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Unexpected systemic phenotypes result from focal
combined deficiencies of forebrain insulin
receptor/IGF-1 receptor signaling
Sam Gandya,b,c,1 and Derek M. Huffmand,e

Midlife obesity has recently been identified as a global
pandemic (1). Morbidities and mortalities attributable
to excess adiposity include atherosclerosis, type 2 di-
abetes (T2D) (2), certain cancers (3), and dementia (4),
each of which has reached epidemic proportions on its
own. It is no exaggeration to state that T2D and de-
mentia threaten the emotional and financial stabilities
of most Western economies. Moreover, when T2D
and dementia comorbidity is present, the severities
and costs of management of each are dramatically in-
creased (5). Thus, there are major imperatives that
drive current inquiries into the borderland where

cognition and metabolism intersect. New research in
PNAS by Soto et al. (6) provides significant insight into
this area by describing dramatic links to phenotypes
relevant to cognition, behavior, and metabolism. A
key set of principles drove this work: (i) insulin recep-
tors (IRs) and insulin-like growth factor 1 (IGF-1) recep-
tors (IGF1Rs), upon binding of their cognate ligand,
trigger two closely related signaling pathways that
promote both redundant and distinct intracellular ef-
fects (7), and (ii ) this redundancy includes the forma-
tion of IR/IGF1R hybrids, and it has been estimated
that at least half of the IRs and IGF1Rs in brain exist
as heterodimers (8), which have greatest affinity for
IGF-1 and IGF-2 (Fig. 1).

Although it is widely recognized that insulin and
IGF-1 overlap extensively, most studies on insulin and
brain aging have largely centered on the cognitive
decline associated with T2D (3, 9–11), while studies on
IGF-1 and brain aging largely focus on neurogenesis
(12), cerebrovascular function (13), and/or proteostasis
(14) Efforts at clarifying the role of brain insulin signal-
ing in cognitive aging remain challenging (3, 10). In-
sulin is not required for glucose uptake by neurons,
leading to the conclusions that brain neurons may be
responding to insulin acting either as a growth factor
during development or as a neurotransmitter peptide,
or perhaps both (15, 16). Furthermore, controversy
remains as to whether the brain “sees” less insulin in
the setting of T2D or aging and/or insulin resistance
manifests in the brain as is typically observed in met-
abolically relevant tissues of individuals with impaired
insulin sensitivity (10).

The mainstay model of dysregulated brain insulin
signaling has been the neuronal IR knockout (NIRKO)
mouse, developed by Kahn and colleagues (17) about
20 y ago. Although brain IRs are widely dispersed,
most studies in NIRKO mice by Kahn and others have
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Fig. 1. Focal forebrain IR/IGF1R DKO eliminates signaling by receptor homodimers
and hybrids in hippocampus or central amygdala. (A) Focal forebrain IR/IGF1R DKO
eliminates homodimers and IR/IGF1R heterodimers and precludes distinct and
collateral insulin, IGF-1, and IGF-2 signaling via these receptors. HR, IR/IGF1R hybrid
receptors; IRS, insulin receptor substrate. (B) Targeted DKO in forebrain causes
dramatic region-specific phenotypes. Hippo-DKO mice show anxiety, learning
behavior deficits, and glucose intolerance, while CeA-DKO mice show defective
thermogenesis via a previously unknown pathway linking this brain region to
interscapular brown adipose tissue function. (C) Axial human brain magnetic
resonance image showing bilateral hippocampi (red) and amygdalae (yellow).
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focused on the role of brain insulin signaling in energy balance,
glucose metabolism, and reproduction. NIRKO mice represent
perhaps the most discrete and best defined model of brain in-
sulin resistance. Neurobiological phenotypes of NIRKO mice ap-
pear to arise from the dysfunction of mitochondria and/or the
dopaminergic system (18). These are important pieces of the
puzzle but fail to explain completely what function(s) may be
played by IRs localized to other brain regions, especially those
in the forebrain.

This is where the new research comes in. Soto et al. (6) employ
genetically modified adeno-associated viruses in a compound vi-
ral gene-knockout strategy that generates animals with targeted
brain-regional combined deficiencies in both IRs and IGF1Rs.
These animals display dramatic and unexpected region-specific
phenotypes that provide insight into the nature and importance of
brain insulin (and IGF-1) signaling.

The two brain regions that were each individually depleted of
IRs and IGF1Rs (and by implication, depleted of IR/IGF1R hybrids)
were the hippocampus and the central amygdala. The animals
arising from these manipulations were designated hippocampus
double knockout (Hippo-DKO) mice or central amygdala DKO
(CeA-DKO) mice. Hippo-DKO mice displayed increased anxiety,
impaired learning behavior, and glucose intolerance, while CeA-
DKO mice were relatively normal in those parameters but dis-
played impaired cold-induced thermogenesis and brown adipose
tissue activation.

When synaptosomes from basal and DKO brain regions
were analyzed, NMDA receptor content was normal, but levels
of AMPA receptor subtypes were decreased. This is consistent
with what one might predict based on pharmacological effects
of AMPA receptor subtypes (19). In one particular example
(19), AMPA-modulated anxiety and learning behavior disor-
ders were phenotypes associated with altered hippocampal
neurogenesis. Further work will be required to determine
whether the Hippo-DKO phenotype is associated with
changes in hippocampal neurogenesis, but given the ability
of these ligands to stimulate hippocampal neurogenesis,
one could easily imagine bidirectional effects resulting from ei-
ther increased or deficient IR/IGF1R pathway signaling on this
process (15).

Quite strikingly, Hippo-DKO mice also displayed hypergly-
cemia and impaired glucose tolerance. Central control of insu-
lin sensitivity is well described, but this regulatory function is
dogmatically linked to insulin signaling in the mediobasal hypo-
thalamus. Soto et al. (6) demonstrate that compound deficiency
of IR/IGF1R (i.e., DKO) restricted to the hippocampus is suffi-
cient to alter peripheral glucose homeostasis, a finding that fur-
ther adds to the complexity of central regulation of peripheral
metabolism.

In contrast, CeA-DKO mice displayed normal anxiety, normal
learning behavior, and normal glucose tolerance. Prompted by the
discovery that the CeA-DKO mice display altered thermogenesis,
Soto et al. (6) subsequently discovered a previously unknown

neuroanatomic pathway that physically connects the central amyg-
dala with interscapular brown adipose tissue and thermogenesis.

Prompted by the discovery that the CeA-DKO
mice display altered thermogenesis, Soto et al.
subsequently discovered a previously unknown
neuroanatomic pathway that physically connects
the central amygdala with interscapular brown
adipose tissue and thermogenesis.

The lessons here are twofold: (i) When studying systems with
redundancy and collateral compensatory mechanisms, it is imper-
ative that all possibility for redundancy be eliminated. Here it is
worth emphasizing that homodimers of IRs, homodimers of IGF1Rs,
and heterodimers of IR/IGF1R hybrids can all contribute in the in-
tact system. (ii) When complex signaling systems are completely
abolished such that no collateral signaling is possible, even focal
dysfunction can cause systemic phenotypes. In this case, not only
were the lesions focal and relatively small, but they also involved
forebrain regions not typically associated with modulation of glu-
cose or energy homeostasis. The conventional wisdom would sug-
gest that these effects on metabolism would more likely be
attributable to targeting these canonical receptors in defined hy-
pothalamic regions, rather than in the central amygdala, as shown
by Soto et al. (6).

Circling back to our opening thoughts regarding dementia
associated with T2D, these data provide insight into how such
metabolic complications might lead to cognitive decline. Al-
though dementia associated with T2D is often equated with Alz-
heimer’s disease, recent neuropathological studies indicate that it
is probably a variant of vascular cognitive impairment and demen-
tia (VCID) syndrome (6, 9, 10). This formulation is consistent with
evidence that damage to other end organs (kidney, retina, etc.) is
vascular in nature. Focal VCID-induced hippocampal damage
emerges as a potential specific pathogenesis for the dementia
associated with T2D. Clinical metabolic-biomarker studies are un-
derway (20) to determine whether the VCID prevalence observed
at postmortem (6) can be validated during life (20). Moreover,
maintaining adequate insulin and/or IGF-1 signaling in these dis-
crete yet critical brain regions could prove vital to preserving
cerebrovascular function and cognitive abilities in T2D and aging.
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