CURRENT LITERATURE IN BASIC SCIENCE
AXON SPROUTING AND SYNAPTIC REORGANIZATION OF GABAERGIC
INTERNEURONS: A FOCUSED LOOK AT A GENERAL QUESTION
Surviving Hilar Somatostatin Interneurons Enlarge, Sprout Axons, and Form New Synapses with Granule Cells in
a Mouse Model of Temporal Lobe Epilepsy. Zhang W, Yamawaki R, Wen X, Uhl J, Diaz J, Prince DA, Buckmaster PS.
J Neurosci 2009;29(45):14247–14256. In temporal lobe epilepsy, seizures initiate in or near the hippocampus, which frequently
displays loss of neurons, including inhibitory interneurons. It is unclear whether surviving interneurons function normally, are impaired,
or develop compensatory mechanisms. We evaluated GABAergic interneurons in the hilus of the dentate gyrus of epileptic pilocarpinetreated GIN mice, specifically a subpopulation of somatostatin interneurons that expresses enhanced green fluorescence protein (GFP).
GFP-immunocytochemistry and stereological analyses revealed substantial loss of GFP-positive hilar neurons (GPHNs) but increased
GFP-positive axon length per dentate gyrus in epileptic mice. Individual biocytin-labeled GPHNs in hippocampal slices from epileptic
mice also had larger somata, more axon in the molecular layer, and longer dendrites than controls. Dual whole-cell patch recording
was used to test for monosynaptic connections from hilar GPHNs to granule cells. Unitary inhibitory postsynaptic currents (uIPSCs)
recorded in control and epileptic mice had similar average rise times, amplitudes, charge transfers, and decay times. However,
the probability of finding monosynaptically connected pairs and evoking uIPSCs was 2.6 times higher in epileptic mice compared
to controls. Together, these findings suggest that surviving hilar somatostatin interneurons enlarge, extend dendrites, sprout axon
collaterals in the molecular layer, and form new synapses with granule cells. These epilepsy-related changes in cellular morphology
and connectivity may be mechanisms for surviving hilar interneurons to inhibit more granule cells and compensate for the loss of
vulnerable interneurons.

COMMENTARY
he role of axonal sprouting and synaptic reorganization
in acquired epileptogenesis, particularly temporal lobe
epilepsy, has garnered considerable attention for over a quarter century. Interest in this issue derived originally from the
observation of Timm stain in the inner molecular layer of the
dentate gyrus (i.e., mossy fiber sprouting) from patients with
and animal models of temporal lobe epilepsy and mesial temporal sclerosis. Most research has focused on recurrent excitation
(1,2), and only a few studies have used cellular techniques to test
the hypothesis that synaptic reorganization also occurs within
the GABAergic inhibitory system.
Several reports, based on electrophysiological fieldpotential recordings with the paired-pulse technique and
qualitative light-microscopic observations, have proposed that
synaptic reorganization occurs in the GABAergic system and
that this reorganization leads to increased GABAergic inhibition in animal models of temporal lobe epilepsy (3). Two types
of synaptic reorganization within GABAergic circuits have been
proposed. One hypothesis is that principal cell axon collaterals
(e.g., the mossy fibers of the granule cells) enhance their con-
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nectivity to GABAergic interneurons (3). A second hypothesis,
the basis for the experiments by Zhang et al. considered here,
is that the GABAergic interneurons sprout axon collaterals and
increase their synaptic connections back to the principal cells
(4). Both of these hypothetical forms of synaptic reorganization
would be expected to augment the efficacy of local GABAergic
circuits during acquired epileptogenesis and would generally be
seen as compensatory. The present study by Zhang and coworkers uses converging anatomic and electrophysiological techniques at the cellular level to test directly the specific hypothesis
that somatostatin-immunoreactive GABAergic interneurons, in
the hilus of the dentate gyrus, sprout axon collaterals and enhance their connectivity to dentate granule cells. The evidence
provided to support this hypothesis is compelling; however,
as the authors themselves state, the GABAergic interneuron
system is complex and the implications are presently tentative.
One of the more long-standing and well-supported hypotheses concerning cellular mechanisms that likely contribute
to acquired epileptogenesis is a selective loss of specific types
of GABAergic interneurons (5). Numerous studies have shown
that the somatostatin-immunoreactive GABAergic interneurons are particularly vulnerable, and most of them are lost
in human temporal lobe epilepsy and in several animal models. The present study, using paired whole-cell recordings
from identified somatostatin-immunoreactive interneurons
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(i.e., interneurons tagged with gene-targeted, green fluorescent protein) and dentate granule cells, shows that the remaining somatostatin-immunoreactive interneurons formed more
synaptic connections to granule cells (i.e., the number of granule cells that received connections was increased two- or threefold) but probably not more connections per granule cell (i.e.,
the amplitude of the unitary evoked IPSC was not changed).
These data, however, are considered in relation to results showing that the frequency of miniature IPSCs is decreased shortly
after experimental status epilepticus and remains decreased for
many months as the animals undergo epileptogenesis. This
finding, which was essentially replicated by several laboratories,
suggests immediate loss of interneurons and a failure of those
interneurons to undergo axon sprouting and formation of new
inhibitory circuits. Although the paired recordings provide direct evidence that axon sprouting of inhibitory interneurons
occurs and that GABAergic input is augmented to the principal
cells (at least for some types of interneurons), the details of the
alterations of the reorganized GABAergic interneuron circuit
are quite complicated, as discussed by of Zhang and coworkers.
One of the reasons that synaptic reorganization, particularly axon sprouting of principal cells and the formation of
new recurrent excitatory circuits, has attracted so much attention is because this mechanism would be expected to provide
a slow and continuous process that could contribute to the
latent periods seen in many patients and animal models of temporal lobe and other forms of acquired epilepsy. The present
experiments were performed at a mean time of roughly 45 days
after pilocarpine-induced status epilepticus, when the animals
were shown to have had spontaneous recurrent seizures. Mossy
fiber sprouting, seen in the form of Timm stain in the inner
molecular layer, is usually clearly visible after 45 days; however, the full effects of synaptic reorganization are best seen
many months after status epilepticus. Unfortunately, it is expensive to maintain experimental animals for many months,
and it is technically difficult to perform the paired whole-cell
recordings with the visualized patch technique in animals much
older than 45 days. Nonetheless, an interesting question is
whether changes in the GABAergic interneurons continue to
occur for several more months after status epilepticus or whether
they are potentially maximal shortly after the insult and then
slowly decay. An answer to this question is important because many studies have shown that animal models of acquired
epilepsy generally undergo progressive increases in seizure frequency and severity (6–8). Many animals seem to have periods
in which seizure frequency is not increased, however, and a
lack of progression has been reported in some animals (9). One
possible explanation could be that during the periods when
the animals are without progression, the reorganization of inhibitory GABAergic circuits is more profound and essentially
compromises the enhanced recurrent excitation. One could hypothesize that spontaneous remission arises from reorganization
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of GABAergic circuits, as described here. Such a mechanism,
hypothetically, could even be a pathway for therapeutic disease
modification or antiepileptogenesis.
Although the present paper provides some of the strongest
evidence to date that inhibitory interneurons undergo synaptic
reorganization, this effect may be relatively small and seen only
in some interneurons, and it may provide no more than partial
compensation for the epilepsy-associated decrease in the number of GABAergic interneurons. Furthermore, the observation
that the mean amplitude of the unitary evoked IPSCs was unchanged has other interpretations than the possible conclusion
that the number of GABAergic synaptic connections from the
somatostatin-immunoreactive interneurons in the reorganized
hippocampus is the same as in normal brain. Several studies
have suggested that the properties of GABA A receptors are
altered during epileptogenesis, which might be expected also
to modify the mean amplitude of unitary evoked IPSCs (10);
thus, changes in the amplitude of IPSCs (or lack thereof ) could
reflect both changes in connectivity and receptor subunits.
The conservative interpretations of the data by the authors actually serve to highlight the complexity of the issue.
For example, numerous types of interneurons are present in
the hippocampus and cortex, and the question is whether all
or only some of them undergo reorganization. Another less obvious question is whether these interneurons and other types
of interneurons sprout axon collaterals to yet other interneurons—a distinct possibility since it is well known that interneurons normally have synaptic connections among themselves.
One could argue that increased connectivity among interneurons, whereby interneurons inhibit other interneurons, could
lead to a decrease of GABAergic inhibition. Additional studies
combining anatomic and electrophysiological mapping at the
single-cell level, with quantitative analyses of axonal distributions and postsynaptic currents, should ultimately reveal the
degree to which reorganization occurs among the GABAergic
inhibitory interneuron system and identify the role it may play
in promoting, or compensating for, acquired epileptogenesis.
by F. Edward Dudek, PhD

References
1. Dudek FE, Sutula TP. Epileptogenesis in the dentate gyrus: A
critical perspective. Prog Brain Res 2007;163:755–773.
2. Sutula TP, Dudek FE. Unmasking recurrent excitation generated
by mossy fiber sprouting in the epileptic dentate gyrus: An emergent property of a complex system. Prog Brain Res 2007;163:541–
563.
3. Sloviter RS. Possible functional consequences of synaptic reorganization in the dentate gyrus of kainate-treated rats. Neurosci Lett
1992;137:91–96.
4. Davenport DJ, Brown WJ, Babb TL. Sprouting of GABAergic and
mossy fiber axons in dentate gyrus following intrahippocampal
kainate in the rat. Exp Neurol 1990;109:180–190.

128

Current Literature in Basic Science

5. Houser CR, Esclapez M. Vulnerability and plasticity of the GABA
rent seizures after kainate-induced status epilepticus. J Neurosci
system in the pilocarpine model of spontaneous recurrent seizures.
2009;29:2103–2112.
Epilepsy Res 1996;26:207–218.
9. Gorter JA, van Vliet EA, Aronica E, Lopes da Silva FH. Progres6. Bertram EH, Cornett JF. The evolution of a rat model of
sion of spontaneous seizures after status epilepticus is associated
chronic spontaneous limbic seizures. Brain Res 1994;661:157–
with mossy fibre sprouting and extensive bilateral loss of hilar
162.
parvalbumin and somatostatin-immunoreactive neurons. Eur J
7. Nissinen J, Halonen T, Koivisto E, Pitkanen A. A new model of
Neurosci 2001;13:657–669.
chronic temporal lobe epilepsy induced by electrical stimulation 10. Brooks-Kayal AR, Shumate MD, Jin H, Rikhter TY, Coulter
of the amygdala in rat. Epilepsy Res 2000;38:177–205.
DA. Selective changes in single cell GABA(A) receptor subunit
8. Williams PA, White AM, Clark S, Ferraro DJ, Swiercz W,
expression and function in temporal lobe epilepsy. Nat Med
Staley KJ, Dudek FE. Development of spontaneous recur1998;4:1166–1172.

ANOTHER LOOK AT EARLY GABAERGIC NEUROTRANSMISSION: MAYBE IT’S
NOT SO EXCITING AFTER ALL!
GABA Action in Immature Neocortical Neurons Directly Depends on the Availability of Ketone Bodies. Rheims S,
Holmgren CD, Chazal G, Mulder J, Harkany T, Zilberter T, Zilberter Y. J Neurochem 2009;110(4):1330–1338. In the early
postnatal period, energy metabolism in the suckling rodent brain relies to a large extent on metabolic pathways alternate to glucose
such as the utilization of ketone bodies (KBs). However, how KBs affect neuronal excitability is not known. Using recordings of single
NMDA and GABA-activated channels in neocortical pyramidal cells we studied the effects of KBs on the resting membrane potential
(E m ) and reversal potential of GABA-induced anionic currents (E GABA ), respectively. We show that during postnatal development (P3–
P19) if neocortical brain slices are adequately supplied with KBs, E m and E GABA are both maintained at negative levels of about −83
and −80 mV, respectively. Conversely, a KB deficiency causes a significant depolarization of both E m (>5 mV) and E GABA (>15 mV).
The KB-mediated shift in E GABA is largely determined by the interaction of the NKCC1 cotransporter and Cl− /HCO 3 transporter(s).
Therefore, by inducing a hyperpolarizing shift in E m and modulating GABA signaling mode, KBs can efficiently control the excitability
of neonatal cortical neurons.

Energy Substrate Availability as a Determinant of Neuronal Resting Potential, GABA Signaling and Spontaneous
Network Activity in the Neonatal Cortex In Vitro. Holmgren CD, Mukhtarov M, Malkov AE, Popova IY, Bregestovski P,
Zilberter Y. J Neurochem 2010;112(4):900–912. While the ultimate dependence of brain function on its energy supply is evident,
how basic neuronal parameters and network activity respond to energy metabolism deviations is unresolved. The resting membrane
potential (E m ) and reversal potential of GABA-induced anionic currents (E GABA ) are among the most fundamental parameters controlling
neuronal excitability. However, alterations of E m and E GABA under conditions of metabolic stress are not sufficiently documented,
although it is well known that metabolic crisis may lead to neuronal hyper-excitability and aberrant neuronal network activities. In this
work, we show that in slices, availability of energy substrates determines whether GABA signaling displays an inhibitory or excitatory
mode, both in neonatal neocortex and hippocampus. We demonstrate that in the neonatal brain, E m and E GABA strongly depend on
composition of the energy substrate pool. Complementing glucose with ketone bodies, pyruvate or lactate resulted in a significant
hyperpolarization of both E m and E GABA , and induced a radical shift in the mode of GABAergic synaptic transmission towards network
inhibition. Generation of giant depolarizing potentials, currently regarded as the hallmark of spontaneous neonatal network activity
in vitro, was strongly inhibited both in neocortex and hippocampus in the energy substrate enriched solution. Based on these results
we suggest the composition of the artificial cerebrospinal fluid, which bears a closer resemblance to the in vivo energy substrate pool.
Our results suggest that energy deficits induce unfavorable changes in E m and E GABA , leading to neuronal hyperactivity that may
initiate a cascade of pathological events.

brain has been accepted as dogma in scientific circles—a viewpoint based on an abundance of studies consistently demonithin the past 20 years, the notion that GABAergic strating a GABA-induced depolarizing response in immature
excitation plays a significant role in the developing neocortical and hippocampal neurons (1,2). This paradoxical
response is then thought to quickly revert to the mature phenotype of cellular membrane hyperpolarization. The primary
Epilepsy Currents, Vol. 10, No. 5 (September/October) 2010 pp. 128–130
mechanism underlying the developmental switch in GABAergic
Wiley Periodicals, Inc.

COMMENTARY

W

C

American Epilepsy Society

