Hypothalamic EphA5 Facilitates Counterregulatory

Responses

Possible Role for Bidirectional Signaling Leading to
Bistability That Enhances Responsiveness to

Hypoglycemia
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he risk of hypoglycemia is one of the major
obstacles in the optimum treatment in both type
1 (1,2) and type 2 (3) diabetes, as well as in
patients in intensive care units (4). Furthermore,
in addition to short-term risks, including death, hypogly-
cemia also produces long-term health consequences in-
cluding a substantial risk of death from cardiovascular
events (5). Thus therapies to minimize the risk of hypogly-
cemia could have a profound impact on public health (2).
The main cause of hypoglycemia is a failure in the coun-
terregulatory autonomic and endocrine responses that
normally act to correct low blood glucose (2). Failure in
counterregulatory responses is caused by anteced-
ent hypoglycemia itself and is therefore referred to as
hypoglycemia-induced autonomic failure (2). Counter-
regulatory responses are mediated by glucose-inhibited
neurons in the ventromedial nucleus (VMN) of the hypo-
thalamus (6,7). Specifically, inhibiting glucose metabolism
in neurons in the VMN of the hypothalamus induces sys-
temic counterregulatory responses (6), whereas inhibiting
glutamate neurotransmission in Sfl neurons (confined to
the VMN) impairs counterregulatory responses (7).
Szepietowska et al. (8) now report an unexpected mech-
anism regulating counterregulatory responses that may also
contribute to counterregulatory failure: the EphAb-ephrin
signaling system. Ephrins were discovered in a search for
tyrosine kinase receptor homologs that might contribute to
oncogenesis (9) by screening for homology to the onco-
gene v-fps. The resulting gene was highly overexpressed in
an erythropoietin-producing human hepatocellular carci-
noma cell line, from which the gene, along with its ho-
mology to fps, derived its name. Further screening
revealed several more homologs, until the Eph family be-
came the largest known family of receptor-like tyrosine
kinases, divided into two large classes, EphA and EphB.
Endogenous ligands for the family were discovered using
the ectodomains of two members of the family, which
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demonstrated that the endogenous ligands are also
expressed on the cell surface and, in fact, only function
when bound to the cell surface (10). Subsequent studies
demonstrated that Ephrin/Eph signaling acts to guide
axonal development via a repulsive mechanism (11)
but also implicated a wide variety of cell-cell interactions
in adults, including regulation of N-methyl-D-aspartate—
dependent synaptic function (12).

Like other tyrosine kinase receptors, the Eph family
autophosphorylate upon activation, which is required for
signaling. However, a unique feature of Eph/Ephrin sig-
naling is that, due to the membrane localization of the li-
gand, the signaling can occur in both directions, with the
Eph signaling said to be in the “forward” direction and the
Ephrin signaling said to occur in the “reverse” direction,
and indeed the two directions often produce opposite effects.
A particularly relevant example of this mechanism was the
surprising discovery that EphA5/EphrinAb signaling plays a
key role in regulating insulin secretion from intact pancre-
atic islets (13). This study demonstrated that both EphAb5
and its ligand EphrinAb are expressed in pancreatic 3-cells,
and whereas the forward signaling of the EphAb5 receptor
inhibits basal insulin secretion in intact islets (at low glu-
cose concentrations), the reverse signaling of the EphrinA5
ligand stimulates insulin secretion in intact islets at high
glucose concentration (13). Furthermore, glucose induces
dephosphorylation of the EphA5 receptor, an inactivating
mechanism that is necessary for glucose-induced insulin
secretion (13). This opposition between forward signaling
and reverse signaling produces an either/or binary bist-
ability that provides a “sticky” feed-forward additional
level of regulation, a common feature of many metabolic
processes, including the lac operon (14).

Glucose-sensing hypothalamic neurons and pancreatic
B-cells sense glucose through mechanisms that specifically
entail using the pancreatic form of glucokinase and glu-
cose metabolism (15). Thus Szepietowska et al. hypothe-
sized that hypothalamic EphA5/EphrinA5 signaling might
play a role in mediating counterregulatory responses to
hypoglycemia (8). These investigators now report that in-
fusing EphrinbA conjugates or enhancing EphrinbA ex-
pression in the ventromedial hypothalamus enhances
counterregulatory responses, whereas inhibition of EphrinbA
expression by short hairpin RNA interference inhibits
counterregulatory responses (8).

Among the most compelling subsequent analyses will be
the determination of the cellular identity of the cells
expressing the relevant EphA5 and EprhinA5 ligand. Of
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particular relevance to this question, the serotype of adeno-
associated virus used, adeno-associated virus 2, almost ex-
clusively (>95%) transfects neurons (16). Therefore, even
though Ephrin ligands are expressed in both neurons and
glia, the EphrinAb relevant to counterregulation is most
likely neuronal. Although glial function is reduced by in-
hibition of EphrinA5, as indicated by reduced glutamine,
this is likely a reflection of reduced release of glutamate,
which is recycled by glia into glutamine. Furthermore, in
the hypothalamus EphrinAb is expressed mainly in medial
arcuate neurons, which predominantly express neuropep-
tide Y (NPY)/Agouti-related peptide (AgRP), not in the VMN
(17). Activation of EphAb receptors, most likely in VMN
neurons, enhances counterregulatory responses (8). Con-
versely, activation of EphAb receptors (in B-cells) inhibits
insulin secretion, but (reverse) EphrinAb5 signaling enhan-
ces insulin secretion (13). Furthermore NPY preferentially
inhibits glucose-inhibited neurons in the VMN (18). Since
NPY is a signal for nutritional insufficiency, it is plausible
that NPY neurons would inhibit glucose action as an ad-
ditional layer of regulation to preserve blood glucose dur-
ing nutritional insufficiency. On the other hand increased
glucose inactivates EphAb5 receptor action (probably by
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dephosphorylation), at least in B-cells (13), allowing the
antagonistic reverse signaling (plausibly increased glucose
metabolism) to dominate. Thus it is plausible that hypo-
glycemia increases EphAb signaling in glucose-inhibited
VMN neurons, leading to reduced glucose metabolism,
thereby enhancing responsiveness to hypoglycemia. At
the same time, reverse signaling of EphrinA5 in NPY
neurons would be expected to increase glucose metabo-
lism in these neurons, inhibiting NPY secretion, thus
disinhibiting the same VMN neurons (Fig. 1). Such a feed-
forward mechanism would have the effect of producing
bistable states, which has indeed been demonstrated for
NPY/AgRP neurons (19). We have suggested that a similar
bistable state is produced by activation of hypothalamic
peroxisome proliferator-activated receptor-a by hypo-
glycemia, and that the failure to produce this bistable
state is associated with counterregulatory failure (20).
Therefore it is plausible that failure in the forward sig-
naling of EphAb to reduce glucose metabolism in glucose-
inhibited glutamatergic neurons may also contribute to
counterregulatory failure and thus constitutes a novel
target to improve counterregulatory responses in patients
with diabetes.
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FIG. 1. Hypothetical model by which the bidirectional signaling between EphA5 in VMN neurons and EphrinA5 in NPY neurons could produce
bistability to enhance the robustness of counterregulatory responses to hypoglycemia.
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