscope by epiluminescence to
reveal the silver grains resulting from in situ hybridization as bright green (Vannucci et al.
1997a). MCT1 and MCT2 immunochemistry was performed on 6 li-saline and 6 li-pilo rats
at 6 h of SE using rabbit antisera raised against either MCT1 or MCT2, as previously
described (Pierre et al. 2000).
Neurobiol Dis. Author manuscript; available in PMC 2013 July 29.
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Statistical analysis
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GLUT1, GLUT3, MCT1 and MCT2 mRNAs were determined in 26 structures of groups of
3-6 animals, controls and rats exposed to SE. Tracer concentrations in controls were
compared to those in li-pilo groups by a two-way analysis of variance for independent
groups (ANOVA) followed by a post-hoc Fisher's LSD test for multiple comparisons.

Results
Seizure expression and behavior
Behavioral and electroencephalographic alterations induced by li-pilo were time- and agedependent. They occurred in a temporal sequence similar to the one described previously
(Motte et al. 1998; Fernandes et al. 1999). The mean duration of the latent phase was 18 ± 4
days in adult rats and 68 ± 7 days at PN21. 70% of the rats subjected to SE at PN21 (12/17)
became epileptic. None of the PN10 rats developed epilepsy.
Effects of SE on the expression of nutrient transporters in PN10 rats
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During SE in PN10 rats, GLUT1 mRNA expression increased in almost all brain regions
and remained high during the 24 h of SE, except in thalamus (Figure 2A). Largest
activations concerned hippocampus, amygdala, and piriform cortex. GLUT1 increased at 1 h
of SE but most markedly between 4 and 24 h, reaching 18-119% over control levels.
Changes in GLUT3 and MCT1 expression were temporally similar and increased markedly
by 1 h in all regions. GLUT3 expression was mainly increased in hilus, entorhinal and
piriform cortices, mediodorsal thalamus (49-239%). In most regions, GLUT3 mRNA levels
had normalized by 4 h, except in amygdala. MCT1 expression increased by 78-179% at 1 h
of SE in hippocampus, entorhinal and piriform cortex, remained high at 4 h in CA1, CA3,
and piriform cortex and went back to control levels in the other regions. MCT1 mRNA
increase lasted up to 12 h of SE in Ammon's horn (Figure 2B, C). The increase in MCT2
expression was moderate, occurring between 1 and ending by 12 h of SE. It was statistically
significant (26-104%) in hilus, entorhinal and priform cortex (Figure 2D). Examples of
increases of MCT2 mRNA expression in amygdala and entorhinal cortex of PN10 rats at 1 h
of SE are given in Figure 3.
At 4 months after SE in PN10 rats MCT levels were normal. GLUT1 and GLUT3 mRNA
levels tended to be reduced in all regions, with only significant decreases in GLUT1
(44±16%, mean ± S.D.) and GLUT3 mRNA (52±15%) level in the CA3c (data not shown).
Effects of SE on the expression of transporters in PN21 rats

NIH-PA Author Manuscript

As in younger rats, GLUT1 mRNA levels underwent widespread increases (31-150%) in
PN21 rats during SE, with maximal values between 4 and 24 h in most regions (Figure 4A).
Largest increases were recorded at 24 h in Ammon's horn and amygdala. GLUT3 levels
increased significantly by 72-138% over control levels during the initial 4 h of SE in
piriform cortex, amygdala, and thalamus. They returned to control levels by 12 h. GLUT3
expression was unchanged in other structures during the acute phase (Figure 4B). Strong
increases (117-340%) in MCT1 mRNA expression occurred in hippocampus, dentate gyrus,
cortices, and amygdala. These increases lasted for 4-12 h and levels of MCT2 normalized by
24 h of SE (Figure 4C). In PN21 rats MCT2 mRNA expression was not affected by SE at
any time, with the exception of a significant decrease at 12 and 24 h in mediodorsal
thalamus (Figure 4D). Examples of increases of MCT2 mRNA expression in dentate gyrus
and amygdala of PN21 rats at 1 h of SE are presented in Figure 5.
During late phases, only GLUT1 mRNA expression increased over control levels by 36-92%
in all regions and at all times (Figure 6A). GLUT3 mRNA levels tended to slightly increase
Neurobiol Dis. Author manuscript; available in PMC 2013 July 29.
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in many regions during the late chronic phase and decreased at all times in piriform cortex,
though not significantly. MCT1 levels increased by 18-67%, mainly in the late chronic
phase in thalamus and hilus. MCT2 increased by 26-28%, only during the latent phase in
CA1 and dentate gyrus (Figure 6B-D).
Effects of SE and on the expression of transporters in adult rats
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The temporal evolution of the influence of SE on transporter expression in adult rat brain is
shown in Figure 7. In adult rats, GLUT1 mRNA expression was unchanged by 1 h SE and
uniformly increased between 4 and 24 h up to 50-175% over control levels in hippocampus
and dentate gyrus. In thalamus and amygdala, increases started at 1 h and lasted for the
entire acute period. In entorhinal and piriform cortex, GLUT1 mRNA expression was
enhanced at 1 and 4 h, normalized by 12 h and down-regulated by 24 h in piriform cortex
(Figure 8A). GLUT3 mRNA expression was minimally affected by SE, with the exception
of a 75-94% increase in amygdala between 1 and 12 h, and 62 and 47% decreases at 24 h in
piriform and entorhinal cortices (Figure 8B). At 24 h, GLUT3 mRNA level was significantly
up-regulated by 58% in dentate gyrus. A very strong activation in MCT1 mRNA occurred
mainly in hippocampus, dentate gyrus, entorhinal cortex and amygdala (Figure 8C). It
reached 600-1700%, was largest at 4 h and lasted up to 12 h of SE. In most other regions,
the increase reached 150-600%. By 24 h, MCT1 mRNA levels were increased in most
regions. MCT2 mRNA expression increased in hippocampus, piriform and entorhinal
cortices, amygdala and thalamus (Figure 8D), starting at 1 h and lasting for 24 h, except in
piriform cortex where MCT2 mRNA levels increased only at 1 h and in hilus where no
change occurred. Increases were moderate in hippocampus and entorhinal cortex (39-110%)
and marked in amygdala and thalamus, reaching 85-180% at all times.
In adult rats, the mRNA expression of all transporters had normalized in most brain regions,
except in hippocampus and piriform cortex. In the latter structure, the levels of all
transporters, except MCT1 were strikingly decreased during all phases (Figure 9). In CA1,
the expression of GLUT3 and MCT2 decreased during the latent and chronic phases.
GLUT3 mRNA decreased also in hilus (Figure 9).
Effects of lithium-pilocarpine SE on MCT protein expression
MCT protein changes were measured in adult rat brain sections at 6 h of SE (Figure 9).
Compared to li-saline, SE enhanced the expression of MCT1 (Figure 10a-d) and MCT2
(Figure 10e-h) protein. Increases occurred hippocampus for MCT1 (Figure 10b vs a) and
MCT2 (Figure 10f vs e) and in cortical neurons for MCT1 (Figure 10d vs c) and even more
strikingly for MCT2 (Figure 10h vs g).
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Discussion
The present data highlight significant changes in expression of metabolic transporter
mRNAs that are age-, region- and transporter-specific. Effects are prominent during the
acute phase and more marked when the basal transporter expression is low, as is the case for
GLUT3 in PN10 rats and MCT1 in adult rats.
Glucose transporters and hypermetabolism during SE: age-related response
Basal LCMRglcs are low and homogeneous in PN10 rats. They increase by 2-fold between
PN10 and PN21 with regional differentiation, and by 1.3-fold between PN21 and adults
(Nehlig et al., 1988). GLUT1 and GLUT3 expression is low at young ages and progressively
increases to adult levels while it is the reverse for MCT expression, elevated in immature
brain and progressively decreasing (Vannucci 1994; Vannucci and Simpson 2003). Li-pilo
SE is also characterized by distinct age-related differences. In adults, it is followed by
Neurobiol Dis. Author manuscript; available in PMC 2013 July 29.
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extensive neuronal loss (Turski et al. 1989; Cavalheiro 1995; Dubé et al. 2001). When SE is
induced at PN21, neuronal loss is less extended; in PN10 rats there is no neuronal loss
(Dubé et al. 2001).
One hypothesis for neuronal loss linked to severe seizures is based on the mismatch between
cerebral metabolism and blood flow leading to hypoperfusion (Ingvar, 1986). During li-pilo
SE in adult rats, early mismatch between LCMRglcs and blood flow occurs in regions
undergoing neuronal loss. Surprisingly, in PN21 and PN10 rats, the distribution of this
regional mismatch is similar but there is only little or no neuronal loss (Pereira de
Vasconcelos et al., 2002). Thus, we explored whether seizure-induced neuronal loss could
reflect substrate supply limitation during SE (Fernandes et al. 1999).
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GLUT1 mRNA expression showed age-dependent widespread increases during SE. GLUT1
is expressed by the BBB endothelial cells and glial cells (Kumagai et al. 1995; Maher et al.
1994; Vannucci et al. 1997b) but increases in GLUT1 mRNA seem largely due to increased
expression in cerebral microvessels upon activation (Vannucci et al. 1998). The widespread
increases of GLUT1 mRNAs recorded here show the rapid transcriptional response to the
widespread increases of LCMRglcs during severe seizures (Meldrum 1983; Ingvar et al.
1987; Fernandes et al. 1999). Largest increases were recorded in the structures of the seizure
circuit. Hippocampus and amygdala underwent even further increases in GLUT1 mRNA
expression at 24 h of SE in PN21 and adult rats, most likely due to high energetic demand
(Fernandes et al. 1999). GLUT1 mRNA levels did not increase in thalamus of PN10 rats
concurrently with the lack of increase in LCMRglcs during li-pilo SE in thalamus at that age
(Fernandes et al. 1999). This further confirms the relation between metabolic needs and
GLUT1 expression (Vannucci 1994).
The expression of GLUT3 mRNA was affected by seizure activity only transiently and
inversely to age. GLUT3 increased mainly in cortex, amygdala, and thalamus of PN10 and
PN21 rats, but only during the first 4 h of SE, reflecting also the transcriptional response to a
rapid change in metabolic demand. The amplitude of GLUT3 up-regulation was largest in
PN10, reflecting reduced density of the transporter at that age (Vannucci 1994) and capacity
of the immature brain to adjust to increased metabolic demand at the neuronal level. In adult
rats, GLUT3 expression was minimally affected by SE, with the exception of decreases at
24 h of SE in piriform and entorhinal cortices, most likely reflecting massive neuronal loss
recorded at that time (Roch et al. 2002). This rapid decrease in GLUT3 mRNA density, if
translated into insufficient transporter protein in neurons, could lead to insufficient
metabolic supply to neurons during seizures. This deficit could lead to energy failure and
subsequent neuronal necrosis resulting in cerebral dysfunction in the adult epileptic brain.
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These data are in line with our earlier work showing early increases in GLUT1 and GLUT3
mRNA expression of PN10 and PN21 rats subjected to pentylenetetrazol (PTZ) SE.
Increases were also widespread at 1 and 4 h of SE. As in li-pilo SE, the amplitude of the
response was larger in PN10 than in PN21 rats. In contrast, most increases had disappeared
by 24 h after PTZ, as opposed to li-pilo SE. This difference most likely reflects the short
duration of PTZ SE (about 60-80 min) compared to that of li-pilo SE (8-12 h), hence leading
to very long sustained metabolic demand in the latter model (Nehlig et al., 2006).
Monocarboxylate transporters and hypermetabolism during SE: age-related response
MCT1 and MCT2 mRNA up-regulation was limited to limbic regions outlining the seizure
circuit, directly reflecting energetic demand linked to hyperactivity. Thus, MCT1 densities
are adjusted to local glucose metabolism and transport and might represent a more sensitive
marker than changes in GLUT1 densities (Maurer et al., 2004) which are increased in all
brain regions. In limbic structures, MCT1 mRNA expression was up-regulated at 1 h of SE.
Neurobiol Dis. Author manuscript; available in PMC 2013 July 29.
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MCT1 mRNA levels were increased to a similar extent as GLUT1 in PN10 and PN21 rats,
but 5-10 times more than GLUT1 in adult rats. Thus, MCT1 levels depend also on metabolic
rates. MCT1 up-regulation normalized rapidly in most regions and earlier in immature rats,
reflecting the shorter duration, reduced severity and metabolic demand of SE in immature
compared to adult rats. The more limited increase in MCT1 mRNA expression in immature
rats might also be linked to the high level of this transporter during suckling (Cremer et al.
1976, 1979; Vannucci and Simpson, 2003) that would hence not be particularly inducible.
Marked up-regulation of MCT1 in adults likely reflects hypermetabolism during seizures
that leads to massive accumulation of lactate in the brain. Its density rises proportionally
with lactate concentration (Hertz and Dienel, 2004). During li-pilo SE in adult rats, cerebral
lactate concentration reaches 11 mM compared to 2 mM in controls (Fernandes et al. 1999).
The large increase in MCT1 expression could contribute to the release of lactate out of the
brain. Neurons also increase the expression of their usual MCT transporter, MCT2, mostly
in adult animals. However, MCT2 saturates rapidly when lactate concentration rises (Pierre
and Pellerin 2005). In adult rats during SE, the expression of MCT2 increased to a more
moderate extent than MCT1 while the reverse seemed to occur at the protein level.
Region-specific plasticity of transporter mRNA expression: correlation with neuronal
damage in adult rats
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Entorhinal and piriform cortices are involved early during SE (Roch et al., 2002) and
undergo large increases in LCMRglcs in adult rats (Fernandes et al. 1999). In these
structures, the up-regulation of GLUT1, MCT1 and MCT2 mRNAs was rather moderate and
GLUT3 expression did not change. By 24 h of SE, all transporter systems had normalized
and GLUT3 was down-regulated. This decrease most likely reflects the rapid cell
disorganization and neuronal loss, which is fully established in basal cortices of adult rats by
24 h of SE (Roch et al. 2002). This rapid neuronal death may partly reflect the insufficient
capacity of cerebral nutrient transporters to adapt to major hypermetabolism. As a result of
extensive neuronal loss in these cortices, the expression of neuronal transporters, GLUT3
and MCT2, strikingly decreased during the latent and chronic phase. In the most affected
structure, piriform cortex, GLUT1 also decreased in the long term.
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Almost all thalamic nuclei underwent low to moderate increases of GLUT1 and MCT1
mRNA expression, and no change in GLUT3 during SE. The largest increase in MCT2
expression was observed in thalamus. MCT2, the major neuronal MCT of the rodent brain,
becomes easily rate-limiting during activation (Hertz and Dienel 2004). The sustained upregulation of MCT2 mRNA during SE may indicate the long-lasting activation during SE.
The thalamus is highly sensitive to seizure activity, undergoing increases in BBB
permeability (Leroy et al. 2003) concurrent with early lesions (Roch et al. 2002). This
sensitivity may be linked to abundant thalamic interconnections to the critical role of
thalamus in initiation and propagation of limbic seizures (Cassidy and Gale 1998; Bertram et
al. 2001). In thalamus, neuronal loss does not translate into long-term changes in nutrient
transporter levels.
In Ammon's horn and dentate gyrus, SE did not increase GLUT3 mRNA, moderately MCT2
and largely MCT1 expression. Hippocampal regions underwent the largest increases in
GLUT1 mRNA levels. This up-regulation started at 4 h of SE and increased by 24 h. This
delayed increase in GLUT1 expression most likely reflects delayed involvement of
hippocampus in the seizure circuit and better transient structural preservation. In
hippocampus, with the exception of hilus, neuronal damage is seen only at 6 days after SE
(André et al. 2001; Dubé et al. 2001; Roch et al. 2002), possibly because of the rapid and
strong up-regulation of MCT1 at 1 h of SE allowing the excess lactate to be efficiently
released (Hertz and Dienel 2004). In the long term, neuronal loss in CA1 leads to the
Neurobiol Dis. Author manuscript; available in PMC 2013 July 29.
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decrease of the neuronal transporters GLUT3 and MCT2. In hilus, which undergoes marked
neuronal loss (about 70-80%, Dubé et al. 2001; Roch et al. 2002), only GLUT3 mRNA
levels were reduced in the long-term which is concordant with decreases in LCMRglcs, 14
days and 2 months after SE in adult rats (Dubé et al. 2000a,b, 2001).
In conclusion, nutrient transporter expression was mostly affected during SE. The response
of GLUT1 was uniform and more marked with increasing age. MCT1 increased strongly in
adult brain and outlined the seizure circuit. The neuronal transporters GLUT3 and MCT2
were moderately or not affected in most limbic regions during SE. Changes in GLUT3
inversely related to age and this could reflect insufficient adaptation of this transporter in
adult neurons, possibly leading to reduced metabolic supply during prolonged seizures. This
failure could, together with other modifiers of injury such as heat shock proteins, receptors
and transduction mechanisms, participate in neuronal necrosis leading to cerebral
dysfunction in the epileptic brain.
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1.

Seizures lead to age-dependent overexpression of brain metabolic transporters

2.

Up-regulation of glucose transporters is widespread

3.

Up-regulation of monocarboxylate transporters is limited to the seizure circuit

4.

In the long term, decreased expression reflects neuronal death
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Figure 1.

Schematic representation of the timing of the experiments and measurements of nutrient
transporter mRNA expression in the long term in PN10 rats and during the acute, latent,
early and late chronic phase in PN21 and adult rats.
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Figure 2.

Effects of lithium-pilocarpine SE on the expression of GLUT1 (A) and GLUT3 (B) MCT1
(C) and MCT2 (D) mRNAs in the brain of PN10 rats during the acute phase, i.e., at 1, 4, 12
and 24 h after SE onset.
Values are expressed as percent of control levels.
Abbreviations: CA1 and CA3c: pyramidal cell layers of Ammon's horn; DG: granular cell
layer of the dentate gyrus; Hilus: hilus of the dentate gyrus; ENT: entorhinal cortex; PIR:
piriform cortex; BLAMY: basolateral amygdala; LTH: lateral thalamus; MDTH:
mediodorsal thalamus.
* p<0.05, # p<0.01, statistically significant differences from control
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† p<0.05, ‡ p<0.01, statistically significant differences from the previous time
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Figure 3.

MCT2 mRNA expression in basolateral amygdala and entorhinal cortex of control (upper
row) and lithium-pilocarpine PN10 rats (lower row) at 1 h after SE onset. In both structures,
the expression of the transporter was largely enhanced by the seizures.
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Figure 4.

Effects of lithium-pilocarpine SE on the expression of GLUT1 (A) and GLUT3 (B) MCT1
(C) and MCT2 (D) mRNAs in the brain of PN21 rats during the acute phase, i.e., at 1, 4, 12
and 24 h after SE onset.
Values are expressed as percent of control levels.
Abbreviations: CA1 and CA3c: pyramidal cell layers of Ammon's horn; DG: granular cell
layer of the dentate gyrus; Hilus: hilus of the dentate gyrus; ENT: entorhinal cortex; PIR:
piriform cortex; BLAMY: basolateral amygdala; LTH: lateral thalamus; MDTH:
mediodorsal thalamus.
* p<0.05, # p<0.01, statistically significant differences from control
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Figure 5.

MCT1 mRNA expression in hilus and granular cell layer of the dentate gyrus, and the
basolateral amygdala of control (upper row) and lithium-pilocarpine PN21 rats (lower row)
at 4 h after SE onset. Note the large SE-induced increase in the expression of the transporter
in the granular cell layer of the dentate gyrus compared to the quite moderate increase in the
hilus (see data in Figure 8). In basolateral amygdala, the expression of MCT1 was also
largely enhanced by the seizures.
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Figure 6.

Effects of lithium-pilocarpine SE on the expression of GLUT1 (A) and GLUT3 (B) MCT1
(C) and MCT2 (D) mRNAs in the brain of PN21 rats during the latent (60 days post SE) and
during the early (75 days post SE) and late chronic phase (135 days post SE).
Values are expressed as percent of control levels.
Abbreviations: CA1 and CA3c: pyramidal cell layers of Ammon's horn; DG: granular cell
layer of the dentate gyrus; Hilus: hilus of the dentate gyrus; ENT: entorhinal cortex; PIR:
piriform cortex; BLAMY: basolateral amygdala; LTH: lateral thalamus; MDTH:
mediodorsal thalamus.
* p<0.05, # p<0.01, statistically significant differences from control
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Figure 7.

Temporal changes of the expression of the four different nutrient transporters studied in the
adult rat brain in sections taken at the level of the dorsal hippocampus at 4 h, 24 h and 21
days after SE. Cryosections (20 μm) were analyzed for the expression of the transporters by
in situ hybridization using a 35S-riboprobe.
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Figure 8.

Effects of lithium-pilocarpine SE on the expression of GLUT1 (A) and GLUT3 (B) MCT1
(C) and MCT2 (D) mRNAs in the brain of adult rats during the acute phase, i.e., at 1, 4, 12
and 24 h after SE onset.
Values are expressed as percent of control levels.
Abbreviations: CA1 and CA3c: pyramidal cell layers of Ammon's horn; DG: granular cell
layer of the dentate gyrus; Hilus: hilus of the dentate gyrus; ENT: entorhinal cortex; PIR:
piriform cortex; BLAMY: basolateral amygdala; LTH: lateral thalamus; MDTH:
mediodorsal thalamus.
* p<0.05, # p<0.01, statistically significant differences from control
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† p<0.05, ‡ p<0.01, statistically significant differences from the previous time
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Figure 9.

Effects of lithium-pilocarpine SE on the expression of GLUT1 (A) and GLUT3 (B) MCT1
(C) and MCT2 (D) mRNAs in the brain of adult rats during the latent (14 days post SE) and
during the early (21 days post SE) and late chronic phase (80 days post SE).
Values are expressed as percent of control levels.
Abbreviations: CA1 and CA3c: pyramidal cell layers of Ammon's horn; DG: granular cell
layer of the dentate gyrus; Hilus: hilus of the dentate gyrus; ENT: entorhinal cortex; PIR:
piriform cortex; BLAMY: basolateral amygdala; LTH: lateral thalamus; MDTH:
mediodorsal thalamus.
* p<0.05, # p<0.01, statistically significant differences from control
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† p<0.05, statistically significant difference from the previous time
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Figure 10.

MCT1 (a-d) and MCT2 (e-h) protein expression in hippocampus and cerebral cortex of
control and lithium-pilocarpine treated adult rats at 6 h after SE onset. In both structures,
protein expression of the two transporters was largely enhanced by seizures, mainly in
neurons. Increased protein expression was prominent in CA1 pyramidal cell layer in
hippocampus and scattered all over the different layers of the cortex. Peroxidase staining
visualized with brightfield microscopy. Calibration bar: 50 μm.
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