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Aestivation and hypoxia-related events share
common silent neuron trafficking processes
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Abstract

Background: The availability of oxygen is a limiting factor for neuronal survival since low levels account not only
for the impairment of physiological activities such as sleep-wake cycle, but above all for ischemic-like
neurodegenerative disorders. In an attempt to improve our knowledge concerning the type of molecular
mechanisms operating during stressful states like those of hypoxic conditions, attention was focused on eventual
transcriptional alterations of some key AMPAergic silent neuronal receptor subtypes (GluR1 and GluR2) along with
HSPs and HIF-1α during either a normoxic or a hypoxic aestivation of a typical aquatic aestivator, i.e. the lungfish
(Protopterus annectens).

Results: The identification of partial nucleotide fragments codifying for both AMPA receptor subtypes in Protopterus
annectens displayed a putative high degree of similarity to that of not only fish but also to those of amphibians,
birds and mammals. qPCR and in situ hybridization supplied a very high (p< 0.001) reduction of GluR1 mRNA
expression in diencephalic areas after 6 months of aerial normoxic aestivation (6mAE). Concomitantly, high
(p< 0.01) levels of HSP70 mRNAs in hypothalamic, mesencephalic and cerebellar areas of both 6mAE and after
6 months of mud hypoxic aestivation (6mMUD) were detected together with evident apoptotic signals. Surprisingly,
very high levels of GluR2 mRNAs were instead detected in thalamic along with mesencephalic areas after 6 days of
normoxic (6dAE) and hypoxic (6dMUD) aestivation. Moreover, even short- and long-term hypoxic states featured
high levels of HIF-1α and HSP27 transcripts in the different brain regions of the lungfish.

Conclusions: The distinct transcriptional variations of silent neurons expressing GluR1/2 and HSPs tend to
corroborate these factors as determining elements for the physiological success of normoxic and hypoxic
aestivation. A distinct switching among these AMPA receptor subtypes during aestivation highlights new potential
adaptive strategies operating in key brain regions of the lungfish in relation to oxygen availability. This functional
relationship might have therapeutic bearings for hypoxia-related dysfunctions, above all in view of recently
identified silent neuron-dependent motor activity ameliorations in mammals.
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Background
Among the different environmental factors, oxygen proves
to be a very critical element for the maintenance of cere-
bral homeostatic conditions [1]. It has been established
that some vertebrates may tolerate prolonged hypoxia and
high temperatures without damaging vital organs such as
the brain [2]. In this category, aestivating turtles and fish
are considered valuable models for clinical studies [3,4].
Aestivation is characterized by a consistent metabolic
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reduction accompanied by a decrease of temperature and
a down-regulation of gas exchange and heart rate [5]. By
surviving in cocoons for long periods, the aestivating lung-
fish Protopterus annectens unlike hibernators is protected
against ammonia toxicity during drought periods above all
for mud aestivators, which feature low oxygen levels [6].
Works have shown that the brain is a major target of
oxygen depletion, as shown by brief hypoxia conditions
reducing ATP levels and consequently membrane
depolarization leading to neuronal cell death [7].
Under these conditions, the opening of α-amino-3-

hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA)
receptor channels not only mediates fast excitatory
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neurotransmission in many synapses [8], but also accel-
erates hypoxia-dependent death [9]. In this case, Ca2+

flowing through AMPA receptor channels tends to exert a
critical role on apoptosis during epilepsy, hypoxia-ischemia
and Alzheimer disease [10,11]. Among the four AMPAer-
gic subtypes (GluR1-4), those recognized as silent neurons
(GluR1 and GluR2) are able to modulate synaptic strength
by being inserted at post-synaptic containing NMDA
receptor sites and so these subtypes may regulate dendritic
morphology and synaptic transmission via phosphorylative
processes during development as well as in pathological
conditions [12]. Interestingly under hypoxia conditions,
AMPA synaptic activities require the functional involve-
ment of some neuroprotective factors, such as heat shock
proteins (HSPs) and hypoxia-inducible factor-1 alpha
(HIF-1α) [13,14]. HIF-1α is an important transcriptional
factor coordinating adaptive responses against hypoxia in
mammals [15] and in fish [16] and so by improving animal’s
ability to resist to low oxygen conditions, this factor may
avoid cellular damages [17] through the recruitment of
other neuroprotective factors such as p53 and HSPs [18].
HSPs are highly conserved cell proteins responding to
stressful conditions, such as heat shock, hypoxia and
metabolic abnormalities [19,20]. At the brain level, HSP-
dependent changes following oxygen deprivation are
tightly correlated to ion channel plasticity of olfactory cor-
tical cells, where these chaperones preserve glutamatergic
synaptic transmission [21]. From a functional point of
view, HIF-1α promotes the activation of small HSPs such
as HSP27 during early ischemic insults [22] while other
HSPs, and precisely HSP70, are strongly associated with
long-term plasticity events at the synaptic level [23,24].
On this basis, it was our intention to identify a temporal

relationship of the expression capacity of the silent neurons
GluR1 and/or GluR2 to that of the activation of HIF-1α
along with HSP27 and HSP70 under normoxic and hypoxic
aestivating conditions of the lungfish. The selection of this
fish as our experimental model is based on its adaptive
capacity to oxygen deprivation by entering into a quiescent
aestivating state. The identification of GluR1 and GluR2
mRNA expression patterns overlapping with the above
neuroprotective factors might have potential therapeutic
application during hypoxia–dependent neurodegenerative
disorders, such as ischemia.

Results
GluR1 and GluR2: Molecular identification and distribution
pattern
In this work, the application of specific primers designed
on rat heterologs (Figure 1a) permitted us to identify, for
the first time, a partial coding sequence of putative
GluR1 [GenBank: HQ993057] and GluR2 [GenBank:
HQ993058] of AMPA receptor complex along with β-
actin [GenBank: HQ993056] in Protopterus annectens.
These sequences showed a high nucleotide identity
(>80%) with not only the corresponding sequences of
AMPA receptor subtypes of Rattus norvegicus [GenBank:
X17184; AF164344] but also with those of fish such as
GluR1 of Oreochromis mossambicus [GenBank: L49498]
(Figure 1b) and GluR2 of Carassius auratus (AM886311)
and of Danio rerio [GenBank: AF525743] (Figure 1c). In a
first case, a distinct anterior-posterior expression gradient
of GluR1 and GluR2 mRNA levels was detected in the dif-
ferent brain regions of freshwater (FW) lungfish (Figure 2).
In particular, anterior brain regions (Figure 2a) supplied
intermediate (0.5<OD< 0.75) GluR1 and GluR2 mRNA
levels in the lateral septum (Sl) and in the dorsal pallium
(Dp), respectively, while lower expression capacities (OD<
0.5) for both subtypes characterized other brain regions
such as lateral pallium (Lp), dorsal portion of medial
pallium (Pd) and medial subpallium (Sm). In posterior
regions (Figure 2b), high (OD> 0.75) GluR1 mRNA levels
characterized the dorsal part of the hypothalamus (Hyd)
along with intermediate levels being reported for the pars
intermedia of reticular nucleus (Ri), whereas low OD sig-
nals were typical of the optic tectum (Te), dorsal thalamus
(Thd) and corpus cerebelli (Cc). Interestingly of all the pos-
terior brain areas, this last romboencephalic region was the
only site supplying high GluR2 expression levels.

GluR1 and GluR2 mRNA levels during normoxic and
hypoxic aestivation
The discrimination of GluR1/2 expression capacities
throughout the various brain regions constituted an
essential step towards the recognition of these AMPAergic
subtypes as major targets of aestivating conditions. qPCR
analysis carried out on the whole brain of the different ex-
perimental conditions exhibited a very high three-fold
(p< 0.001) reduction of GluR1 mRNA levels in lungfish
maintained under a long normoxic aestivation (6mAE)
with respect to FW, 6dAE and 6dMUD states, along with
moderate (p< 0.05) reductions with respect to 6mMUD
animals (Figure 3a). Moreover, this latter condition dis-
played a moderately (p< 0.05) significant decrease when it
was compared to FW, 6dAE and 6dMUD states (Figure 3a).
Contextually to this trend, in situ hybridization data
(Figure 3b-d) supported a preferential brain regional-
dependent down-regulation of GluR1 mRNA expression for
lungfish maintained under long normoxic aestivating condi-
tions (Figure 3bii) with respect to hypoxic 6mMUD (Figure
3biii). In particular a very high reduction of GluR1 tran-
scripts occurred in mostly diencephalic areas such as Hyd
of 6mAE animals when compared to FW (Figure 3c). At
the same time, moderate reductions were typical of the ven-
tral part of hypothalamus (Hyv) and Thd in 6mAE condi-
tions (Figure 3c). During the long hypoxic aestivating state
(6mMUD), a moderate down- and up-regulation of GluR1
levels characterized Hyd and Thd, respectively, when



Figure 1 Molecular identification of GluR1, GluR2, HSP70, HSP27 and HIF-1α in Protopterus annectens. Primers sequences used for the
amplification of AMPA receptor subtypes and protective factors were reported in the table (a). The partial sequences obtained in Protopterus
annectens have been aligned with GluR1 protein sequences (b) of Rattus norvegicus [GenBank: CAA35050] and Oreochromis mossambicus
[GenBank: AAL34309], while in the case of GluR2 (c) with those of Rattus norvegicus [GenBank: AAD51284], Carassius auratus [GenBank: CAP08035]
and Danio rerio [GenBank: AAQ08956]. Similarly, HSP70 partial protein sequence of Protopterus annectens (d) was aligned to heterologs of Rattus
norvegicus [GenBank: AAA17441], Danio rerio [GenBank: AAC17598] and Thalassoma pavo [GenBank: ABN58790], HSP27 (e) with those of Rattus
norvegicus [GenBank: AAA41353] and Salmo salar [GenBank: ACI68354] and HIF-1α (f) with sequences of Rattus norvegicus [GenBank: AAD24413],
Danio rerio [GenBank: AAI65712] and Cyprinus carpio [GenBank: ABV59209].
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compared to that of FW conditions. It is worthy to
note that when GluR1 variations were estimated for
extra-diencephalic areas, 6mAE animals still continued
to exhibit a general down-regulatory pattern, even though
of moderate entity, as reported in some telencephalic
regions such as Dp and Sm as well as in Te (Figure 3d).



Figure 2 GluR1 and GluR2 mRNA expression in FW conditions
obtained by in situ hybridization method. The mRNA levels
(OD± s.e.m.) of GluR1 (light grey) and GluR2 (dark grey) were
evaluated in anterior (a) and posterior (b) areas of lungfish
maintained under FW conditions. For abbreviations check list.
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Conversely, a moderate increase of GluR1 transcripts was
predominantly typical of ventral telencephalic brain areas,
such as Sm, when lungfish were maintained under a
6mMUD state with respect to FW conditions (Figure 3d).
As far as GluR2 expressing neurons are concerned,

they resulted to be active at a rather short aestivating
state, thus accounting for up-regulated mRNA levels as
early as 6 days for both normoxic and hypoxic condi-
tions. Indeed, qPCR analysis demonstrated a three-fold
(p< 0.001) increase of GluR2 levels in both 6dAE and
6dMUD conditions with respect to FW and 6mMUD
animals. The rising trend of GluR2 continued to be also
maintained for 6mAE animals whereas in the case of
6mMUD animals the expression capacity of this
AMPAergic subtype was strongly reduced to control
values (Figure 4a). The transcriptional levels of GluR2
(Figure 4b-d) resulted to be preferentially concentrated
in diencephalic regions of 6mAE (Figure 4bii) with re-
spect to 6mMUD animals (Figure 4biii). Indeed, evident
up-regulations were reported for Thd in 6mAE
(p< 0.001) and 6dAE (p< 0.01), while a moderate up-
regulation appeared to characterize Hyd and Hyv only
following long normoxic conditions (Figure 4c). However,
hypoxic aestivating states did not appear to promote a
clear-cut direction for diencephalic sites on the account of
a heterogeneous expression pattern being featured by all
conditions especially in the case of moderate increases in
Thd and Hyv of 6dMUD state as compared to a moderate
down-regulation for Hyd of 6mMUD conditions (Figure 4c).
Conversely, an up-regulatory type of effect characterized
above all extra-diencephalic areas, since aside the moderate
down-regulated patterns in Dp of 6mMUD group with
respect to FW state (Figure 4d), high GluR2 mRNA levels
were instead reported for Te and Cc of 6dAE, 6dMUD
and 6mAE groups along with moderate up-regulations
characterized Dp of short and long normoxic conditions
(Figure 4d). In addition, neurons expressing this
AMPAergic receptor subtype in 6mMUD animals
appeared to be also typical of mesencephalic areas as
shown by a moderate GluR2 mRNA up-regulation in Te.
mRNA expression of protective factors and TUNEL
reaction during normoxic and hypoxic conditions
In a same manner as for AMPA receptor subtypes, even
the partial coding sequences for both HSP70 [GenBank:
HQ993059] and HSP27 [GenBank: JF262201] as well as for
HIF-1α [GenBank: 1457856; work in progress] in Proto-
pterus annectens were obtained by using primers designed
on rat (HSPs) and on zebrafish (HIF-1α) heterologs
(Figure 1a). In Protopterus annectens HSP70 (Figure 1d)
partial sequence showed a high nucleotide identity (>75%)
with the heterologs of Rattus norvegicus [GenBank:
L16764] and fish Thalassoma pavo [GenBank: EF392849]
and Danio rerio [GenBank: AF006007]; HSP27 (Figure 1e)
with the heterologs of Rattus norvegicus [GenBank:
M86389] and Salmo salar [GenBank: BT048553]; HIF-1α
(Figure 1f) with heterologs of Rattus norvegicus [GenBank:
AF057308] and fish Cyprinus carpio [GenBank: EU144225]
and Danio rerio [GenBank: AF525743].
Subsequently, qPCR and in situ hybridization analyses

supplied a differentiated mRNA expression pattern of
these neuroprotective factors during both normoxic and
hypoxic conditions. Such protective elements showed a
preferential type of activity not only for short hypoxic
states (HIF-1α, HSP27) but also for long hypoxic and
normoxic states (HSP70). Indeed, HIF-1α and HSP27
supplied an overlapping expression pattern and precisely
a high two-fold (p< 0.01) increase being typical of short
(6dMUD) and long (6mMUD) conditions with respect to
both FW and 6dAE groups (Figure 5a,d). At the same
time, HIF-1α also exhibited a moderate transcriptional
increase in 6mAE animals with respect to these same
conditions. In the case of HSP70, this chaperone
appeared to characterize exclusively long aestivating con-
ditions, as demonstrated by two-fold increases in 6mAE



Figure 3 GluR1 mRNA expression during normoxic and hypoxic aestivation. mRNA levels were evaluated in whole brain of FW (white1),
6dAE (black2), 6mAE (vertical striped3), 6dMUD (diagonal striped4) and 6mMUD (grey5) animals by qPCR. (a) The results are expressed as a
proportion of the highest value after normalization with respect to β-actin expression levels and represent the means ± s.e.m. of three
independent biological replicates. GluR1 in situ hybridization pattern was handled in the different brain nuclei of diencephalic (c) and
extradiencephalic (d) areas of all aestivating conditions (expressed as % of FW). In particular, an evident reduction of mRNA levels was typical of
6mAE (ii) with respect to 6mMUD (iii) lungfish in telencephalic regions (b), of which a schematic representation was reported (i). Statistical
analysis: ANOVA followed by Student’s t test for qPCR data and by Newman Keul’s test for in situ hybridization (ap< 0.05, b p< 0.01, cp< 0.001).
Scale bar: 600 μm. For abbreviations check list.
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and 6mMUD with respect to all experimental conditions
(Figure 6a).
From in situ hybridization evaluations, it seemed that

the specific distribution pattern of neurons expressing
GluR1 and GluR2 tightly overlapped those expressing
HIF-1α and HSP27 as well as HSP70 under the above
aestivating conditions. The different neuronal fields of
diencephalic and extra-diencephalic areas turned out to
be the main expression sites of HIF-1α transcripts during
mainly short and long hypoxic conditions, as displayed
by very high mRNA transcript levels of this transcrip-
tional factor in Hyd (+125%), Dp (+120%), Te (+132%)
and Cc (+92%) along with high levels in Thv (+70%) and
Thd (+87%) of 6dMUD animals with respect to FW state
(Figure 5b,c). Some of these same brain areas, such as
Thv, continued to express very high levels of HIF-1α
mRNA (+115%) under long hypoxic aestivating condition
(Figure 5b), along with up-regulations being typical of Thd
(+62%), Dp (+60%) and Te (+58%). In the case of nor-
moxic aestivating state, 6mAE lungfish appeared to be
characterized by significant HIF-1α increases (Figure 5b,c)
in Cc (+56%; p< 0.01) and Thd (+46%, p< 0.05). At the
same time, early hypoxic conditions also accounted for
very high HSP27 mRNA levels in these same brain areas
(Figure 5e,f) and namely Thv (+125%), Te (+112%), Hyd
(+95%), Thd (+98%) and Dp (+90%) along with increases
in cerebellar areas (Cc, +75%). Under a long hypoxic state
(6mMUD), HSP27 turned out to be expressed in a still sig-
nificant fashion as reported by its high level in Thv (+80%)
and Dp (+58%), while during the long normoxic
aestivation (6mAE) an evident up-regulation characterized
Hyd (+56%) and Thv (+64%; Figure 5e) and moderate
increases were detected in Thd (+46%) and Cc (+48%;
Figure 5f).
As far as mRNA levels of HSP70, which has been

shown to be indicative of a long-term hypoxia-related
protective measure are concerned, this transcript was
expressed under prevalently long normoxic and hypoxic
aestivating states with respect to other experimental con-
ditions (Figure 6a). In situ hybridization data showed
that very high expression levels of this protective factor
were specific for diencephalic areas (Figure 6b), such as
Thd (+145%) and Thv (+128%) under long normoxic
aestivating conditions, with a similar pattern being also
obtained for long hypoxic aestivating conditions in Thd
(+120%), Thv (+155%) and Hyd (+158%). On the other



Figure 4 GluR2 mRNA expression during normoxic and hypoxic aestivation. mRNA levels were evaluated in whole brain of FW (white1),
6dAE (black2), 6mAE (vertical striped3), 6dMUD (diagonal striped4) and 6mMUD (grey5) animals by qPCR. (a) The results are expressed as a
proportion of the highest value after normalization with respect to β-actin levels and represent the means ± s.e.m. of three independent biological
replicates. GluR2 in situ hybridization pattern was handled in the different brain nuclei of diencephalic (c) and extradiencephalic (d) areas of all
aestivating conditions (expressed as % of FW). In particular, an evident increase of mRNA levels was detected in 6mAE (ii) with respect to 6mMUD
(iii) lungfish at diencephalic level (b), of which a schematic representation was reported (i). Statistical analysis: ANOVA followed by Student’s t test
for qPCR data and by Newman Keul’s test for in situ hybridization (ap< 0.05, bp< 0.01, cp< 0.001). Scale bar: 600 μm. For abbreviations check list.
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hand, a significant increase of HSP70 was registered for
Hyd (+72%) of 6dMUD animals and for Thd (+54%) of
6dAE (Figure 6b). In line with this up-regulating trend,
the mRNA expression pattern of such a protective factor
appeared to be also highly increased in Dp (+152%) and
Te (+180%) during long normoxic aestivating conditions
along with a significant increase for Cc (+70%; Figure 6c).
Similarly, long hypoxic conditions continued to induce a
very high up-regulation of HSP70 transcripts, this time
in Dp (+95%) and Cc (+108%), together with increases in
Te (+74%), while the short hypoxic state accounted for
significant up-regulation of mRNA levels in Dp (+55%)
and Te (+70%; Figure 6c). Surprisingly, the expression
pattern of this protective factor seemed to overlap apop-
totic events in extra-diencephalic brain regions under
long aestivation conditions (Figure 7g). This was particu-
larly evident for the very great number of TUNEL posi-
tive neurons for the entire TEL (+95%; Figure 7a) and Cb
(+110%; Figure 7c) under a long normoxic state (6mAE),
along with a moderate reaction being also detected in Te
(+55%; Figure 7e) for this same aestivating state with re-
spect to FW (Figure 7f). At the same time, an evident
TUNEL reaction characterized TEL (+78%; Figure 7b) and
Cb (+88%, Figure 7d) when lungfishes were exposed to
long hypoxic aestivation conditions (6mMUD).

Discussion
In this work for the first time, altered transcriptional levels
of both AMPAergic receptor subtypes mRNAs occurring
concomitantly to elevated expression levels of selective
neuroprotective factors during the different aestivating
conditions tend to underlie a distinct protection program
operating in a similar fashion to those reported for some
ischemic disorders [21,25]. This feature was basically
established through the detection of the specific silent
neurons expressing GluR1 and/or GluR2 mRNAs in well-
known motor-related brain regions such as Cb and Te of
the lungfish, so suggesting that compensatory pathways
under hypoxic conditions might be activated [26]. In such
a context it appears that the switching over between
mRNA expression of these two subtypes under either brief
or long aestivating states may turn out to be a pivotal con-
dition for the functional recovery of motor activities at
arousal, which are controlled by these areas very likely via
the action of AMPA receptors permeable to Ca2+ lacking
GluR2 [27,28]. In addition, these same brain areas featured



Figure 5 HIF-1α and HSP27 mRNA expression during normoxic and hypoxic aestivation. mRNA levels were evaluated in whole brain of FW
(white1), 6dAE (black2), 6mAE (vertical striped3), 6dMUD (diagonal striped4) and 6mMUD (grey5) animals by qPCR. (a,d) The results are expressed
as a proportion of the highest value after normalization with respect to β-actin levels and represent the means ± s.e.m. of three independent
biological replicates. HIF-1α and HSP27 in situ hybridization pattern was handled in the different brain nuclei of diencephalic (b,e) and
extradiencephalic (c,f) areas of all aestivating conditions (expressed as % of FW). Statistical analysis: ANOVA followed by Student’s t test for qPCR
data and by Newman Keul’s test for in situ hybridization (ap< 0.05, bp< 0.01, cp< 0.001). For abbreviations check list.
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enhanced expression levels of the neuroprotective factors
HIF-1α, HSP27 and HSP70, which were comparable to
those of other aestivating species such as the turtle Tra-
chemys scripta [1] and the lizard Tupinambis merianae
[29] that display a notable resistance to not only ammo-
nium toxicity [6] but also to oxidative state deficits [30,31].
In line with this condition, it is very probable that the spe-
cific molecular properties of motor brain sites seem to
constitute a key target of oxygen-dependent nitrogen me-
tabolism of aestivating species [32] and as a consequence
these tend to operate in a very similar manner to hypoxia-
related neurodegenerative disorders like Alzheimer’s
Disease in mammals [33].
Curiously, both AMPA receptor subtypes were not

expressed in the same direction especially during
reduced oxygen availability of aestivation in mud and
this seems to point to the induction of GluR1/2 as a key
step responsible for the consolidation of silent synaptic
processes, at least during sleeping states [34,35]. Such a
feature was established via the identification of partial
nucleotide fragments codifying for both AMPA receptor
subtypes in Protopterus annectens, which subsequently
enabled us to display a putative high degree of similarity
to that of not only fish but also to those of amphibians
[36], birds [37] and mammals [38]. Indeed, high GluR2
mRNA levels above all in thalamic and mesencephalic
regions may constitute ideal situations at least for the
maintenance of long sleeping-like states of lungfish, this
time not only during normoxic aestivating conditions
but above all during early aestivating states. These condi-
tions are very likely due to high GluR2 mRNA levels
being tightly related to silent neuron type of events that
consist in lysosomial degradative pathways promoting
AMPA internalization processes [27]. Hence this
phenomenon, like that of NREM in mammals, appears
to heavily rely on low GluR1 levels detected during the
long normoxic aestivating conditions, very probably
through their inactivation by protein kinase C II-related



Figure 6 HSP70 mRNA expression during normoxic and
hypoxic aestivation. mRNA levels were evaluated in whole brain of
FW (white1), 6dAE (black2), 6mAE (vertical striped3), 6dMUD (diagonal
striped4) and 6mMUD (grey5) animals by qPCR. (a) The results are
expressed as a proportion of the highest value after normalization
with respect to β-actin levels and represent the means ± s.e.m. of
three independent biological replicates. HSP70 in situ hybridization
pattern was handled in the different brain nuclei of diencephalic
(b) and extradiencephalic (c) areas of all aestivating conditions
(expressed as % of FW). Statistical analysis: ANOVA followed by
Student’s t test for qPCR data and by Newman Keul’s test for in situ
hybridization (ap< 0.05, bp< 0.01, cp< 0.001). For abbreviations
check list.
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processes [35,39]. The fact that both silent subtypes are
involved with sleeping events of our lungfish tends to in-
dicate a gradual insertion of AMPA receptor-dependent
excitatory synaptic functions being essential for numerous
neuronal activities such as the ionic channel pharmaco-
logical properties of the different vertebrates [36,40] and
above all initial contact-related motor functions that are
typical of zebrafish embryos [41].
The results of TUNEL analysis and the concomitant

increased HSP70 levels seem to suggest that a specific
homeostatic neuronal program involving neurogenesis and
apoptotic events are characterizing the different aestivating
conditions of Protopterus annectens. In particular, specific
motor controlling neuronal fields during long aestivating
conditions (6mAE and 6mMUD) exhibited dense apop-
totic reactions similar to those obtained for other verte-
brates such as amphibians [42] and mammals [43]. It is
thus tempting to propose that the lungfish brain during
aestivation executes a precise balance between cell death
and neurogenesis especially in those areas, which are
required to maintain in equilibrium an accurate number
of cells in a regenerative state [44], probably via
HSP70-dependent suppression of necrosis and caspase-
independent apoptotic pathways [45]. Interestingly,
HSP70 has been recognized as a “conformational repair
agent” and so its elevated levels during long aestivating
states like that of brain hyperthermic stress may prove
to be important for correcting stress-induced damage to
synaptic proteins and guiding the structural assembly at
postsynaptic density [46]. Moreover, the preservation of
neurosignaling activities during long aestivation requires
the activation of the pro-survival factor HSP70 in motor-
related areas similarly to protective mechanisms detected
in mammals during cerebral ischemia-dependent disorders
[47].
It is worthy to note that during hypoxic aestivating

conditions AMPA receptor transcriptional levels were
increased, as demonstrated by significant mRNA levels
of GluR1 and GluR2 during 6mMUD and 6dMUD states,
respectively. Similar receptor variations have been
reported during short-term hypoxia for rat hippocampal
AMPA receptor complex [48], while under prolonged
hypoxic conditions an increase of AMPA current is not
observed, indicating its suppression during prolonged
oxygen deprivation. Consequently, the increase of the
two silent neurons during brief hypoxia may contribute
to an early reorganization of synapses, including the pro-
motion of AMPA receptor-mediated effects at previously
silent synapses and increased synthesis of excitatory
receptor subtypes [49,50]. Subsequently the blockade of
AMPAergic currents, through the recruitment of AMPA
receptors containing GluR2, may promote long-term
neuronal survival and tolerance to seizure susceptibility
in those brain areas of the lungfish linked with the re-
covery of motor and visual functions at arousal. These
plasticity events appear to exhibit a similar trend to that
observed in the anoxic turtle brain [51], suggesting that



Figure 7 Apoptotic events during normoxic and hypoxic aestivation. TUNEL signals were evaluated in 6dAE (black), 6mAE (vertical striped),
6dMUD (diagonal striped) and 6mMUD (grey) states. At 6mAE state, an evident amount of neuronal fields containing apoptotic cells (TUNEL
method, black arrow) was detected in TEL (a), Cb (c) and Te (e) with respect to the representative TUNEL control (f). In the case of 6mMUD
condition, TEL (b) and Cb (d) continued to supply an evident TUNEL reaction. Variations in apoptotic cell content (g) were reported as % of
apoptotic cells ± s.e.m. with respect to FW and analyzed by ANOVA and Newman Keul’s test (ap< 0.05, bp< 0.01, cp<0.001). Scale bars (a-d) = 80
μm; (e,f) = 40 μm. For abbreviations check list.
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conserved protective systems may be adopted during
vertebrate evolution, in order to assure rapid and appro-
priate responses to various oxygen tensions. The early in-
crease of GluR2 mRNA levels in 6dMUD condition,
promptly replaced by a reduction of this transcript during
6mMUD state, may be considered as a pre-conditioning
factor against hypoxia-related events, which appears to
strongly require the rapid induction of HIF-1α and HSP27.
Such an activity is in line with recent evidences showing
that stress-related proteins may display a different tem-
poral activation during hypoxia, with the protective factor
(HSP27) representing an early switch against hypoxia-
related conditions in newborn mammals [52,53]. Further-
more, the harsh environmental conditions guiding the
lungfish into a hypometabolic state promotes the activa-
tion of the early protective factors that causes the arrest of
growth/developmental events as well as of apoptotic
neuronal processes [43]. Thus, neuronal death occurring
after a short hypoxic aestivation in our lungfish may
account for a rapid activation of HIF-1α, which in turn
promotes the recruitment of inducible HSP27. This small
chaperone by activating a protective pathway through the
inhibition of both caspase-dependent and -independent
mechanisms [22] prevents neuronal damages against sub-
sequent ischemic insults in a similar manner to that
reported for rat retinal ischemia [54].
Conclusions
These results underlie the crucial role of the expression of
the AMPAergic silent neurons (GluR1/R2) during
aestivation of Protopterus annectens and highlight new
adaptive strategies operating in key brain regions of this
lungfish in relation to oxygen availability. During vertebrate
evolution, the homoeostatic balance between an active or si-
lent synaptic state resulted to be a determinant factor for
the entering into a torpor condition, probably via the regu-
lation of GluR1 and GluR2 phosphorylative processes [55].
GluR2 seems to represent an early neuronal marker of cel-
lular oxidative imbalance, a condition by which this AMPA
receptor subtype concomitantly to HIF-1α/HSP27 complex
elicits long-term protection during aestivation, in a similar
fashion to that reported during mammalian ischemic events
[56]. In particular, long-term expression variations of silent
neurons that are tightly related to HSP70-dependent synap-
tic stabilization may bring us closer to elucidate the type of
neuronal mechanism(s) operating during hypoxia-related
dysfunctions [57]. We are still at the beginning, but the ap-
plication of pharmacological and molecular approaches for
the characterization of distinct AMPA receptor membrane
domains as well as their interaction with other hypoxia-
related factors, such as vascular endothelial growth factor
[58] may represent a valuable therapeutic tool for hypoxia-
related disorders such as ischemia.
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Methods
Maintenance of specimens
The study was performed on the African lungfish
Protopterus annectens (body weight 140–190 g). Specimens
(n=60) were collected from Central Africa and imported
through a local fish farm in Singapore (Qian Hu Fish Farm
Trading Co, Singapore). In this work animal sex was not
taken into consideration since its identification is not pos-
sible due to the lack of distinct external features. All lung-
fish were acclimatized to laboratory conditions for at least
1 month in order to eliminate any non-specific effects
deriving from stressful ambient states before the beginning
of experimental trials. They were maintained in plastic
aquaria filled with dechlorinated tap water (pH 7.1–7.2),
containing 0.71 mM Na+, 0.32 mM K+, 0.72 mM Ca++,
0.06 mM Mg++, 2.2 mM Cl− and 0.2 mM HCO3

−, at 25°C
under 12-h light/12-h dark photoperiod until use and water
was changed daily. During the adaptation period, animals
were fed frozen bloodworms up to a period of 96 h before
experimental session in which food was withdrawn. Experi-
mental protocols of this study were approved by the
National University of Singapore Institutional Animal Care
and Use Committee (IACUC Permits 813/05, S06/06 A and
035/09).
Aestivation
Lungfishes were exposed to two different type of
aestivation and precisely in air (normoxia) and mud
(hypoxia) conditions, according to previous studies
[6,32]. For this purpose some fish were induced to aestiv-
ate in air at 25–30°C individually in plastic tanks (29 cm
x 19 cm x 17.5 cm, length x width x height) containing a
small volume (15 mL) of dechlorinated tap water. Water
dried up in approximately 6 days and, during this time,
animals formed a mucus cocoon that enveloped the en-
tire body. At the same time, for the handling of mud
aestivation dried mud collected from the bottom of
freshwater ponds was purchased from Hua Hing Trading
Co (Singapore). The dried mud was soaked in dechlori-
nated tap water for at least 2 days, and mixed into a
thick paste (approximately 30% water content) by hand.
Artificial muddy substrata (19 kg dry mass) with a mini-
mum depth of 15 cm were made in similar plastic tanks
used for air aestivation. Fish (one per tank) were allowed
to bury at liberty into mud, which took 2–12 h. A small
amount of water (approximately 100 mL) was evenly
spread on to the surface of the mud every 4–5 days to
prevent the surface mud from drying up and cracking. In
addition, there was a small air passage, which connected
the point of entry from the mud surface to the aestivat-
ing fish. However, in all cases, the anterior end of the
fish was observed to be orientated away from the air pas-
sage. Subsequently animals (n = 12 for each condition)
were sacrificed during the different aestivating states: at
the induction phase after 6 days of aerial normoxic
(6dAE) or mud hypoxic (6dMUD) aestivation, that may
be considered as short entering states into aestivation
[6]; after 6 months of aerial normoxic (6mAE) or mud
hypoxic (6mMUD) aestivation defined as the long main-
tenance phase of such a state. Other fish (n = 12), main-
tained in freshwater (FW) conditions were identified as
controls and placed in dechlorinated tap water for the
same duration that was used for all aestivating lungfish.
Afterwards all animals were sacrificed and their dorsal
skull was opened in order to extract their brain, which
was stored at −80°C and −20°C for future analyses. For
the different experimental phases described in this study,
the number of animals for each conditions (n = 4) was
assessed according to Mead’s resource equation, which is
in line with our previous published works [4].

qPCR analysis
For this study, we directed our attention to the expression
pattern of the AMPAergic silent neurons (GluR1 and
GluR2) along with some neuroprotective factors and
namely HIF-1α, HSP70 and HSP27 during normoxic and
hypoxic aestivation of the lungfish. For this aim, brains of
Protopterus annectens belonging to 6dAE (n=4), 6dMUD
(n= 4), 6mAE (n= 4), 6mMUD (n=4) and FW (n= 4)
groups, as described above, were quickly removed from
the skull and stored at −80°C. Total RNA was extracted
from whole brain of each experimental group using TRI
reagent (Sigma, Italy) and the quality of RNA samples was
assured by measuring optical density (OD, 260/280)
absorption ratio (range 1.62 – 2.1), while their integrity
was verified by the detection of 18 S and 28 S bands after
agarose gel electrophoresis. Total RNA (2 μg) of each sam-
ple was used to synthesize cDNA according to indications
of the High Capacity cDNA Reverse Transcription Kit
(Applied Biosistem, Italy). PCR using Taq Polymerase
(Promega, Italy) was handled for both GluR1 and GluR2,
along with HIF-1α, HSP70 and HSP27 by using primers
pairs reported in Figure 1 and putative partial cds
sequences were firstly obtained for lungfish and submitted
to GenBank database. Quantitative real-time PCR (qPCR)
was performed on a Biorad Miniopticon (Biorad, Italy) sin-
gle color thermocycler and experimental procedures were
established on the basis of previously reported guidelines
[59]. Amplification reaction was prepared in a final volume
of 25 μL by adding 12.5 μL of SYBR-Green Supermix,
0.3 μM of primers for target genes, 0.1 μM of primers for
β-actin and 10 ng of each cDNA. All reactions were run in
triplicate according to the following cycling parameters:
one cycle at 94°C for 3 min, 40 cycles of denaturation at
94°C for 10 s and annealing-extension at 57°C for 30 s.
After the reaction, the existence of a unique PCR product
ranging from 150 to 200 bp was confirmed via melting



Giusi et al. BMC Neuroscience 2012, 13:39 Page 11 of 13
http://www.biomedcentral.com/1471-2202/13/39
curve analysis [60], obtained by an increase of 0.5°C every
10 s from 57°C to 95°C. After checking independent trials
of several reference genes, the β-actin reported the most
reproducible results across the various cDNAs and so it
was used as normalization gene. PCR amplification effi-
ciency for each primer pair was calculated on the basis of
the slope of the standard curve, which in most cases was
close to −3.4, indicating maximal PCR amplification effi-
ciency with a high correlation coefficient of amplification
accuracy within the range 0.990–0.998. Results of qPCR
were analyzed using Opticon Monitor qPCR detection sys-
tem (Biorad), with a program that permits the analysis of
the reaction kinetic. Cq values were obtained with Genex
software (BIORAD) and data were analyzed according to
the method of 2−ΔΔCT [61] on the basis of gene expression
levels calculated from three biological repeats. Data
obtained for all groups were reported as a proportion
of the highest value after normalization and statistical
differences were estimated by one-way ANOVA fol-
lowed by a post hoc Student’s t test when there was a
significant p-value< 0.05.

In situ hybridization analysis
The specific neuronal fields responsible for the mRNA en-
coding of GluR1 and GluR2 subtypes as well as for HIF-1α
and HSP27/70 in distinct brain nuclei was investigated by
performing in situ hybridization in the different aestivating
groups. For this purpose, antisense and sense probes were
designed on the basis of the partial sequences obtained in
Protopterus annectens for all gene targets considered in
this study and labeled by 3′-tailing using digoxigenin-11-
dUTP (Roche, Italy), as previously reported [62]. Briefly,
100 ng of antisense probe was added to brain sections
(14 μm) of the lungfish belonging to 6dAE, 6dMUD,
6mAE, 6mMUD and FW conditions (n= 4/group). After-
wards the probe was left overnight at 50°C in a humidified
chamber. Non-specific hybridization was handled on slides
incubated with sense probe. For immunological detection
anti-DIG alkaline phosphatase antibody (1:100, Roche,
Milan) was added for 2 h at room temperature, preceded
by 45 min permanence on Blocking Reagent (1%, Roche,
Milan). Neuronal hybridization signals were observed at a
bright-field Dialux EB 20 microscope (Leitz, Stuttgart,
Germany; 16X magnification; 25°C and Leica Imaging soft-
ware for image acquisition). Transcription differences for
anterior, intermediate and posterior brain areas of both
sections were evaluated by using a Macintosh computer-
assisted image analyzer system running Image software of
National Institutes of Health (Scion Image 2.0) and an in-
ternal standard for OD calibration. Before commencing
with the calibration of mean OD value for all sections an
estimation of the background level, which was processed
automatically by Scion Image program, was elaborated
and included for all final calculations.
Neuronal apoptosis assay
The determination of apoptosis was also handled on
lungfish brains that belonged to 6dAE (n = 4), 6dMUD
(n= 4), 6mAE (n = 4) and 6mMUD (n= 4) with respect to
FW (n= 4) by using a kit for immunohistochemical de-
tection and quantification of apoptosis based on TUNEL
technology (In situ Cell Death Detection Kit POD,
Roche-Italy). Briefly, fixed brain sections (16 μm) were
incubated in TUNEL reaction mix (label ± terminal
transferase solution) for 60 min at 37°C. Then a solution
of sheep anti-fluorescein antibody conjugated with
horseradish peroxidase (POD) was added to brain sec-
tions for 45 min at 37°C and the colorimetric reaction
was obtained by adding diaminobenzadine (DAB) sub-
strate (20 min at 25°C). Hematoxylin counterstained
slides were cover-slipped with Di-N-butyl-Phthalate in
Xylene (DPX) mounting medium for light microscopy
observation. Brown stained TUNEL-positive apoptotic
cells were observed in a bright-field Dialux EB 20 micro-
scope (Leitz, Stuttgart, Germany; 16-40X magnification;
25°C and Leica Imaging software for image acquisition).
Because of the same negative results, only one represen-
tative control was illustrated and compared to the brain
areas of all groups. For quantitative analysis, sections of
all brain levels were analyzed with a Leitz optic micro-
scope (Dialux 20 EB; Leica, Italy; 16X magnification; 25°C)
and captured via Leica Imaging software in order to iden-
tify neuronal cell groups according to previous works [63].
Cell counting of telencephalon (TEL), hypothalamus
(HTH), optic tectum (Te) and cerebellum (Cb) was per-
formed on five sections/area by using the following for-
mula: Ns= [Σ(N/Vsection)/n] x Vref, as previously
reported for neuronal quantification in lungfish [4], where
Ns= stained neurons per area; N= stained neurons/single
section; Vsection= section volume; n= sections per area;
Vref = volume of brain area.
Statistical analysis
The quantification of apoptotic cells (TUNEL) in aesti-
vating animals with respect to FW was performed using
a one-way ANOVA followed by a post hoc Newman-
Keul’s test when a p-value <0.05. Data deriving from
qPCR analysis were evaluated by using a one-way
ANOVA followed by Student’s t test. For in situ
hybridization method, mRNA levels (OD± s.e.m.) were
expressed as % of control (FW) for the different brain
regions and evaluated by using a one-way ANOVA fol-
lowed by a post hoc Newman-Keul’s test.
Ethical standards
Experimental protocols of this study were approved by the
National University of Singapore Institutional Animal Care
and Use Committee (IACUC Permits 813/05, S06/06 A



Giusi et al. BMC Neuroscience 2012, 13:39 Page 12 of 13
http://www.biomedcentral.com/1471-2202/13/39
and 035/09) and by MIUR (Italian University Research
Ministry).

Abbreviations
AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid;
Cb: cerebellum; Cc: corpus cerebelli; Dp: dorsal pallium; FW: freshwater
controls; HSPs: heat shock proteins; HIF-1α: hypoxia-inducible factor-1 alpha;
Hyd: dorsal hypothalamus; HTH: hypothalamus; Hyv: ventral thalamus;
In: intercalate nucleus; Lp: lateral pallium; OD: optical density; Pl: lateral
portion of medial pallium; Pd: dorsal portion of medial pallium; Pv: ventral
portion of medial pallium; Ri: pars intermedia of reticular nucleus; Sl: lateral
subpallium; Sm: medial subpallium; Te: optic tectum; TEL: telencephalon;
Thd: dorsal thalamus; Thv: ventral thalamus; 6dAE: 6 days of aerial normoxic
aestivation; 6mAE: 6 months of aerial normoxic aestivation; 6dMUD: 6 days of
mud hypoxic aestivation; 6mMUD: 6 months of mud hypoxic aestivation.

Competing interests
The authors declare that they have no-financial competing interests in
relation to this MS.

Acknowledgments
This study was co-financed by MIUR (Italian University Research Ministry) and
by research grant (R-154-000-429-112) awarded by the Singapore Ministry of
Education to Y.K. Ip.

Author details
1Comparative Neuroanatomy Laboratory, University of Calabria, 87030
Arcavacata di Rende (CS), Italy. 2Natural Sciences, National Institute of
Education, Nanyang Technological University, Singapore, Republic of
Singapore. 3Department of Biological Sciences, National University of
Singapore, Singapore, Republic of Singapore.

Author’s contributions
GG design the study, carried out molecular studies, data analysis and drafted
the MS; MZ participated in sequence alignment and data analysis; RMF
participated in design of the study and statistical analysis; SFC and YKI
participated in the design of study and in initial experiments on animal
treatment and aestivating conditions; MC participated in design and
coordination of the study and cooperated in the draft and final revision of
the MS. All authors read and approved the final manuscript.

Received: 16 December 2011 Accepted: 20 April 2012
Published: 20 April 2012

References
1. Nilsson GE, Lutz PL: Anoxia tolerant brains. J Cereb Blood Flow Metab 2004,

24(Suppl 5):475–486.
2. Bickler PE, Donohoe PH: Adaptive responses of vertebrate neurons to

hypoxia. J Exp Biol 2002, 205:3579–3586.
3. Bickler PE: Clinical perspectives: neuroprotection lessons from

hypoxia-tolerant organisms. J Exp Biol 2004, 207:3243–3249.
4. Giusi G, Crudo M, Di Vito A, Facciolo RM, Garofalo F, Chew SF, Ip YK,

Canonaco M: Lungfish aestivating activities are locked in distinct
encephalic γ-aminobutyric acid type A receptor α subunits. J Neurosci Res
2011, 89(Suppl 3):418–428.

5. Ip YK, Chew SF, Randall DJ: Five tropical air-breathing fishes, six different
strategies to defend against ammonia toxicity on land. Physiol Biochem
Zool 2004, 77(Suppl 5):768–782.

6. Loong AM, Ang SF, Wong WP, Pörtner HO, Bock C, Wittig R, Bridges CR,
Chew SF, Ip YK: Effects of hypoxia on the energy status and nitrogen
metabolism of African lungfish during aestivation in a mucus cocoon.
J Comp Physiol B 2008, 178(Suppl 7):853–865.

7. Arundine M, Tymianski M: Molecular mechanisms of calcium-dependent
neurodegeneration in excitotoxicity. Cell Calcium 2003, 34(Suppl 4–5):325–337.

8. Ozawa S, Kamiya H, Tsuzuki K: Glutamate receptors in the mammalian
central nervous system. Prog Neurobiol 1998, 54(Suppl 5):581–618.

9. Calvert JW, Zhang JH: Pathophysiology of an hypoxic-ischemic insult
during the perinatal period. Neurol Res 2005, 27(Suppl 3):246–260.

10. Friedman LK: Calcium: a role for neuroprotection and sustained
adaptation. Mol Interv 2006, 6(Suppl 6):315–329.
11. Lipton P: Ischemic cell death in brain neurons. Physiol Rev 1999, 79
(Suppl 4):1431–1568.

12. Caudal D, Godsil BP, Mailliet F, Bergerot D, Jay TM: Acute stress induces
contrasting changes in AMPA receptor subunit phosphorylation within
the prefrontal cortex, amygdala and hippocampus. PLoS One 2010, 5
(Suppl 12):e15282.

13. Correia SC, Moreira PI: Hypoxia-inducible factor 1: a new hope to
conteract neurodegeneration? J Neurochem 2010, 112(Suppl 1):1–12.

14. Din N, Ahmad I, Ul Haq I, Elahi S, Hoessli DC, Shakoori AR: The function of
GluR1 and GluR2 in cerebellar and hippocampal LTP and LTD is
regulated by interplay of phosphorylation and O-GlcNAc modification.
J Cell Biochem 2010, 109(Suppl 3):585–597.

15. Shi H: Hypoxia inducible factor 1 as a therapeutic target in ischemic
stroke. Curr Med Chem 2009, 16(Suppl 34):4593–4600.

16. Shen RJ, Jiang XY, Pu JW, Zou SM: HIF-1alpha and -2alpha genes in a
hypoxia-sensitive teleost species Megalobrama amblycephala: cDNA
cloning, expression and different responses to hypoxia. Comp Biochem
Physiol B Biochem Mol Biol 2010, 157(Suppl 3):273–280.

17. Fan X, Heijnen CJ, van der Kooij MA, Groenendaal F, van Bel F: The role and
regulation of hypoxia-inducible factor-1 alpha expression in brain
development and neonatal hypoxic-ischemic brain injury. Brain Res Rev
2009, 62(Suppl 1):99–108.

18. Kalesnykas G, Tuulos T, Uusitalo H, Jolkkonen J: Neurodegeneration and
cellular stress in the retina and optic nerve in rat cerebral ischemia and
hypoperfusion models. Neuroscience 2008, 155(Suppl 3):937–947.

19. Bonini NM: Chaperoning brain degeneration. Proc Natl Acad Sci USA 2002,
99(Suppl 4):16407–16411.

20. Giffard RG, Xu L, Zhao H, Carrico W, Ouyang Y, Qiao Y, Sapolsky R, Steinberg
G, Hu B, Yenari MA: Chaperones, protein aggregation, and brain
protection from hypoxic/ischemic injury. J Exp Biol 2004, 207:3213–3220.

21. Mokrushin AA, Pavlinova LI, Guzhova IV, Margulis BA: Heat-shock protein
(Hsp70) protects glutamatergic synaptic transmission in cells of the rat
olfactory cortex against acute anoxia in vitro. Dokl Biol Sci 2004, 394:12–15.

22. Whitlock NA, Agarwal N, Ma JX, Crosson CE: Hsp27 upregulation by HIF-1
signaling offers protection against retinal ischemia in rats. Invest
Ophthalmol Vis Sci 2005, 46(Suppl 3):1092–1098.

23. Chen S, Bawa D, Besshoh S, Gurd JW, Brown IR: Association of heat shock
proteins and neuronal membrane components with lipid rafts from the
rat brain. J Neurosci Res 2005, 81(Suppl 4):522–529.

24. Ohtsuka K, Suzuki T: Roles of molecular chaperones in the nervous
system. Brain Res Bull 2000, 53(Suppl 2):141–146.

25. Liu SJ, Zukin RS: Ca2 +−permeable AMPA receptors in synaptic plasticity
and neuronal death. Trends Neurosci 2007, 30(Suppl 3):126–134.

26. Liu B, Liao M, Mielke JG, Ning K, Chen Y, Li L, El-Hayek YH, Gomez E, Zukin
RS, Fehlings MG, Wan Q: Ischemic insults direct glutamate receptor
subunit 2-lacking AMPA receptors to synaptic sites. J Neurosci 2006, 26
(Suppl 20):5309–5319.

27. Lee SH, Simonetta A, Sheng M: Subunit rules governing the sorting of
internalized AMPA receptors in hippocampal neurons. Neuron 2004, 43
(Suppl 2):221–236.

28. Oguro K, Miyamaki T, Yokota H, Kato K, Kamiya T, Katayama Y, Fukaya M,
Watanabe M, Shimazaki K: Upregulation of GluR2 decreases intracellular
Ca2+ following ischemia in developing gerbils. Neurosci Lett 2004, 364
(Suppl 2):101–105.

29. Glass ML: The enigma of aestivation in the African lungfish Protopterus
dolloi-commentary on the paper by Perry et al. Respir Physiol Neurobiol
2008, 160(Suppl 1):18–20.

30. Hedrick MS, Fahlman CS, Bickler PE: Intracellular calcium and
survival of tadpole forebrain cells in anoxia. J Exp Biol 2005,
208:681–686.

31. Walsh PJ, Veauvy CM, McDonald MD, Pamenter ME, Buck LT, Wilkie MP:
Piscine insights into comparisons of anoxia tolerance, ammonia toxicity,
stroke and hepatic encephalopathy. Comp Biochem Physiol A Mol Integr
Physiol 2007, 147(Suppl 2):332–343.

32. Chew SF, Chan NKY, Loong AM, Hiong KC, Tam WL, Ip YK: Nitrogen
metabolism in the African lungfish (Protopterus dolloi) aestivating in a
mucus cocoon on land. J Exp Biol 2004, 207:777–786.

33. Lockshin RA, Zakeri Z: Cell death in health and disease. J Cell Mol Med
2007, 11(Suppl 6):1214–1224.

34. Tanaka H, Grooms SY, Bennett MV, Zukin RS: The AMPAR subunit GluR2:
still front and center-stage. Brain Res 2000, 886(Suppl 1–2):190–207.



Giusi et al. BMC Neuroscience 2012, 13:39 Page 13 of 13
http://www.biomedcentral.com/1471-2202/13/39
35. Tononi G, Cirelli C: Sleep function and synaptic homeostasis. Sleep Med
Rev 2006, 10(Suppl 1):49–62.

36. Chen YC, Kung SS, Chen B, Hung CC, Chen CC, Wang TY, Wu YM, Lin WH,
Tzeng CS, Chow WY: Identifications, classification, and evolution of
vertebrate alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA) receptor subunit genes. J Mol Evol 2001, 53(Suppl 6):690–702.

37. Paperna T, Lamed Y, Teichberg VI: cDNA cloning of chick brain
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
reveals conservation of structure, function and post-transcriptional
processes with mammalian receptors. Brain Res Mol Brain Res 1996,
36(Suppl 1):101–113.

38. Palmer CL, Cotton L, Henley JM: The molecular pharmacology and cell
biology of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors. Pharmacol Rev 2005, 57(Suppl 2):253–277.

39. Osborne PG, Hashimoto M: Mammalian cerebral metabolism and
amino acid neuro-transmission during hibernation. J Neurochem 2008,
106(Suppl 4):1888–1899.

40. Mori H, Mishina M: Roles of diverse glutamate receptors in brain
functions elucidated by subunit-specific and region specific gene
targeting. Life Sci 2003, 74(Suppl 2–3):329–336.

41. Pietri T, Manalo E, Ryan J, Saint-Amant L, Washbourne P: Glutamate drives
the touch response through a rostral loop in the spinal cord of zebrafish
embryos. Dev Neurobiol 2009, 69(Suppl 12):780–795.

42. Cerri S, Bottiroli G, Bottone MG, Barni S, Bernocchi G: Cell proliferation and
death in the brain of active and hibernating frogs. J Anat 2009, 215
(Suppl 2):124–131.

43. von der Ohe CG, Garner CC, Darian-Smith C, Heller HC: Synaptic protein
dynamics in hibernation. J Neurosci 2007, 27(Suppl 1):84–92.

44. Zupanc GK: Adult neurogenesis and neuronal regeneration in the brain
of teleost fish. J Physiol Paris 2008, 102(Suppl 4–6):357–373.

45. [45] Goel G, Guo M, Ding J, Dornbos 3D, Ali A, Shenaq M, Guthikonda M,
Ding Y: Combined effect of tumor necrosis factor (TNF)-alpha and heat
shock protein (HSP)-70 in reducing apoptotic injury in hypoxia: a cell
culture study. Neurosci Lett 2010, 483(Suppl 3):162–166.

46. Bechtold DA, Rush SJ, Brown IR: Localization of the heat-Shock protein
Hsp70 to the synapse following hyperthermic stress in the brain.
J Neurochem 2000, 74(Suppl 2):641–646.

47. Giffard RG, Yenari MA: Many mechanisms for hsp70 protection from
cerebral ischemia. J Neurosurg Anesthesiol 2004, 16(Suppl 1):53–61.

48. Quintana P, Alberi S, Hakkoum D, Muller D: Glutamate receptor changes
associated with transient anoxia/hypoglycaemia in hippocampal slice
cultures. Eur J Neurosci 2006, 23(Suppl 4):975–983.

49. Giusi G, Facciolo RM, Rende M, Alò R, Di Vito A, Salerno S, Morelli S, De
Bartolo L, Drioli E, Canonaco M: Distinct α subunits of the GABAA receptor
are responsible for early hippocampal silent neuron-related activities.
Hippocampus 2009, 19(Suppl 11):1103–1114.

50. Jourdain P, Nikonenko I, Alberi S, Muller D: Remodeling of hippocampal
synaptic networks by a brief anoxia-hypoglycemia. J Neurosci 2002, 22
(Suppl 8):3108–3116.

51. Pamenter ME, Shin DS, Buck LT: AMPA receptors undergo channel arrest
in the anoxic turtle cortex. Am J Physiol Regul Integr Comp Physiol 2008,
294(Suppl 2):R606–R613.

52. Chiral M, Grongnet JF, Plumier JC, David JC: Effects of hypoxia on stress
proteins in the piglet brain at the birth. Pediatr Res 2004, 56(Suppl 5):
775–782.

53. David JC, Boelens WC, Grongnet JF: Up-regulation of heat shock protein
HSP20 in the hippocampus as an early response to hypoxia of the
newborn. J Neurochem 2006, 99(Suppl 2):570–581.

54. Whitlock NA, Lindsey K, Agarwal N, Crosson CE, Ma JX: Heat shock protein
27 delays Ca2+-induced cell death in a caspase-dependent and
-independent manner in rat retinal ganglion cells. Invest Ophthalmol Vis
Sci 2005, 46(Suppl 3):1085–1091.

55. Vyazovskiy VV, Cirelli C, Pfister-Genskow M, Faraguna U, Tononi G: Molecular
and electrophysiological evidence for net synaptic potentiation in wake
and depression in sleep. Nat Neurosci 2008, 11(Suppl 2):200–208.

56. White BC, Sullivan JM, DeGracia DJ, O’Neil BJ, Neumar RW, Grossman LI,
Rafols JA, Krause GS: Brain ischemia and reperfusion: molecular
mechanisms of neuronal injury. J Neurol Sci 2000, 179(Suppl 1–2):1–33.

57. Kharlamov EA, Lepsveridze E, Meparishvili M, Solomonia RO, Lu B, Miller ER,
Kelly KM, Mtchedlishvili Z: Alterations of GABA(A) and glutamate
receptor subunits and heat shock protein in rat hippocampus following
traumatic brain injury and in posttraumatic epilepsy. Epilepsy Res 2011,
95(Suppl 1–2):20–34.

58. Huang YF, Yang CH, Huang CC, Tai MH, Hsu KS: Pharmacological and
genetic accumulation of hypoxia-inducible factor 1alpha enhances
excitatory synaptic transmission in hippocampal neurons through the
production of vascular endothelial growth factor. J Neurosci 2010, 30
(Suppl 17):6080–6093.

59. Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, Mueller
R, Nolan T, Pfaffl MW, Shipley GL, Vandesompele J, Wittwer CT: The MIQE
guidelines: minimum information for publication of quantitative

real-time PCR experiments. Clin Chem 2009, 55(Suppl 4):611–622.
60. Lekanne Deprez RH, Fijnvandraat AC, Ruijter JM, Moorman AF: Sensitivity

and accuracy of quantitative real-time polymerase chain reaction using
SYBR green I depends on cDNA synthesis conditions. Anal Biochem 2002,
307(Suppl 1):63–69.

61. Livak KJ, Schmittgen TD: Analysis of relative gene expression data using
real-time quantitative PCR and the 2(− Delta Delta C(T)) Method. Methods
2001, 25(Suppl 4):402–408.

62. Canonaco M, Madeo M, Alò R, Giusi G, Granata T, Carelli A, Canonaco A,
Facciolo RM: The histaminergic signaling system exerts a neuroprotective
role against neurodegenerative-induced processes in the hamster. J
Pharmacol Exp Ther 2005, 315(Suppl 1):188–195.

63. Vallarino M, Trabucchi M, Masini MA, Chartrel N, Vaudry H:
Immunocytochemical localization of somatostatin and autoradiographic
distribution of somatostatin binding sites in the brain of the African
lungfish, Protopterus annectens. J Comp Neurol 1997, 388(Suppl 3):337–353.

doi:10.1186/1471-2202-13-39
Cite this article as: Giusi et al.: Aestivation and hypoxia-related events
share common silent neuron trafficking processes. BMC Neuroscience
2012 13:39.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	GluR1 and GluR2: Molecular identification and distribution pattern
	GluR1 and GluR2 mRNA levels during normoxic and hypoxic aestivation

	link_Fig1
	mRNA expression of protective factors and TUNEL reaction during normoxic and hypoxic conditions

	link_Fig2
	link_Fig3
	Discussion
	link_Fig4
	link_Fig5
	link_Fig6
	Conclusions
	link_Fig7
	Methods
	Maintenance of specimens
	Aestivation
	qPCR analysis
	In situ hybridization analysis
	Neuronal apoptosis assay
	Statistical analysis

	Ethical standards
	Author details
	AcknowledgmentsThis study was co-financed by MIUR (Italian University Research Ministry) and by research grant (R-154-000-429-112) awarded by the Singapore Ministry of Education to Y.K. Ip.
	References
	link_CR1
	link_CR2
	link_CR3
	link_CR4
	link_CR5
	link_CR6
	link_CR7
	link_CR8
	link_CR9
	link_CR10
	link_CR11
	link_CR12
	link_CR13
	link_CR14
	link_CR15
	link_CR16
	link_CR17
	link_CR18
	link_CR19
	link_CR20
	link_CR21
	link_CR22
	link_CR23
	link_CR24
	link_CR25
	link_CR26
	link_CR27
	link_CR28
	link_CR29
	link_CR30
	link_CR31
	link_CR32
	link_CR33
	link_CR34
	link_CR35
	link_CR36
	link_CR37
	link_CR38
	link_CR39
	link_CR40
	link_CR41
	link_CR42
	link_CR43
	link_CR44
	link_CR45
	link_CR46
	link_CR47
	link_CR48
	link_CR49
	link_CR50
	link_CR51
	link_CR52
	link_CR53
	link_CR54
	link_CR55
	link_CR56
	link_CR57
	link_CR58
	link_CR59
	link_CR60
	link_CR61
	link_CR62
	link_CR63

