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Damage to the adult mammalian heart is irreversible, and lost cells are not replaced through regeneration. In neonatal
mice, prior to P7, heart tissue can be regenerated after injury; however, the factors that facilitate cardiac regeneration in
the neonatal heart are not known. In this issue of the JCI, Aurora and colleagues evaluated the immune response
following myocardial infarction in P1 mice compared with that in P14 mice, which have lost their regenerative capacity,
and identified a population of macrophages as mediators of cardiac repair. Further understanding of the immune
modulators that promote the regenerative properties of this macrophage subset could potentially be exploited to
recapitulate regenerative function in the adult heart.
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hematopoiesis. First, it may be possible 
to induce human HSC expansion in vitro 
or in vivo via pharmacologic activation 
of NRF2. If successful, such capability 
could have a significant impact on the 
field of HSC transplantation. Second, 
pharmacologic induction of NRF2 could 
serve to mitigate the potentially fatal 
effects of radiation-induced hematopoi-
etic failure in victims of acute radiation 
sickness. This latter possibility has major 
public health implications, given the 
ongoing worldwide threat of radiological 
or improvised nuclear devices as weapons 
of terrorism (15). Commensurate with 
this, the development of effective thera-
pies to mitigate acute radiation sickness 
is a high priority for the US federal gov-
ernment (16).

In summary, the study by Kim et al. (13) 
provides new insights into the fundamen-
tal role of NRF2 in regulating the hemato-
poietic response to ionizing radiation. Of 
equal importance, NRF2 represents a new 
mechanistic target for the development 
of therapeutics to accelerate hematopoi-
etic reconstitution both in victims of acute 
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Damage to the adult mammalian heart is irreversible, and lost cells are not 
replaced through regeneration. In neonatal mice, prior to P7, heart tissue 
can be regenerated after injury; however, the factors that facilitate cardiac 
regeneration in the neonatal heart are not known. In this issue of the JCI, 
Aurora and colleagues evaluated the immune response following myocar-
dial infarction in P1 mice compared with that in P14 mice, which have lost 
their regenerative capacity, and identified a population of macrophages as 
mediators of cardiac repair. Further understanding of the immune modu-
lators that promote the regenerative properties of this macrophage subset 
could potentially be exploited to recapitulate regenerative function in the 
adult heart.

Repair without regeneration in the 
damaged adult heart
Myocardial infarction (MI), commonly 
known as heart attack, results in the loss 
of around 1 billion heart muscle cells and 
destruction of surrounding blood vessels. 
Once damaged, adult heart cells cannot 

be replaced through regeneration; there-
fore, an alternate form of wound healing 
is orchestrated by the immune system. 
Inflammatory cells migrate to the injured 
heart, ensuring the clearance of harm-
ful cell debris and repair of the damaged 
area via formation of a fibrotic scar. The 
MI-associated inflammatory response is 
largely stereotypical and considered to be 
a function of the innate immune system. 
While inflammatory tissue reparation is 
initially beneficial, the scarring leads to 

pathological remodeling of the heart and 
compromised cardiac function over time. 
Moreover, if the initial acute inflammatory 
response becomes chronic, host tissue will 
be subject to continued damage.

Efforts to promote heart regeneration 
have largely centered on mechanisms to 
replace lost cardiovascular cells via cell 
transplantation or through stimulation of 
resident cells, such as altering progenitor cell 
differentiation or inducing muscle cell divi-
sion. Relatively little attention has been paid 
to the local environment that transplanted 
or newly stimulated cells encounter in the 
heart following MI, which constitutes a pro-
inflammatory milieu, much of which is cyto-
toxic, and an ensuing fibrosis that disrupts 
essential matrix. Together, the proinflamma-
tory environment along with a dysfunctional 
matrix prevent engraftment and integration 
of new cells into survived heart tissue. While 
the default immune response to MI appears 
to ensure a quick fix of the heart, it precludes 
cell replacement and tissue regeneration.
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more harm than good in tissue repair, pre-
vention of macrophage infiltration into the 
injured myocardium negatively correlates 
with healing and heart function. Seminal 
work by Nahrendorf and colleagues (4) 
reconciled this apparent conflict by reveal-
ing a biphasic wave of recruitment of sub-
sets of monocytes and macrophages to 
the injured heart. The biphasic response is 
comprised of an early influx of proinflam-
matory monocytes, defined as Ly-6Chi (M1), 
which promote digestion of infarcted tissue 
and removal of necrotic debris, followed by 
infiltration of reparative Ly-6Clo (M2 or 
alternatively activated) monocytes, which 
propagate repair through collagen scar for-
mation and coronary angiogenesis during 
the resolution of inflammation (3). A dual 
requirement for both M1 and M2 mono-
cyte subsets is further emphasized by obser-
vations made when monocytes are depleted 
or elevated. Splenectomized mice, mono-
cyte-depleted mice (4–6), and patients on 
steroids that reduce monocyte number (7) 
exhibit impaired wound healing following 
MI. Patients with elevated monocytosis (8, 
9) and apolipoprotein E–null (ApoE-null) 
mice, which also have enhanced monocyte 
levels (10) also exhibit reduced MI-associat-
ed wound healing. Together, these data sug-
gest that timely resolution of the inflamma-
tory infiltrate and spatial constraint of the 
reparative response to the site of injury are 
essential for optimal healing following car-
diac injury (11).

It is well established that monocytes and 
macrophages are essential for repairing MI-
induced damage; however, the contribu-
tion of these cells in cardiovascular regen-
eration has not been appreciated. Aurora 
and colleagues profiled monocyte-derived 
populations in the hearts and spleens of 
mice that had undergone MI at P1, an age 
at which the neonatal heart can regenerate, 
or MI at P14, an age at which regenerative 
capacity is lost and replaced by scar forma-
tion (1). Aurora et al. observed an overall 
decrease in heart and splenic macrophages 
7 days after MI in P1 mice compared with 
P14 mice. Furthermore, macrophages 
localized to the heart at different times, 
depending on the age of the animal at the 
time of MI. In P1 mice, macrophages were 
more abundant and distributed uniformly 
throughout the heart following MI, while 
in P14 mice, macrophages were fewer in 
number and localized almost exclusively 
to the site of injury (infarct zone) after MI. 
These data suggest a global macrophage 
response in P1 mice following injury. In 

in the bone marrow and spleen, alongside a 
further subpopulation resident within the 
tissue itself. When mobilized into the circu-
lation, monocytes patrol blood vessels and 
respond to chemokines released from the 
injured tissue to infiltrate and differenti-
ate irreversibly into macrophages (3). Once 
differentiated, macrophages are capable of 
engulfing dying cells at the site of injury; 
however, they release proteolytic enzymes 
and reactive oxygen species, which harm 
surviving cells and exacerbate the injury. 
While it appears that macrophages may do 

Macrophage influx in cardiac wound 
healing and regeneration
In this issue of JCI, Aurora and colleagues 
(1) exploited the remarkable ability of the 
neonatal mouse heart to completely regen-
erate following injury in the first week of life 
(2) to study inflammation in heart repair. 
Aurora et al. focused on monocytes and 
their activated derivatives, macrophages. In 
adult animals, monocytes are the dominant 
cell infiltrate involved in healing injured 
myocardium within the first two weeks 
after injury. Monocytes arise from reservoirs 

Figure 1
Macrophage depletion prevents regeneration of the neonatal mouse heart. (A) Neonatal mouse 
pups are intravenously injected with clodronate-loaded liposomes (yellow), which are phagocy-
tosed by macrophages (red). Clodronate uptake results in macrophage apoptosis and subse-
quent depletion (blue). Loss of macrophages in neonatal mice results in scarring and fibrosis 
following MI. (B) In untreated pups, macrophages infiltrate the injured heart and are distributed 
uniformly throughout the heart (red) following MI. Macrophage infiltration into the heart is pro-
posed to stimulate coronary neovascularization, via paracrine secretion of proangiogenic fac-
tors, to support myocardial regeneration. LAD, left anterior descending artery.
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after MI; however, these interactions have 
not been explored. Interestingly, recent 
evidence indicates cross talk between mac-
rophage and stem cell populations (17), 
which could contribute to neonatal mouse 
heart regeneration (2, 18).

The signals required to reprogram adult 
macrophages or induce a biphasic recruit-
ment of subtypes into the infarcted adult 
heart remain unknown. It is also unclear 
how the transition from the P1 regenera-
tive phenotype to an immunophenotype is 
regulated and which injury-induced factors 
are involved. Interestingly, Aurora and col-
leagues found that Tregs at P1 were largely 
undetectable, only emerging after P4 (1). 
Given that Tregs promote monocyte dif-
ferentiation toward an antiinflammatory/
reparative profile (19), the lymphocyte 
response may induce the immuno-switch 
in macrophages beyond P1.

Aurora and colleagues profiled changes 
in absolute numbers of heart and splenic 
macrophages in P1 and P14 mice after MI 
(1); however, due to the global macrophage 
depletion by clodronate, the source of 
regenerative macrophages was not deter-
mined. Macrophages that localize to the 
heart following injury could infiltrate via 
the circulation from remote sources, such 
as bone marrow, or progenitors seeded 
in hemogenic endothelium and yolk sac 
blood islands or derive from local pre-
cursors in the heart (16). Macrophages 
that originate from sources other than 
bone marrow and spleen do not necessar-
ily confer inflammatory functions, but 
in the adult heart, tissue macrophages 
(CX3CR1+) are the predominant form in 
the myocardium and resemble the alter-
natively activated antiinflammatory M2 
macrophages (20). Whether an equivalent 
resident population resides in the neonatal 
heart remains to be determined.

Despite outstanding questions, the find-
ing that macrophages are required for 
heart regeneration is very compelling and 
potentially paradigm shifting. Although 
more work will be required to recapitulate 
regenerative macrophage function in the 
adult heart, targeting immunomodulation 
following MI, along with cell-based regen-
erative therapies, has potential for optimal 
cardiovascular repair.
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monocyte populations from either P1 or 
P14 mice could not be definitively cat-
egorized as M1 or M2, suggesting that the 
canonical adult monocyte populations are 
not involved in neonatal responses to MI. 
Investigation of the cellular effects within 
the regenerating myocardium revealed 
that cardiomyocyte proliferation, which 
underpins myocardial repair (2), was unaf-
fected in P1 mice that had been depleted of 
macrophages prior to MI; however, neovas-
cularization, which restores blood flow to 
ischemic and newly formed myocardium, 
was impaired, suggesting that P1 macro-
phages promote coronary angiogenesis.

Conclusions and future directions
A general role for macrophages in tissue 
regeneration is evident across multiple 
species. In the axolotl, an aquatic salaman-
der, macrophages are required during the 
early phase of limb regeneration (15), sug-
gesting an evolutionary conservation of 
regenerative macrophages from amphib-
ians to mammals. However, since the axo-
lotl is neotenic, an essentially juvenile form, 
it will be interesting to extrapolate the 
requirement for macrophages in juvenile 
tissue regeneration to an adult model of 
heart regeneration, such as the zebrafish.

A number of important questions 
remain regarding the role of macrophages 
in neonatal mouse heart regeneration. 
Monocytes represent a heterogeneous mix 
in the adult heart based on immune pheno-
types, proinflammatory versus antiinflam-
matory status, and reparative profiles (16). 
Aurora and colleagues attempted to strat-
ify the neonatal populations according to 
the well-described M1 and M2 subtypes, 
but it is apparent that the macrophage 
population derived from P1 neonates fol-
lowing MI represents a distinct and unique 
subset: therefore, this macrophage popu-
lation likely performs different functions 
compared with macrophages isolated from 
P14 and adult mice after injury (1). Due to 
the distinct characteristics of the regen-
erative macrophages identified in P1 mice, 
translating the findings of Aurora and 
colleagues for targeting monocytes/mac-
rophages during adult heart injury will be 
complex moving forward. Additionally, the 
mechanisms used by the P1 regenerative 
macrophage subset to promote regenera-
tion are unclear, although a proangiogen-
esis function was implicated. It is possible 
that regenerative macrophages act on resi-
dent fibroblast and myofibroblast popula-
tions, which mediate fibrosis and scarring 

adult zebrafish, which are able to regener-
ate heart tissue, other organ-wide events, 
including epicardial activation and cardio-
myocyte proliferation, are observed dur-
ing heart repair (12, 13). The significance 
of an organ-wide macrophage response to 
injury in the murine neonatal heart and the 
molecular cues that instruct localization to 
remote myocardium are unclear.

Based on the observed differences in 
macrophage responses in P1 mice and 
P14 mice following MI, Aurora and col-
leagues hypothesized that differences in 
abundance and localization might reflect a 
regenerative role for macrophages in mice 
undergoing MI at P1 (1). The importance 
of macrophages in P1 mouse heart regener-
ation was then tested directly by depleting 
them with clodronate-loaded liposomes 
prior to MI (14) (Figure 1). Strikingly, mac-
rophage-depleted P1 mice could not regen-
erate heart tissue following MI and instead 
developed cardiac scarring accompanied by 
reduced cardiac function (Figure 1). Evalu-
ation of neutrophils in P1 mice and P14 
mice after MI revealed no differences in 
this immune cell population. Furthermore, 
despite the phagocytic property of neu-
trophils, clodronate liposome depletion 
appeared to be macrophage specific, likely 
due to the rapid and short-lived neutrophil 
response (11). It remains to be determined 
whether neutrophils contribute to heart 
regeneration.

A unique macrophage population 
promotes neonatal cardiac 
regeneration
Transcriptional profiling revealed strik-
ing differences in gene expression between 
monocyte populations isolated from P1 
mice following MI and monocyte popula-
tions isolated from P14 mice following MI. 
Analysis of candidate markers of both M1 
(Cd86, Fcgr1, and Nos2) and M2 (chitinase-
like 3 [Chi3l3] and arginase 1 [Arg1]) sub-
types revealed that there was only a modest 
increase in candidate marker expression 
and no clear bias toward an M1 or an M2 
response following MI in P1 mice; howev-
er, all markers were elevated in the mono-
cyte population isolated from P14 mice 
after MI, including a substantial increase 
in the M2 marker Arg1. Subsequent 
microarray analysis revealed upregulation 
of transcripts involved in inflammation, 
angiogenesis, and oxidative stress in mac-
rophages in P1 mice after MI, while follow-
ing MI in P14 mice, the antiinflammatory 
factor Il10 was upregulated. Interestingly, 
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Translational enhancers of EAAT2: therapeutic 
implications for neurodegenerative disease
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Glutamate excitotoxicity contributes to the neuronal injury and death asso-
ciated with many neurodegenerative diseases. The glutamate transporter 
EAAT2, which is primarily localized on astrocytic processes, facilitates 
glutamate clearance from synapses, thus preventing neuronal damage. In 
this issue of the JCI, Kong et al. characterize a compound that upregulates 
EAAT2 translation, thereby increasing glutamate uptake by glial cells. Fur-
thermore, this strategy for alleviating excitotoxicity was found to be benefi-
cial in mouse models of both amyotrophic lateral sclerosis (ALS) and epi-
lepsy, suggesting that future development in this chemical series may lead 
to much-needed treatments for these disorders.
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Current therapies for 
neurodegenerative diseases offer 
limited relief
Current treatments for many neurodegen-
erative diseases provide only very modest 
effects on disease progression and symp-
tomology. While neurodegenerative dis-
orders such as Parkinson’s disease (PD), 
Alzheimer’s disease (AD), and amyotrophic 
lateral sclerosis (ALS) affect an ever-grow-
ing number of individuals, our ability to 

treat these fatal illnesses is very limited. 
For example, ALS leads to the degeneration 
and death of motor neurons, causing mus-
cle wasting, paralysis, and eventual death 
of affected individuals; however, the lone 
FDA-approved treatment currently avail-
able for this disorder only extends lifespan 
by a matter of months (1).

In this issue, Kong et al. propose a thera-
peutic strategy for the treatment of neu-
rodegenerative disorders that targets the 
neuronal death and dysfunction caused 
by glutamate excitotoxicity (2). Damage to 
neurons caused by excess glutamate con-
tributes to ALS and is a feature of many 
neurological conditions, including epilepsy, 

which is a group of disorders characterized 
by epileptic seizures resulting from aberrant 
cortical neuronal activity (3). Kong and col-
leagues characterize a compound, LDN/
OSU-0212320, that upregulates the trans-
lation of the glutamate transporter EAAT2 
in astrocytes, thus increasing EAAT2 on 
glial cell surfaces and enhancing glutamate 
uptake (2). Previous work by this group 
entailed a small-molecule screen in PA-
EAAT2 cells, an EAAT2-expressing primary 
astrocyte line, for compounds that induce 
translational upregulation of EAAT2 (4). 
This led to a structure-activity relationship 
(SAR) study performed on the pyridazine-
based series of small molecules identified 
in the aforementioned screen (5). The char-
acterization of LDN/OSU-0212320 is the 
culmination of this work, demonstrating 
the efficacy of a representative compound 
from the pyridazine series in animal models 
of neuronal disorders.

Kong et al. demonstrate herein that within 
2 hours of treatment, LDN/OSU-0212320 
enhanced the localization of EAAT2 
mRNA within polyribosome cell fractions, 
enhanced EAAT2 expression on the plasma 


